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1. Summary 
Corneal vascularization is a major challenge in veterinary ophthalmology and is associated with 

a variety of adverse effects, including visual impairment due to corneal edema, deposition of 

pigments and lipids, persistent corneal inflammation, and loss of the corneal immune privilege 

(Dana and Streilein 1996, Andrew et al. 1998, Murphy et al. 2001, Andrew 2008, Dean and 

Meunier 2013, Lassaline et al. 2015, Plummer 2015, Hindley et al. 2016, Ledbetter et al. 2016, 

Krecny et al. 2018). 

Normally, the mammalian cornea is free of blood and lymph vessels, which is one of the 

prerequisites for corneal transparency (Crispin and Barnett 1983, Werkmeister et al. 2017). 

Corneal avascularity is regulated by a balance of pro- and antiangiogenic mechanisms 

(Cursiefen et al. 2004b, Ambati et al. 2006, Cursiefen et al. 2006, Matsui et al. 2012, Zakaria 

et al. 2012). Stimuli such as hypoxia, inflammation, and infection can tip the scales to the 

angiogenic side that cause ingrowth of blood vessels into the cornea (Mastyugin et al. 2001, 

Gan et al. 2004, Goyal et al. 2010, Shi et al. 2010, Lutty et al. 2011, Chen et al. 2012, Park et 

al. 2018). 

One of the key mediators of angiogenesis is the vascular endothelial growth factor (VEGF)-A, 

which is involved in both physiological and pathological vascularization (Shalaby et al. 1995, 

Amano et al. 1998, Gerhardt et al. 2003, Gan et al. 2004, Jia et al. 2004, Eming and Krieg 2006, 

Pieh et al. 2008). Vascular endothelial growth factor A is a glycoprotein that exerts its effect 

through two tyrosine kinase cell surface receptors, VEGF receptor (VEGFR)-1 and VEGFR-2. 

(Gerhardt et al. 2003, Jia et al. 2004). A causative function of VEGF-A and VEGFR-2 during 

corneal angiogenesis has been demonstrated in experimental animal models of corneal 

vascularization and in humans with naturally occurring corneal angiogenesis (Cursiefen et al. 

2000, Mastyugin et al. 2001, Gan et al. 2004, Chen et al. 2012, Yun et al. 2020).  

Nonetheless, the function of VEGF in ocular diseases in animal patients is largely unknown 

(Zarfoss et al. 2010, Binder et al. 2012, Sandberg et al. 2012, Balicki and Sobczyńska-Rak 

2014). There are few studies indicating a possible role of VEGF in a number of canine ocular 

diseases, such as chronic superficial keratitis and pre-iridal fibrovascular membranes (Zarfoss 

et al. 2010, Sandberg et al. 2012, Balicki and Sobczyńska-Rak 2014). In experimental canine 
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models of retinopathy of prematurity, the usage of therapeutic VEGF inhibitors led to an 

efficient reduction of retinal vascularization (Lutty et al. 2011). In horses affected by equine 

recurrent uveitis, a causal role of VEGF has been postulated (Deeg et al. 2006, 2007, Curto et 

al. 2016). 

Although studies in dogs, cats, and horses are sparse, it can be speculated that VEGF-driven 

mechanisms are causally involved in corneal vascularization in these species, too.  

The discovery of drugs that inhibit VEGF-A and its effectiveness in neovascular disorders has 

revolutionized human ophthalmology, in particular in retinal neovascular disorders (Avery et 

al. 2006, Schmidt-Erfurth et al. 2014, Dugel et al. 2020, Sahni et al. 2020). Two of the most 

intensively studied VEGF inhibitors are bevacizumab and aflibercept (Presta et al. 1997, Holash 

et al. 2002). Bevacizumab is a humanized murine anti-VEGF monoclonal antibody that binds 

to human VEGF-A (Presta et al. 1997). Aflibercept is a fusion protein, consisting of regions of 

VEGFR-1, VEGFR-2 and human IgG1, that binds to human VEGF-A, VEGF-B and placenta 

growth factor (PIGF), and to VEGF-A and PIGF of mice (Holash et al. 2002, Papadopoulos et 

al. 2012). The use of bevacizumab and aflibercept is considered a promising approach to 

suppress corneal vascularization in humans (Dastjerdi et al. 2009, Aksoy 2019, Cholak et al. 

2020) and a clinical applicability in dogs, cats, and horses is conceivable. This is of great interest 

in veterinary ophthalmology, as the incidence of corneal vascularization is high, persistent 

corneal blood vessels can result in vision-threatening complications, and existing standard 

therapies may be insufficient or carry a high risk of adverse events (Slatter et al. 1977, Bedford 

and Longstaff 1979, Kaswan and Salisbury 1990, Tolar et al. 2006, Bock et al. 2014, Plummer 

2015, Dowling et al. 2016, Hindley et al. 2016, Rigas et al. 2020, Villar et al. 2020).  

Bevacizumab and aflibercept were designed to bind specifically to human VEGF-A (Presta et 

al. 1997, Holash et al. 2002, Papadopoulos et al. 2012). The pharmacological binding properties 

to canine, feline, and equine VEGF are unknown to date. In addition, there is no knowledge 

about the in-vivo effects of topical usage in these species. Therefore, the aim of this PhD study 

was to evaluate the binding properties of bevacizumab and aflibercept to canine, feline, and 

equine VEGF and to further investigate the effects of topical bevacizumab in-vivo in dogs.  

Amino acid sequence comparisons revealed a high homology and an identical sequence of the 

bevacizumab binding region of canine, feline, and equine VEGF compared to human VEGF. 

Using ELISA- and Western blot analyses, the binding ability of both bevacizumab and 
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aflibercept to canine VEGF was demonstrated. However, the results indicated that feline and 

equine VEGF may not be bound by aflibercept and bevacizumab or bind in a nonspecific 

manner only.  

Subsequently, we set out to investigate bevacizumab eye drops in healthy dogs, derived from 

commercially available bevacizumab for intravenous use and diluted in sterile saline. The 

results showed that topical bevacizumab at a concentration of 2.5 mg/ml, administered twice a 

day over four weeks, was well tolerated. This finding allowed us to use topical bevacizumab in 

dogs with naturally occurring corneal vascularization refractory to standard therapy. A 

reduction in corneal vascularization, most notably as a significant decrease in vessel diameter, 

a reduction in distal vessel branching, an improvement in corneal edema and inflammatory cell 

infiltration, and a marked improvement in corneal clarity was observed. However, a French 

bulldog developed a corneal erosion and two Chihuahuas suffering from preexisting mitral 

valve insufficiency died during the treatment-free observation period. A causal relationship 

with the drug was considered unlikely. Nevertheless, dogs prone to corneal erosions and 

neurotrophic disease, as well as preexisting cardiovascular disorders, should be selected with 

caution (Kim et al. 2008, Yu et al. 2008a, Dong et al. 2017).  

This PhD work demonstrated the capability of bevacizumab and aflibercept to bind canine 

VEGF and the potential of topical bevacizumab to reduce persistent corneal vascularization in 

dogs. 

Overall, this PhD project provided an important step for future clinical use of therapeutic VEGF 

inhibitors in neovascular ocular disorders in animals.  
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2. Introduction 

2.1. Corneal transparency and the impact of corneal blindness 

The ability to see is considered the most important sensory perception (Scott et al. 2016). Visual 

impairment and blindness have a major impact on the quality of life and mental health (Alma 

et al. 2011, Renaud and Bédard 2013). Blindness due to a corneal disorder is one of the leading 

causes of vision loss (Whitcher et al. 2001, Bourne et al. 2018). Normally, the cornea is clear 

and acts as the major refractive interface of the eye, which is essential for transmission of light 

and the visual perception (Sun et al. 2005, 2011, Werkmeister et al. 2017). 

The transparency of the cornea is based on its unique biological and structural properties, 

including a highly ordered hierarchical arrangement of the collagen-rich extracellular matrix 

(ECM) of the stroma (Crispin and Barnett 1983). The major stromal ECM components are 

dense, regularly packed, small diameter collagen fibrils (Crispin and Barnett 1983). A subtly 

balanced interaction between collagen fibrils, keratocytes, and ECM components like type V 

collagen and proteoglycans are essential for maintaining the regular collagen fibril growth, 

stromal extracellular matrix assembly, and water content within the cornea (Sun et al. 2011, 

Chen et al. 2014, 2015). Any alteration of this intricate system can result in deficiencies in 

corneal clarity and refraction (Chen et al. 2007, Sun et al. 2011).  

In addition, corneal transparency is maintained by the nonkeratinized corneal epithelium 

moisturized by the preocular tear film, the deturgescence accomplished by the corneal 

epithelium and endothelium, and the absence of blood and lymphatic vessels within the cornea 

(Crispin and Barnett 1983, Bonanno 2012, Werkmeister et al. 2017). 

In almost all mammalian species, the normal adult cornea is avascular, except for a capillary 

arched network at the limbus (Crispin and Barnett 1983, Werkmeister et al. 2017). Corneal 

angiogenesis can lead to a severe corneal opacities due to corneal edema, pigmentation, lipid 

deposition, and may result in persistent corneal inflammation and loss of the corneal immune 

privilege (Fig. 1) (Dana and Streilein 1996, Cursiefen et al. 2004a, Chung et al. 2009, Dubielzig 

et al. 2010, Gelatt et al. 2013a, Werkmeister et al. 2017). 
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Figure 1. Corneal vascularization can lead to severe complications and visual impairment in animal patients. 
(a) Pacman frog with keratoconus, corneal ulceration, and vascularization (b) Egyptian sand gecko with 
chronic keratitis, severe corneal scarring and pigmentation, and anterior synechia (c) Chihuahua with 
superficial immune-mediated keratitis associated with corneal vascularization and edema (d) Persian cat with 
corneal sequestrum, surrounded by corneal blood vessel infiltration (e) Domestic shorthaired cat with 
conjunctival flap (f) Leopard gecko with corneal pigmentation and lipid deposition (g) Tiger python with 
exophthalmos, defective spectaculum, chronic keratitis, and corneal vascularization (h) Holsteiner horse with 
immune-mediated keratitis associated with vascular sprouting and severe corneal edema. 
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2.2. Molecular pathways of angiogenesis 

Angiogenesis describes the highly complex process of blood vessel growth from pre-existing 

vascular networks (Gerhardt et al. 2003, Chung and Ferrara 2011). Normally, the mammalian 

cornea is free of blood vessels (Crispin and Barnett 1983, Werkmeister et al. 2017). This 

avascular state of the cornea is actively maintained by a balance of anti- and proangiogenic 

factors and mechanisms (Cursiefen et al. 2004b, 2006, Ambati et al. 2006, Matsui et al. 2012, 

Zakaria et al. 2012). 

 

2.2.1. Angiogenic factors 

Some of the most important angiogenic and antiangiogenic factors will be addressed below, 

focusing on the role of the vascular endothelial growth factor (VEGF) and its interlinked 

agonists and antagonists. 

 

Vascular endothelial growth factors represent a group of signal molecules and compromises 

five members, VEGF-A, VEGF-C, VEGF-D, and the placenta growth factors (PIGF) (Ferrara 

2009). Additionally, viral VEGF-E and reptilian VEGF-F have been identified (Ogawa et al. 

1998, Suto et al. 2005, Yamazaki et al. 2005). 

The members of the VEGF family bind to three different tyrosine kinase cell surface receptors, 

the vascular endothelial growth factor receptors (VEGFR)-1, VEGFR-2, and VEGFR-3 (Park 

et al. 1994, Olofsson et al. 1998, Gerhardt et al. 2003, Gan et al. 2004, Jia et al. 2004). Vascular 

endothelial growth factor A binds to VEGFR-1 and VEGFR-2 (Gerhardt et al. 2003, Jia et al. 

2004), PIGF and VEGF-B to VEGFR-1 (Park et al. 1994, Olofsson et al. 1998), and VEGF-C 

and VEGF-D to VEGFR-3 (Jia et al. 2004, Cursiefen et al. 2006, Chung et al. 2009). 

Vascular endothelial growth factor receptor 3 is a major regulator of lymphangiogenesis 

(Cursiefen et al. 2004a, Goyal et al. 2010, Han et al. 2014, Du and Liu 2016). However, 

VEGFR-3 signaling via VEGF-C and -D is involved in angiogenesis, too (Chung et al. 2009). 

For example, corneal VEGF-C and -D implants are capable to induce corneal vascularization 

via VEGFR-3 and activate the recruitment of macrophages, which in turn secrete VEGF-A 

(Chung et al. 2009).  
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The function of VEGFR-1 is not yet fully understood and it is controversially debated whether 

VEGFR-1 has a more pro- or antiangiogenetic function (Park et al. 1994, Cursiefen et al. 2004a, 

Ambati et al. 2006, Li et al. 2011). Studies demonstrated that VEGFR-1 signaling amplifies 

inflammatory hem- and lymphangiogenesis, induced mainly by VEGF-A and to a presumably 

lesser extent by PIGF (Park et al. 1994, Cursiefen et al. 2004a). In a study with mice lacking 

VEGFR-1, significantly decreased VEGF values were detected, resulting in an inhibition of 

tumor angiogenesis and growth (Li et al. 2011). This conflicts with the hypothesis that VEGFR-

1 has an inhibitory or trap function and does negatively regulate VEGFR-2 signaling (Ambati 

et al. 2006). This is supported by the observation that VEGFR-1 is not detectable in corneas of 

Florida and Antillean manatees, the only mammalian species known to have physiological 

corneal vascularization (Ambati et al. 2006). In contrast, dugongs, African, and Asian 

elephants, the closest extant terrestrial relatives of manatees, do exhibit corneal VEGFR-1 and 

do not have vascularized corneas (Ambati et al. 2006).  

Vascular endothelial growth factor receptor 2 exerts its effects via VEGF-A (Gerhardt et al. 

2003, Jia et al. 2004). Vascular endothelial growth factor A is a glycosylated, disulfide-linked 

homodimer and VEGF-A-driven VEGFR-2 signaling is postulated to be the dominant inducer 

of both pathological and physiological angiogenesis (Shalaby et al. 1995, Amano et al. 1998, 

Gerhardt et al. 2003, Gan et al. 2004, Jia et al. 2004, Eming and Krieg 2006, Pieh et al. 2008). 

This is supported by the finding that mice embryos deficient in VEGFR-2 have significant 

deficiencies in vasculogenesis (Shalaby et al. 1995). The VEGF-A-driven VEGFR-2 activation 

regulates the development of the vascular system by promoting vascular endothelial cell 

migration, mitosis, and survival (Jia et al. 2004) and by guiding angiogenic sprouting (Gerhardt 

et al. 2003). Additionally, VEGF-A is essentially required for the normal wound healing and 

corneal nerve regeneration (Amano et al. 1998, Eming and Krieg 2006, Yu et al. 2008a), 

induces blood vessel dilation, and increases vessel tortuosity and permeability (Edelman et al. 

2005). In ocular disorders, VEGF-A is thought to be one of the key originators of pathological 

corneal, intraocular, and retinal angiogenesis (Aiello et al. 1994, Mastyugin et al. 2001, Gan et 

al. 2004, Haines et al. 2006, Pieh et al. 2008, Wuest and Carr 2010, Yun et al. 2020). 

Human VEGF-A is encoded by the VEGF-A gene and due to alternative splicing, at least nine 

human VEGF-A isoforms exist (VEGF121, VEGF145, VEGF148, VEGF162, VEGF165, VEGF165b, 

VEGF183, VEGF189, VEGF206) (Tischer et al. 1991). In the canine species, five VEGF isoforms 
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were identified (VEGF120, VEGF144, VEGF164, VEGF182, VEGF188) (Scheidegger et al. 1999, 

Jingjing et al. 2000). The most frequently expressed isoforms are VEGF120, VEGF164, and 

VEGF188  in dogs and VEGF121  and VEGF165  in humans (Ballaun et al. 1995, Scheidegger et al. 

1999, Jingjing et al. 2000).  

The reason for the complexity of VEGF-A isoforms is not yet fully understood. Isoforms differ 

in their biological properties, their way to interact with VEGFR-2 and neuropilins (NP), and 

the binding affinity to heparin (Houck et al. 1992, Park et al. 1993, Soker et al. 1998, Lee et al. 

2005). The isoforms VEGF189 and VEGF206 have two heparin-binding domains and are bound 

to the extracellular matrix (ECM) or cell surfaces (Houck et al. 1992, Park et al. 1993). The 

isoform VEGF121 has a low affinity to bind heparin and is soluble (Houck et al. 1992). As 

VEGF165 has only one heparin-binding domain, it is both soluble and ECM bound (Park et al. 

1993). Processing of the C-terminus of VEGF isoforms by matrix metalloproteinases convert 

the bound to a soluble form, thereby affecting the bioavailability of VEGF (Lee et al. 2005). 

Some isoforms of VEGF-A can bind to the co-receptors NP-1 and NP-2, thereby potentiating 

their effect (Soker et al. 1998). Mice expressing only VEGF120  show insufficiently developed 

vascular branching (Carmeliet et al. 1999, Ruhrberg et al. 2002), whereas mice exhibiting only 

VEGF188 suffer from excessive branching and thin, disorganized blood vessels (Maes et al. 

2004). Thus, the balance of these VEGF isoforms is essential for the normal development of 

the vasculature system and changes in VEGF-A isomer composition can lead to devastating 

implications for the physiological vasculogenesis and organogenesis (Carmeliet et al. 1999, 

Ruhrberg et al. 2002, Maes et al. 2004). 

 

Besides VEGF, a plenty of pro- and antiangiogenetic factors and mechanisms are involved in 

the highly complex process of angiogenesis (Chung and Ferrara 2011). Within the scope of this 

work, only the interacting, enhancing, or influencing mechanisms of VEGF-A with those 

factors will be addressed. 

 

Matrix metalloproteinases (MMPs) are a large group of zinc-dependent metalloproteinases 

(Sivak et al. 2004, Lee et al. 2005, Mimura et al. 2009, Ebrahem et al. 2010, Rajashekhar et al. 

2014, Han et al. 2015, Du and Liu 2016, Park et al. 2018). A variety of functions are attributed 

to this group of molecules, including pro- and antiangiogenic properties (Lee et al. 2005, 
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Mimura et al. 2009, Ebrahem et al. 2010, Han et al. 2015, Du and Liu 2016). Angiogenesis 

describes the growth of new blood vessels from preexisting vasculature and sprouting into the 

cornea (Gerhardt et al. 2003, Chung and Ferrara 2011). However, the invasion of endothelial 

cells requires degradation of ECM structures which is induced by MMPs (Mimura et al. 2009). 

Additionally, MMPs affect corneal angiogenesis through an interplay with various cytokines, 

signaling molecules, growth- and transcription factors, including VEGF functions in multiple 

antagonistic and agonistic ways (Sivak et al. 2004, Lee et al. 2005, Ebrahem et al. 2010, 

Rajashekhar et al. 2014, Han et al. 2015). In ocular surface disorders, MMP-9 is known to be 

overexpressed and MMP-2 levels are increased in vascularized corneas (Shi et al. 2010, Park 

et al. 2018). Matrix metalloproteinases are able to increase VEGF values by releasing 

sequestered VEGF and cleavage of the C-Terminus of the heparin-binding domains of VEGF 

(Lee et al. 2005, Ebrahem et al. 2010). Experimental animal studies demonstrated that the 

angiogenic response of MMP-9-induced corneal neovascularization can be suppressed by the 

use of VEGF inhibitors (Ebrahem et al. 2010). Conversely, VEGF-induced corneal 

vascularization can be repressed by MMP inhibitors, indicating a mutually potentiating 

proangiogenic effect of VEGF and MMP-9 in the course of corneal vascularization (Ebrahem 

et al. 2010). The transmembrane MMP-14, whose effect on angiogenesis is still under debate, 

is capable to cleave VEGFR-1 into a 59.8 kDa fragment that binds VEGF165, thereby having a 

VEGF-trapping mechanisms and an antiangiogenic effect (Han et al. 2015). In mice with 

suture-induced inflammatory corneal vascularization, MMP-14 was found to promote 

lymphangiogenesis via the VEGF-C/VEGFR-3 signaling pathway (Du and Liu 2016). In 

addition, it is known that via the VEGF/αvβ5 pathway, MMP-14, MMP-2, and various types 

of integrins are expressed on newly formed corneal blood vessels during experimentally 

induced, corneal vascularization (Zhang et al. 2002). 

 

Integrins are transmembrane proteins that have crucial functions in mediating between the ECM 

and cells (Senger et al. 2002, Chen et al. 2007, Muether et al. 2007). In murine models of corneal 

vascularization, integrin α5β1 was increased and its inhibition resulted in a regression of corneal 

blood vessels (Muether et al. 2007). A significantly reduced vascular response was observed in 

mice lacking the α1β1 integrin receptor follwing corneal allograft transplantation  (Chen et al. 

2007). Furthermore, integrins α1β1 and α2β1 are known to be involved in VEGF-driven 
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angiogenesis in the skin of mice (Senger et al. 2002). Zhang et al. showed that in rats with 

alkaline-burn-induced corneal angiogenesis, integrins αvβ5,  α1β1,  and α2β1 expression 

correlated with corneal vascularization and the author suggested that this was driven via the 

VEGF pathway (Zhang et al. 2002). 

 

Fibroblast growth factors (FGF) are potent angiogenetic mediators (Gualandris et al. 1996, 

Zhang et al. 2001, Kano et al. 2005, Murakami et al. 2011, Gurung et al. 2018). Studies found 

that corneal inflammatory cells and injured corneal stroma itself secrete FGFs (Gualandris et 

al. 1996) and both FGF-2 and VEGF-A have been reported to promote and sustain corneal 

vascularization in herpetic keratitis (Gurung et al. 2018).  Fibroblast growth factors possess a 

stimulatory effect on vascular endothelial cells via tyrosine kinase FGF receptors, similar to 

VEGF (Zhang et al. 2001). There is a collaborative interaction and interdependence of FGF and 

VEGF, as FGF-2 acts synergistically with VEGF-A on neoangiogenesis (Kano et al. 2005). 

Murakami et al. found that suppression of FGF leads to a reduced expression of VEGFR-2, 

resulting in loss of vascular integrity and an impaired formation of the vascular morphology in-

vivo (Murakami et al. 2011). 

 

Corneal inflammation and angiogenesis are interwoven, which is underlined by a close 

interplay of VEGF-A, macrophages, and interleukins (Il) (Cursiefen et al. 2004a, Ebrahem et 

al. 2006, Chung et al. 2009). Vascular endothelial growth factor A is capable to chemoattract 

immune cells (Cursiefen et al. 2004b, Chung et al. 2009). In turn, macrophages that are attracted 

to the injured or inflamed corneal tissue, potentiate the angiogenic effect by secretion of further 

VEGF-A (Cursiefen et al. 2004a, Chung et al. 2009). In addition, interleukins like Il-1β and Il-

6 can promote corneal vascularization through the VEGF-A pathway (Ebrahem et al. 2006). 

 

The proangiogenic factors are counterbalanced by a plethora of antiangiogenetic factors that 

are substantial in the regulation of corneal avascularity (Chung and Ferrara 2011). The key 

mechanisms, particularly in relation to VEGF-A, will be addressed below. 
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2.2.2. Antiangiogenic factors 

There are various mechanisms that maintain corneal avascularity, such as the soluble VEGFR-

1, which is postulated to act as an endogenous VEGF-A trap (Ambati et al. 2006). Additionally,  

there are negative feedback mechanisms that prevent profuse angiogenesis. For example, 

VEGF-A activates the delta-like ligand 4 (DLL4) in tip cells, cells at the tips of vascular sprouts 

that have an important role in the angiogenesis process, and DLL4 decreases the VEGFR-2 

expression via the notch signaling pathway in stalk cells (Lobov et al. 2007). This negative 

feedback loop is in turn inversely regulated by other notch ligands, such as Jagged-1, that 

decrease the signaling in adjacent tip cells (Benedito et al. 2009). 

 

Beyond these mechanisms, there are antiangiogenic factors that are essential for the 

maintenance of corneal vascularity, such as thrombospondin (TSP), pigment epithelium-

derived factor (PEDF), endostatin, and angiostatin. 

 

Thrombospondins are ECM-bound glycoproteins with multiple functions, including preserving 

the avascular ambit of the cornea and corneal wound healing (Cursiefen et al. 2011, Matsuba et 

al. 2011, Blanco-Mezquita et al. 2013). Studies demonstrated that corneas of mice deficient in 

TSP-1 have an impaired corneal wound healing, persistent opacity (Blanco-Mezquita et al. 

2013), and develop profuse lymphangiogenesis (Cursiefen et al. 2011). It is thought that the 

lymphangiogenic effects are caused by TSP binding to CD36 on corneal macrophages, thereby 

decreasing the levels of lymphangiogenic VEGF-C and -D but not VEGF-A (Cursiefen et al. 

2011). In addition, TSP-1 and TSP-2 inhibit several angiogenic factors, such as MMP-2 and 

MMP-9 (Bein and Simons 2000). 

 

Pigment epithelium-derived factor  is a glycoprotein that is localized in multiple ocular tissues 

and functions as an important inhibitor of corneal angiogenesis (Matsui et al. 2012, Eslani et al. 

2017). In vascularized corneas of rats, the administration of synthetic PEDF yielded in a 

reduction of corneal vascularization and a decrease of VEGF values  (Matsui et al. 2012). 

 

Endostatin and angiostatin are proteins with antiangiogenic properties (Hanai et al. 2002, Kim 

et al. 2002, Sharma et al. 2004). Angiostatin and endostatin have multiple effects on vascular 
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endothelial cells, such as the induction of apoptosis and the inhibition of proliferation and 

migration (Hanai et al. 2002, Sharma et al. 2004). In vascularized rodent corneas, 

subconjunctivally applied endostatin leads to a suppression of corneal angiogenesis (Li et al. 

2015) and has an indirect inhibitory effect on VEGF by interacting with VEGFR-2 (Kim et al. 

2002)  

 

The maintenance of corneal avascularity is based on the counterbalance of angiogenic and 

antiangiogenic factors (Cursiefen et al. 2000, 2004b, Mastyugin et al. 2001, Gan et al. 2004, 

Chen et al. 2012). However, this balance is considered to be redundantly regulated (Cursiefen 

et al. 2004b). This means that avascularity is not automatically lost in the absence of one of the 

antiangiogenic factors and that a threshold exists up to which angiogenesis does not occur even 

under mild angiogenic stimuli (Cursiefen et al. 2004b). However, events like injury, 

inflammation, or hypoxia may cause the threshold to be exceeded and tip the scales to the 

angiogenic side (Mastyugin et al. 2001, Gan et al. 2004, Goyal et al. 2010, Shi et al. 2010, Lutty 

et al. 2011, Chen et al. 2012, Park et al. 2018). 

 

2.2.3. Sequelae of corneal angiogenesis 

When the sprouting of blood vessels into the cornea occurs, undesirable effects may result, 

including decreased corneal clarity, edema, and deposition of pigments, crystals, and lipids 

(Figure 2) (Bedford and Longstaff 1979, Nasisse et al. 1998, Williams 2008, Dreyfus et al. 

2011, Benayoun et al. 2012, Laguna et al. 2015, Narimatsu et al. 2019, Costa et al. 2021).  
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Figure 2. Undesired effects of corneal vascularization can lead to a decrease of corneal transparency and visual 
impairment. (a) Domestic shorthaired cat with corneal vascularization and edema (b) Persian cat following 
corneoconjunctival transposition due to a corneal sequestrum, showing corneal vascularization, edema, and 
pigmentation (c) German shepherd dog with chronic superficial keratitis associated with corneal pigmentation 
over more than half of the corneal surface (d) Pug with severe corneal pigmentation involving the entire corneal 
surface, resulting in significant visual impairment (e) Domestic shorthaired cat with corneal vascularization and 
deposition of pigment within the cornea (f) Quarter horse with invasive squamous cell carcinoma, showing 
corneal vascularization, corneal neoplastic infiltration, and deposition of lipids and calcium. 
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Besides these clinically obvious consequences of corneal vascularization, persistent blood 

vessels within the cornea constitute the risk of continuous inflammation and loss of the corneal 

immune privilege (Dana and Streilein 1996, Yamagami et al. 2002). Immune-privileged tissues 

are sites, where the insertion of foreign tissue can survive for a prolonged time, whereas similar 

transplants in conventional tissues are rejected (Streilein 2003). This becomes visible in clinical 

practice when tissue from bladder or pericardium is successfully used as corneal donor graft in 

animal patients (Featherstone et al. 2001, Balland et al. 2016). The underlying mechanisms of 

the ocular immune privilege are based on the anterior chamber-associated immune deviation, 

the immunosuppressive microenvironment of the eye, and anatomical, cellular, and molecular 

barriers (Dana and Streilein 1996, Streilein et al. 1997). The corneal immune privilege is 

essential to maintain the corneal functions and clarity and enables the cornea to self-regulate 

inflammatory responses (Dana and Streilein 1996). Corneal vascularization impairs the corneal 

immune privilege, which is of great clinical importance, as the risk for corneal graft rejections 

is significantly increased in vascularized corneas (Yamagami et al. 2002, Bachmann et al. 

2010). There are no studies in veterinary medicine assessing a direct association between 

corneal graft rejection and corneal vascularization (McMullen et al. 2015, Lacerda et al. 2017). 

However, ophthalmologists recommend to treat corneal vascularization prior to surgery 

(Featherstone et al. 2001, Brooks et al. 2008, Lacerda et al. 2017, Hos et al. 2019). 

 

2.3. Pathological angiogenesis in the eye 

 

2.3.1. Molecular insights: The role VEGF in ocular pathological vascularization 

The understanding of the relationship of VEGF and ocular neovascular disorders has been 

driven significantly by the investigations of ocular retinal disorders (Aiello et al. 1994, Pieh et 

al. 2008, Lutty et al. 2011). Retinopathy of prematurity (ROP) is a blinding condition in 

premature infants (Pieh et al. 2008) and was studied in a ROP-like model in newborn dogs 

(Lutty et al. 2011). In this experimental model, dogs were exposed to high levels of oxygen, 

which resulted in a stop of vasculogenesis and vasoobliteration. Subsequently, the dogs were 

returned to normal room air and as a response to the deficiently vascularized inner retina, a 
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pronounced vasoproliferation phase followed. Following intravitreal therapeutical VEGF 

inhibitors, a reduction of retinal vascularization was observed in these dogs (Lutty et al. 2011). 

Pieh et al. found that ROP infants had significantly increased levels of soluble VEGFR-2 in the 

plasma (Pieh et al. 2008). Interestingly, systemic VEGF-A concentrations were similar between 

ROP and healthy children, suggesting a local VEGF-A production in the retina in ROP (Pieh et 

al. 2008). Besides ROP, there is a variety of blinding retinal disorders in humans where VEGF 

appears to have a causal role and are treated routinely with therapeutic VEGF inhibitors, such 

as neovascular age-related macular degeneration and diabetic macular edema (Avery et al. 

2006, Arevalo et al. 2007, Schmidt-Erfurth et al. 2014, Dugel et al. 2020). 

 

The causal association of VEGF in corneal vascularization in humans, mice, and rabbits is well 

studied, too (Cursiefen et al. 2000, Mastyugin et al. 2001, Gan et al. 2004, Chen et al. 2012, 

Yun et al. 2020). In a rabbit model of hypoxic corneal vascularization induced by closed eye 

contact lens wear, a 12-fold expression of VEGF mRNA compared to baseline was described 

(Mastyugin et al. 2001). Corneal hypoxia can induce corneal angiogenesis via VEGF-A 

expression through the hypoxia-inducible factor-1 α (HIF-1α) (Chen et al. 2012). In humans, 

VEGF-A is immunohistochemically detectable in endothelial, stromal, intravascular 

inflammatory, and basal corneal epithelial cells in tissue samples of corneal vascularization,  

(Cursiefen et al. 2000) and is strongly expressed by corneal vascular endothelial cells in rabbits 

following corneal alkali burn (Gan et al. 2004). A recent study on herpetic keratitis indicated 

that herpes-infected cells themselves actively secrete VEGF-A, thereby promoting corneal 

angiogenesis (Yun et al. 2020). 

 

In veterinary ophthalmology, knowledge about VEGF and its role during ocular diseases in 

dogs, cat, and horses are sparse.  

A major contribution to enhance the understanding of VEGF in horses was made by Deeg and 

colleagues, who studied equine recurrent uveitis (ERU), a leading cause for equine blindness. 

To date, the etiopathogenesis and treatment of ERU is still controversially discussed (Gerding 

and Gilger 2016). In an equine model of uveitis, Deeg et al. showed that retinal vessels and 

Mueller glial overexpress VEGF (Deeg et al. 2006). Immunohistochemical findings revealed 

that VEGF was detectable in the retina of ERU eyes and was associated with an increase of 
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PEDF (Deeg et al. 2007). Additionally, VEGF was 19-fold higher in the aqueous humor of 

horses with ERU compared to healthy and non-ERU uveitis eyes (Curto et al. 2016). 

In dogs, besides the already discussed canine animal models in ROP, there are only single 

studies which assessed the causative role of VEGF during ocular diseases. Abrams et al. found 

that VEGF is higher in the aqueous humor compared to plasma in diabetic dogs (Abrams et al. 

2011). Anyway, there was no detectable difference between VEGF values in the aqueous humor 

between diabetic and non-diabetic dogs. Interestingly, another study demonstrated a significant 

increase of VEGF in a variety of intraocular canine disorders, except for diabetic cataracts 

(Sandberg et al. 2012). Thus, it is hypothesized that the lack of VEGF increase in diabetic dogs 

represents a protective mechanism against diabetic retinopathy, which is a widespread blinding 

condition in diabetic humans (Abrams et al. 2011). 

Pre-iridal fibrovascular membranes (PIFMSs) are a feared complication of ocular diseases in 

animal patients due to their association with synechiae, glaucoma, and hyphema (Pfeiffer et al. 

1990). In dogs that underwent cataract surgery, PIFMs are one of the leading causes of 

enucleation (Moore et al. 2003). An immunohistochemical analysis demonstrated a pronounced 

presence of VEGF in canine PIFMs associated with intraocular inflammatory and neoplastic 

disorders (Zarfoss et al. 2010). These findings are consistent with the observation of significant 

increased VEGF values in the aqueous humor of dogs with PIFMs compared to normal eyes 

(Sandberg et al. 2012). Thus, a causative relationship between PIFMs and VEGF is postulated 

(Zarfoss et al. 2010, Sandberg et al. 2012) and VEGF inhibition may be an interesting treatment 

option. 

Data on VEGF and its association during corneal diseases in animal patients are sparse. Binder 

et al. found that VEGF receptors are immunohistochemically detectable in both normal and 

vascularized canine corneas, highlighting that VEGF has both physiological and pathological 

functions in the canine cornea (Binder et al. 2012). In dogs with chronic superficial keratitis 

(CSK), plasma VEGF values are significantly increased and a causal relationship is suggested 

(Balicki and Sobczyńska-Rak 2014). 
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2.3.2. Clinical insights: Corneal vascularization in animal patients 

There are no overall epidemiological data on the prevalence of corneal blindness or corneal 

vascularization in dogs. Nevertheless, persistent corneal blood vessels are a common finding in 

veterinary ophthalmology (Andrew et al. 1998, Murphy et al. 2001, Andrew 2008, Dean and 

Meunier 2013, Lassaline et al. 2015, Plummer 2015, Hindley et al. 2016, Ledbetter et al. 2016, 

Krecny et al. 2018). In the following, some of the diseases accompanied by corneal 

vascularization will be discussed, with emphasis on the species dog and on disorders that are 

the subject of this PhD work. 

 

2.3.2.1.  Keratoconjunctivitis sicca 

One of the main causes of canine corneal vascularization is a disturbance of the precorneal tear 

film, which is termed keratoconjunctivitis sicca (KCS) in veterinary medicine and dry eye 

disease (DED) in human beings (Kaswan and Salisbury 1990, Glaze 2005, Hendrix 2005, Lemp 

et al. 2007, Sanchez et al. 2007, Labetoulle et al. 2018). 

Keratoconjunctivitis sicca describes a chronic inflammatory disease of the ocular surface and 

is an umbrella term for a variety of different causes, manifestations, and disease characteristics 

(Kaswan and Salisbury 1990, Herrera et al. 2007, Sanchez et al. 2007, Williams 2008). In cats 

and horses, KCS is rare (Glaze 2005, Hendrix 2005). In contrast, a prevalence of up to 27 % 

has been reported in dogs, with a large number of undiagnosed cases likely leading to an even 

higher percentage (Gemensky-Metzler et al. 2015).  

In canine KCS, a distinction is made between hereditary, primary, immune-mediated and 

secondary or acquired KCS (Kaswan and Salisbury 1990), with immune-mediated KCS 

occurring most frequently (Sanchez et al. 2007). Usually, canine KCS occurs bilaterally and 

both the quality and quantity of tears can be disturbed (Kaswan and Salisbury 1990, Krecny et 

al. 2018). The disease typically manifests as purulent ocular discharge, discomfort, conjunctival 

hyperemia, and chemosis (Fig. 3a) (Kaswan and Salisbury 1990, Herrera et al. 2007, Sanchez 

et al. 2007). Corneal edema, tissue damage, vascularization, and pigmentation are frequent 

complications and ulceration up to corneal perforation may occur (Kaswan and Salisbury 1990, 

Herrera et al. 2007, Sanchez et al. 2007). In addition, there is a positive interrelation between 
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chronic keratitis and corneal squamous carcinoma, with strongest correlation to 

keratoconjunctivitis sicca in brachycephalic dogs (Dreyfus et al. 2011).  

On the molecular level, dry eyes have a disturbed ocular surface osmolarity that impairs the 

immunohaemostasis and activates a complex cascade of inflammatory events (Luo et al. 2005). 

These include an increased release of autoreactive T-cells, the activation of innate immune 

mechanisms like toll-like receptor and natural killer cells, and an upregulation of 

proinflammatory cytokines and chemokines (De Paiva et al. 2007, Goyal et al. 2010, 2012). 

The resulting corneal inflammation is driven by infiltration of cells of the CD4+ T-cell 

compartment (De Paiva et al. 2007). As discussed earlier, corneal inflammation and 

angiogenesis can enhance and sustain each other (Cursiefen et al. 2004a, Ebrahem et al. 2006, 

Chung et al. 2009). In DED, VEGF-A, VEGF-C, VEGF-D, and VEGFR-3 are increased (Goyal 

et al. 2010), and VEGF-A is capable to chemoattract immune cells that in turn secrete further 

VEGF-A (Cursiefen et al. 2004a, Chung et al. 2009). Thus, vascularization and inflammation 

persist, which results in corneal epithelial damage, loss of goblet cells, pathological alteration 

of the mucin layer, tear film instability, and hyperosmolarity of the ocular surface (Cursiefen et 

al. 2004a, Chung et al. 2009, Goyal et al. 2010, 2012, Alam et al. 2020).  

Due to the high incidence and disease burden, novel treatment approaches are the topic of 

current eye research and the therapeutic inhibition of VEGF-A, VEGF-C, and VEGF-D is 

described as an effective treatment option in human DED (Goyal et al. 2012, Jiang et al. 2018, 

Cursiefen et al. 2019, Kasetsuwan et al. 2020). In dogs, current treatment options include 

lifelong topical and/or systemic immunosuppressants, lubricants, and lubricant stimulants 

(Kaswan and Salisbury 1990, Morgan and Abrams 1991, Ofri et al. 2009, Hendrix et al. 2011). 

The proven standard treatment is topical cyclosporine and tacrolimus, pimecrolimus, or 

glucocorticoids may be indicated as a second-line therapy (Nell et al. 2005, Ofri et al. 2009, 

Hendrix et al. 2011, Labetoulle et al. 2018, Kallab et al. 2020). Topical cyclosporine in dogs 

with KCS results in a significant decrease of inflammatory cells of the ocular surface (Izci et 

al. 2015) and increases the tear film quantity (Morgan and Abrams 1991, Nell et al. 2005, Ofri 

et al. 2009, Hendrix et al. 2011). However, in the presence of advanced lacrimal gland fibrosis 

(Kaswan and Salisbury 1990) or neurogenic KCS (Matheis et al. 2012), topical cyclosporine 

may be ineffective and the ability to repress blood vessels is still under debate (Bock et al. 2014, 
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Villar et al. 2020). Overall, a reported number of 25 - 50 % of dogs with immune-mediated 

KCS do not response to cyclosporine therapy (Morgan and Abrams 1991, Ofri et al. 2009). 

Therefore, novel therapeutic approaches targeting both angiogenesis and inflammation are 

needed, especially as the prevalence of KCS in dogs is increasing and untreated KCS can lead 

to corneal blindness (Kaswan and Salisbury 1990). 

 

2.3.2.2. Immune-mediated Keratitis 

Chronic superficial keratitis (CSK) is a progressive, incurable, bilateral disorder of the cornea 

in dogs (Bedford and Longstaff 1979). German shepherd dogs and German shepherd dog mixes 

are overrepresented (Bedford and Longstaff 1979). An immune-mediated cause combined with 

a genetic component and ultraviolet light is suspected (Campbell et al. 1975, Slatter et al. 1977). 

The disease is characterized by corneal blood vessel infiltration, raised vascularized granulation 

tissue, deposition of pigment, crystals and lipids, and corneal inflammatory infiltrates (Bedford 

and Longstaff 1979, Nell et al. 2005). Typically, the signs begin at the temporal limbus. From 

there, the corneal changes may involve the entire corneal surface (Fig. 3b) (Bedford and 

Longstaff 1979, Nell et al. 2005). The disease is incurable and can lead to bilateral, irreversible 

blindness (Slatter et al. 1977, Bedford and Longstaff 1979, Nell et al. 2005).  

Studies found that CSK occurs more often in dogs exposed to intense solar radiation and a 

stronger cellular hypersensitivity to corneal and iris antigens has been shown in CSK affected 

dogs (Campbell et al. 1975, Slatter et al. 1977). The cornea possesses tissue-specific antigens 

that may be modified by external factors like ultraviolet light. Ultraviolet light and hypoxia 

induces an increase of HIF-1α and VEGF expression through the phosphatidylinositol 3-kinase 

(PI3K)-Akt signaling pathway (Li et al. 2006). The PI3K-Akt pathway is a major regulator of 

both normal and cancer angiogenesis (Karar and Maity 2011) and the occurrence of corneal 

squamous cell carcinomas following CSK is reported (Dreyfus et al. 2011). Balicki and 

Sobczyńska-Rak demonstrated that dogs with CSK have increased plasma VEGF values and 

this observation was significant in dogs during early disease (Balicki and Sobczyńska-Rak 

2014). 

Current treatment options for CSK include topical dexamethasone, cyclosporine, tacrolimus, 

and radiotherapy (Nell et al. 2005, Allgoewer and Hoecht 2010, Balicki 2012, Gelatt et al. 
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2013b). The use of UV light-blocking contact lenses used to slow down disease progression 

has been described but was associated with ocular side effects (Denk et al. 2011). 

Unfortunately, current treatment options are often ineffective and corneal changes are 

progressive despite therapy (Bedford and Longstaff 1979, Nell et al. 2005, Gelatt et al. 2013b). 

Additionally, the younger the dog is at onset, the more severe is the disease progression (Gelatt 

et al. 2013b). In milder courses, the inflammatory component might improve under topical long-

term immunosuppressive therapy, but corneal blood vessels often persist (Bedford and 

Longstaff 1979, Nell et al. 2005). Thus, therapeutical approaches that directly target corneal 

angiogenesis and the underlying causal mechanisms are needed. Vascular endothelial growth 

factor might be an interesting target in CSK, as a causal relationship is speculated and an 

association to VEGF and UV light-induced angiogenesis exists (Li et al. 2006, Balicki and 

Sobczyńska-Rak 2014). 

 

Superficial punctate keratitis (SPK) describes a bilateral corneal inflammation frequently 

observed in Shetland sheep dogs and longhaired dachshunds (Nasisse 1995, Andrew 2008). 

The disease is often associated with allergies or autoimmune diseases and an immune-mediated 

genesis is suspected (Andrew 2008). In the acute phase, SPK manifests as bilateral, superficial 

keratitis with multiple, punctate corneal erosions (Nasisse 1995, Andrew 2008). The lesions 

can develop into recurrent, subepithelial corneal ulcers that may extend deep into the corneal 

stroma (Andrew 2008). The disease occurs in episodes and with each new episode, there is an 

increased risk for corneal vascularization, tissue scarring, and corneal deposition of crystals and 

pigmentation (Andrew 2008). In advanced stages, complete loss of vision may occur (Gelatt et 

al. 2013c). Therapy consists of local administration of cyclosporine and/or corticosteroids 

(Nasisse 1995, Clerc and Jegou 1996, Andrew 2008). In most cases, there is a rapid clinical 

improvement, but after treatment discontinuation, recurrencies may occur (Gelatt et al. 2013c). 

Therefore, lifelong therapy and frequent follow-up examinations may be required to find the 

optimal, safe, low-dose steroid maintenance therapy (Gelatt et al. 2013c). 
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2.3.2.3. Infectious keratitis 

Infectious keratitis is a vision-threatening ocular disease in animal patients (Tolar et al. 2006, 

De Linde Henriksen et al. 2014, Hindley et al. 2016, Suter et al. 2018, Auten et al. 2020).  

In dogs, any previous damage to the cornea can result in secondary bacterial infection, which 

can cause serious deteriorations in corneal health and severe complications like melting ulcers 

are common (Fig. 3c) (Tolar et al. 2006, Hindley et al. 2016, Suter et al. 2018, Auten et al. 

2020). In more than half of the dogs with ulcerative keratitis, bacteria are detectable in the 

samples, with Gram-positive predominating over Gram-negative bacteria (Tolar et al. 2006, 

Hindley et al. 2016, Suter et al. 2018, Auten et al. 2020). Brachycephaly, previous surgical eye 

procedures, disorders of the ocular surface, and prior use of topical steroids increase the risk of 

bacterial keratitis (Tolar et al. 2006, Hindley et al. 2016, Suter et al. 2018, Auten et al. 2020). 

Topical antibiotics are the standard of care treatment of bacterial-induced keratitis (Tolar et al. 

2006, Hindley et al. 2016). Anyway, persistent corneal vascularization is common and may 

cause impaired corneal clarity (Tolar et al. 2006, Hindley et al. 2016). A recent study in a murine 

model of Pseudomonas aeruginosa-induced keratitis found that corneal angiogenesis and 

lymphangiogenesis correlated positively with an early VEGF-A and a late VEGF-C and 

VEGFR-3 upregulation (Narimatsu et al. 2019). There are isolated case reports of the use of 

VEGF inhibitors for persistent corneal vascularization in bacterial keratitis describing a 

beneficial effect in suppressing corneal vascularization (Benayoun et al. 2012, Hos et al. 2019). 

 

In dogs, fungal keratitis is a rare disease compared to other animal species (Ledbetter et al. 

2016). Although rare, canine fungal keratitis may be associated with corneal vascularization 

and can lead to serious corneal morbidity and loss of vision (Ledbetter et al. 2016). 

Fungal ulcerative keratitis is frequently observed in horses and is characterized by a severe 

course of disease (Andrew et al. 1998, De Linde Henriksen et al. 2014). Interestingly, a negative 

association between VEGF-A and the diagnosis of fungal keratitis in horses has been observed 

(De Linde Henriksen et al. 2014). Equine fungal ulcers tend to perforate rapidly and are 

characterized by a delayed wound healing with a lack of corneal vascular sprouting (Andrew et 

al. 1998, De Linde Henriksen et al. 2014). It is assumed that certain fungi are capable to produce 

antiangiogenic metabolites (Welch et al. 2000) and that a reduced VEGF-A expression is the 

reason for the delayed healing (De Linde Henriksen et al. 2014). 
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Similar to humans, herpetic keratitis is a common disorder in animal patients, in particular in 

cats and horses (Nasisse et al. 1998, Kershaw et al. 2001, Dean and Meunier 2013). In humans, 

HSV-1-induced keratitis has been intensively studied (Wuest and Carr 2010, Wuest et al. 2011, 

Yun et al. 2020). Findings demonstrated that HSV-1 infected cells, like CD4+ and myeloid 

cells, produce pathogenic VEGF-A levels in the cornea and can directly activate VEGF-A 

transcription. In cats, eosinophilic keratitis (EK) represents a common corneal disorder 

associated with various degrees of corneal vascularization (Fig. 3d) (Nasisse et al. 1998, Dean 

and Meunier 2013). Feline herpes virus (FHV)-1 is postulated to have a causal function during 

EK (Nasisse et al. 1998, Dean and Meunier 2013). The disease requires lifelong topical 

immunosuppressive therapy, frequent re-examinations, and is often associated with persistent 

corneal vascularization refractory to standard therapy (Spiess et al. 2009, Dean and Meunier 

2013). In addition, FHV-1 is thought to be involved in the etiopathogenesis of feline corneal 

sequestrum, a common disease in cats that can lead to severe corneal health impairment and 

even corneal perforation (Fig. 3e) (Nasisse et al. 1998, Laguna et al. 2015).  

In mature dogs, keratitis caused by canine herpesvirus-1 (CHV-1) and corneal vascularization 

is rare (Ledbetter 2013). However, it is discussed whether CHV-1 is an underestimated 

condition.  

There are no studies that investigated the relationship of VEGF and herpetic keratitis in animal 

patients. In human herpetic keratitis, clinical studies indicated that VEGF inhibitors might 

represent a promising treatment approach (Koenig et al. 2009, Krizova et al. 2014, Hos et al. 

2019). Since herpetic keratitis is a common disorder in animals that is often refractory to 

standard therapy (Dean and Meunier 2013), and even if not yet proven, a causal relationship 

between VEGF and herpetic keratitis is conceivable, inhibition of VEGF would be an 

interesting treatment approach in this indication. 

 

2.3.2.4. Ulcerative keratitis and superficial chronic corneal defects  

The sprouting of blood vessels into the cornea may develop in the course of any kind of corneal 

ulcers and is initially part of the normal healing process (Fig. 3f) (Amano et al. 1998, Murphy 

et al. 2001, Eming and Krieg 2006, Hindley et al. 2016, Eaton et al. 2017, Wu et al. 2018). 



 23 

A frequently observed ulcer type that is not secondary to another underlying primary ocular 

disease are superficial chronic corneal defects (SCCED), with a breed disposition for boxer 

dogs (Murphy et al. 2001, Wu et al. 2018, Hung et al. 2020). Superficial chronic corneal defects 

are characterized by loose epithelial tissue at the defect margins, frequently do not heal on 

conventional conservative therapy, and can be accompanied by corneal vascularization 

(Murphy et al. 2001, Chandler et al. 2010, Eaton et al. 2017, Wu et al. 2018, Hung et al. 2020). 

The underlying pathomechanism is not yet fully understood. Murphy et al. found that affected 

dogs show abnormal hyperinnervation of the subepithelial stroma and epithelium at the defect 

margins (Murphy et al. 2001). Is it assumed that degenerated, dying, or metabolically impaired 

epithelial cells secrete neurotrophic factors (Murphy et al. 2001). In this way, the body may 

attempt to provide increased amounts of neurotransmitters and neuropeptides through 

hyperinnervation to promote tissue repair (Murphy et al. 2001), as corneal sensory nerves and 

neurotransmitters have a crucial corneal trophic function (Müller et al. 2003, Wang et al. 2012). 

The current proven method of therapy is a diamond burr debridement (DBD) and, in the absence 

of tear deficiencies, the insertion of a bandage lens (Wu et al. 2018, Hung et al. 2020). In about 

70 % of cases, the erosions heal after one DBD procedure and in refractory or recurrent cases, 

further DBD sessions or keratotomy may be required (Wu et al. 2018, Hung et al. 2020). In 

addition to a DBD, topical and/or systemic tetracycline and doxycycline treatment is 

recommended, and the use of protease inhibitors and substance P is conceivable (Murphy et al. 

2001, Chandler et al. 2010, Eaton et al. 2017, Wu et al. 2018). However, a DBD may be 

associated with severe adverse events, such as infectious keratitis and keratomalacia (Wu et al. 

2018, Hung et al. 2020). Some dogs develop severe corneal scarring, fibrosis, pigmentation, 

and persistent vascularization (Murphy et al. 2001, Eaton et al. 2017, Wu et al. 2018). 

 

2.3.2.5. Corneal disorders caused by anatomical malformations 

Breeding measures that fulfill the desire for a very prominent brachycephaly, steep forehead, 

and prominent skin folds, are associated with significant injury to the ocular surface, including 

chronic ulcerations, inflammation, and in severe cases blindness or loss of the globe (Fig. 3e 

and Fig. 3g)(Dreyfus et al. 2011, Labelle et al. 2013, Plummer 2015, Hindley et al. 2016, 

Lacerda et al. 2017, Costa et al. 2021). Additionally, pugs are predisposed to a meibomian gland 
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dysfunction and tear film abnormalities, which in turn disrupts corneal health further and 

increases the risk of bacterial keratitis, corneal vascularization, and ulceration (Krecny et al. 

2018). An impairment of corneal nerve fiber density is postulated in brachycephalic dogs and 

cats, which predisposes them for impaired corneal wound healing (Kafarnik et al. 2008). 

The major therapeutic approach consists of the surgical correction of the eyelid malformations 

and to improve the tear film status (Nell et al. 2005, Plummer 2015). However, blood vessels 

may remain and complications, such as persistent inflammation and progressive pigmentation 

of the cornea, are common (Plummer 2015, Krecny et al. 2018). For these reasons, safe and 

targeted therapies against corneal inflammation and angiogenesis are needed. 

 

2.3.2.6. Corneal neoplasms 

Tumor growth and the development of metastases are dependent on the formation of blood 

vessels (Liang et al. 2017). Vascular endothelial growth factor has been identified as one of the 

dominant inducers of tumor angiogenesis in mammalian species (Waldner et al. 2010, Peterson 

et al. 2016, Liang et al. 2017). Vascular endothelial growth factor is expressed by a variety of 

cells in dogs suffering from canine lymphoma (Wolfesberger et al. 2007). Plasma levels of 

VEGF was found to be significantly higher in high-grade compared to low-grade T-cell 

lymphomas, making VEGF a conceivable future biomarker and possible treatment target for 

canine lymphoma (Aresu et al. 2014). In addition to lymphoma, an association with VEGF has 

been reported in a variety of other canine tumors, including breast and prostate carcinomas, soft 

tissue sarcomas, and mastocytomas (Rebuzzi et al. 2007, Queiroga et al. 2011, Adelfinger et al. 

2015). 

However, there are only few studies investigating the association of VEGF in canine ocular 

neoplasms (Binder et al. 2012, Sandberg et al. 2012, Edelmann et al. 2013). In humans, VEGF, 

VEGFR-1, and VEGFR-2 expression is increased in uveal melanomas, retinoblastomas, uveal 

adenomas, and choroidal melanomas (Stitt et al. 1998, Sahin et al. 2007). In dogs, VEGF was 

detected in the aqueous humor of few cases of intraocular benign and malignant melanomas, 

adenomas, and lymphomas (Sandberg et al. 2012). In an immunohistochemical study, the 

expression of VEGF receptors of canine intraocular disorders was assessed, revealing that 
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VEGFR-1 was expressed in all sampled intraocular tumors and VEGFR-2 was detected in only 

malignant and metastatic intraocular neoplasms (Binder et al. 2012).  

There are single case reports of subconjunctival or topical applied VEGF inhibitors in humans 

with corneal squamous cell carcinomas (Faramarzi and Feizi 2013, Asena and Altınörs 2015). 

In dogs and cats, primary corneal neoplasms are rare (Haeussler et al. 2011, Leis et al. 2017). 

However, malignant neoplasms of the eyelids in cats and limbal squamous cell carcinomas in 

horses are frequently observed and novel treatment strategies are required (Fig. 3h) (Newkirk 

and Rohrbach 2009, Lassaline et al. 2015, Bellone et al. 2017) There is only one case report in 

veterinary medicine that described the successful intralesional anti-VEGF bevacizumab therapy 

in a palpebral sebaceous carcinoma relapse of an Amur tiger (Edelmann et al. 2013). Thus, 

drugs that inhibit VEGF may be a future treatment option for ocular neoplasms in animal 

patients.  
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Figure 3. Corneal vascularization in animal disorders. (a) Maltese dog with quantitative KCS, resulting in severe 
injury to the cornea and conjunctiva (b) German pointer with CSK associated with blood vessel infiltration, corneal 
edema, and pigmentation (c) Chihuahua with melting ulcer (d) Domestic shorthaired cat with eosinophilic keratitis 
associated with corneal blood vessel infiltration (e) Persian cat with brachycephalic ocular syndrome, corneal 
sequestrum OD, and perforation and anterior synechia after corneal sequestrum rejection OS (f) Persian cat with 
corneal ulcer with severe corneal vascularization (g) Pug with entropion of the lower eyelid, macroblepharon, KCS, 
and corneal blindness due to severe corneal pigmentation (h) Appaloosa mare with corneal stromal invasive 
squamous cell carcinoma. 
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2.4. The dilemma: Treatment options for corneal vascularization in dogs 

There are various options to treat corneal vascularization, including medical therapies, 

radiation, and surgical procedures. 

 

Cyclosporine is routinely used for the treatment of canine corneal vascularization, particularly 

during tear film disorders or when topical steroids pose a major risk (Kaswan and Salisbury 

1990, Morgan and Abrams 1991, Herrera et al. 2007, Hendrix et al. 2011, Villar et al. 2020). 

The usage of topical cyclosporine is debated, as the drug is a potent T-cell inhibitor and 

potentially increases the risk of opportunistic herpetic or fungal infection (Kaswan and 

Salisbury 1990, Dowling et al. 2016) and was found to delay corneal wound healing (Villar et 

al. 2020). Furthermore, it is discussed whether cyclosporine has no or only insufficient 

inhibitory effects on corneal vascularization (Bucak et al. 2013, Bock et al. 2014, Villar et al. 

2020). 

  

Topical glucocorticoids may be indicated in some cases of corneal vascularization (Bedford 

and Longstaff 1979, Andrew 2008, Kallab et al. 2020). The exact antiangiogenic mode of action 

is complex. It results from a variety of mechanisms, such as the inhibition of proliferation of 

lymphatic endothelial cells and proinflammatory cytokines, by interfering with VEGF-driven 

angiogenesis via the mifepristone-sensitive steroid receptor, and the reduction of VEGF-

induced vascular leakage (Robin et al. 1985, McNatt et al. 1999, Edelman et al. 2005, Ebrahem 

et al. 2006, Hos et al. 2011). However, steroids are considered to suppress corneal blood vessels 

only incompletely and are known to carry a variety of risks (Tolar et al. 2006, Dowling et al. 

2016, Hindley et al. 2016, Murtagh et al. 2018, Sebbag et al. 2020). Possible complications are 

the secondary colonization with opportunistic pathogens, an impaired wound healing, and the 

development of corneal perforations or melting ulcers (Tolar et al. 2006, Dowling et al. 2016, 

Hindley et al. 2016, Murtagh et al. 2018). Moreover, a recent study showed that topical 

prednisolone in dogs reaches the systemic blood circulation and systemic side effects are 

conceivable (Sebbag et al. 2020). Thus, clinicians have to calculate between treatment benefits 

and potential risks when using glucocorticoids (Tolar et al. 2006, Dowling et al. 2016, Hindley 

et al. 2016, Murtagh et al. 2018, Sebbag et al. 2020). 
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Besides glucocorticoids, non-steroidal anti-inflammatory drugs (NSAID) are used to treat 

corneal vascularization, in particular when the lower risk of side effects must be considered 

(Rigas et al. 2020). However, NSAIDs can be associated with corneal melting and the response 

to therapy may be insufficient (Pakneshan et al. 2008, Murtagh et al. 2018, Rigas et al. 2020). 

In human medicine, various efficient alternatives to medical treatment are described, such as 

argon laser (Gerten 2008), Nd:YAG laser (Kumar et al. 2016), photodynamic therapy (Hou et 

al. 2017), and fine needle diathermy (Pillai et al. 2000, Spiteri et al. 2015). However, 

complications of laser therapy are reported including corneal hemorrhage, damage of iridal 

tissue, corneal crystalline deposits, and inadvertent retinal photocoagulation (Pillai et al. 2000, 

Spiteri et al. 2015, Kumar et al. 2016). In healthy dogs, usage of Nd-YAG laser caused 

ulcerative keratitis and nerve fiber damage (Weigt et al. 2002). The use of radiotherapy in dogs 

suffering from severe CSK has been described as a treatment option to delay disease 

progression (Allgoewer and Hoecht 2010). Anyway, in animal patients general anesthetic or a 

deep sedation would be necessary to perform these procedures and may be unfeasible for 

clinical use in veterinary practice. 

 

2.4.1. Novel therapies for corneal vascularization: VEGF inhibitors  

The European Vision Institute defined corneal vascularization as a highly relevant ocular topic 

that needs to be addressed in near-term future research (Cursiefen et al. 2019). The discovery 

of drugs that inhibit VEGF has revolutionized human ophthalmology and numerous studies 

have proven their potential to reduce pathological vascularization in the eye (Arevalo et al. 

2007, Kim et al. 2008, Dastjerdi et al. 2009, Koenig et al. 2009, Lutty et al. 2011, Nork et al. 

2011, Krizova et al. 2014, Dugel et al. 2020, Sahni et al. 2020). Therapeutic VEGF inhibitors 

vary in molecular size, structure and charge, as well as binding capability to VEGF family 

members and binding affinity to VEGF-A (Presta et al. 1997, Holash et al. 2002, Avery et al. 

2006, Genentech Inc. 2011, Papadopoulos et al. 2012, Tietz et al. 2015). Bevacizumab and 

aflibercept, two of the best studied VEGF inhibitors, are widely used for various neovascular 

eye disorders in humans (Avery et al. 2006, Arevalo et al. 2007, Korobelnik et al. 2014, 

Schmidt-Erfurth et al. 2014, Olmos et al. 2016). 
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Bevacizumab is a humanized murine anti-VEGF monoclonal antibody with a molecular weight 

of 149 kDa and an isoelectric point (pI) of 8.3 that binds to all isoforms of human VEGF-A 

(Presta et al. 1997, Vlčková et al. 2008, Genentech Inc. 2011). Bevacizumab was engineered 

by site-directed mutagenesis of a human antibody framework and murine anti-human VEGF 

monoclonal antibody A.4.6.1 and consists of amino acid sequences of 93 % to human IgG1 and 

of 7 % to murine antibody (Presta et al. 1997, Rodrigues et al. 2009). The use of monoclonal 

antibodies has become a fast growing class of drugs with a wide field of application in humans 

(Ferrara et al. 2004, Rodrigues et al. 2009). Therapeutic monoclonal antibodies exert their 

therapeutic effects by inhibiting receptors through interaction with their ligands or by binding 

to specific soluble ligands, thereby blocking their cellular signaling pathways (Presta et al. 

1997, Muller et al. 1998, Ferrara et al. 2004, Rodrigues et al. 2009).  

Bevacizumab is approved for various human cancers (Genentech Inc. 2011) and is used off-

label for the treatment of ocular conditions associated with pathological vascularization, such 

as neovascular age-related macular edema, diabetic edema, and neovascular glaucoma (Avery 

et al. 2006, Dastjerdi et al. 2010b, Olmos et al. 2016). In ophthalmology, bevacizumab is 

administered primarily via the intravitreal administration route for neovascular disorders of the 

posterior eye segment (Avery et al. 2006, Arevalo et al. 2007, Olmos et al. 2016). The topical 

administration of bevacizumab is debated, as the intact corneal epithelium is not permeable for 

large molecules (Mun et al. 2014). Indeed, in-vivo studies found that topical bevacizumab is 

not able to permeate the intact corneal epithelium, whereas subconjunctivally injected 

bevacizumab gets into the cornea (Dastjerdi et al. 2011, Moisseiev et al. 2014). However, in 

vascularized corneas, studies demonstrated that topical bevacizumab and aflibercept are 

capable to penetrate into the corneal stroma (Yoeruek et al. 2008, Dastjerdi et al. 2011, Sella et 

al. 2016). 

Bock et al. were among the first to investigate the effect of topical and subconjunctival 

bevacizumab in mice with suture-induced corneal vascularization (Bock et al. 2007). They 

found that the use of 5 mg/ml QID (quarter in die, four times a day) bevacizumab for five days 

resulted in a significant suppression of hem- and lymphangiogenesis. The angioregressive 

effect observed by Bock et al. was confirmed in subsequent studies in rats and rabbits, using 

various drug concentrations, administration routes, and treatment durations (Dastjerdi et al. 

2010a, Ozdemir et al. 2014, Sella et al. 2016). 
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Based on the promising results obtained in these experimental animal studies, topical 

bevacizumab was explored in human beings affected by corneal vascularization. For this 

purpose, bevacizumab eye drops were prepared by diluting commercial available intravenous 

bevacizumab in 0.9 % saline (Kim et al. 2008, Koenig et al. 2009) or 0.01 % benzalkonium 

chloride (Dastjerdi et al. 2009, Cheng et al. 2012) and were applied in different treatment 

regimes, including 2.5 mg/ml BID (bis in die, two times a day) for two weeks (Krizova et al. 

2014), 5 mg/ml BID for up to twelve weeks (Koenig et al. 2009), 10 mg/ml BID/QID for three 

weeks (Dastjerdi et al. 2009, Cheng et al. 2012), and 12.5 mg/ml BID for three months (Kim et 

al. 2008).  

Overall, the results indicated that topical bevacizumab has the potential to prevent further 

progression of outgrowing blood vessels into the cornea, reduce corneal blood vessel diameter, 

and decrease the extent of corneal vascularization (Kim et al. 2008, Dastjerdi et al. 2009, 

Koenig et al. 2009, Cheng et al. 2012, Krizova et al. 2014). 

 

Aflibercept is a humanized recombinant dimeric glycoprotein with a molecular weight of 115 

kDA and a pI of 8.82 (Holash et al. 2002). It is engineered Holash et al. by fusing the second 

binding domain auf VEGFR-1 and the third binding domain of VEGFR-2 to the Fc portion of 

human IgG1. Thus, aflibercept acts as a soluble decoy receptor and is called „VEGF-Trap“. 

Aflibercept binds with high affinity to all human VEGF-A isoforms, VEGF-B, and PIGF 

(Papadopoulos et al. 2012). Additionally, Aflibercept is able to bind murine VEGF-A and PIGF 

(Papadopoulos et al. 2012).  

The topical use of 0.01-0.1 % aflibercept in corneal vascularization in experimental animals is 

proven to be effective in suppressing hem- and lymphangiogenesis (Sella et al. 2016, Devarajan 

et al. 2019). Results on the efficacious use of aflibercept for corneal vascularization have 

recently been published and are conflicting (Aksoy 2019, Cholak et al. 2020, Sella et al. 2021). 

In one case report, a child with persistent corneal vascularization unresponsive to 

glucocorticoids was treated with aflibercept eye drops (Aksoy 2019). The treatment regime 

included topical aflibercept (50 µl per application, derived from of a 40mg/ml solution) three 

times a day for seven days and yielded in complete regression of corneal blood vessels without 

any side effects. In another case report, an adult woman with severe corneal vascularization due 

to an ocular surface burn received a single subconjunctival injection of 4 mg aflibercept, 
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resulting in a decrease of corneal vascularization without any adverse events (Cholak et al. 

2020). However, most recently Sella et al. reported that a single subconjunctival injection of 2 

mg aflibercept in patients with formed corneal vascularization did not lead to a reduction of 

corneal vascularization (Sella et al. 2021). 

 

There are no reports of clinical applicability and compatibility in dogs, cats, or horses for either 

bevacizumab or aflibercept. Due to the high incidence of corneal vascularization as a blinding 

condition and the partly insufficient treatment options, therapeutic VEGF inhibition may 

represent a novel approach for the treatment of corneal vascularization in animals.  
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2.5. Hypotheses 
Persistent corneal vascularization unresponsive to standard therapies is a great challenge in 

veterinary ophthalmology (Dean and Meunier 2013, Lassaline et al. 2015, Plummer 2015). The 

persistence of corneal blood vessels results in continuous corneal inflammation and an 

impairment of corneal health and clarity, thereby representing a leading cause for corneal 

blindness. Current treatment options may be insufficient and can bear the risk of side effects 

(Tolar et al. 2006, Bock et al. 2014, Dowling et al. 2016, Hindley et al. 2016, Villar et al. 2020). 

In human ophthalmology, therapies that target VEGF are promising (Dastjerdi et al. 2009, 

Koenig et al. 2009). Due to the high need for targeted treatment options in canine corneal 

vascularization, therapeutical VEGF inhibitors are of great interest.  

The purpose of this PhD thesis was to investigate the binding ability of VEGF inhibitors 

bevacizumab and aflibercept with canine, feline, and equine VEGF. Furthermore, the PhD 

project aimed to assess the tolerability of topical bevacizumab in healthy dogs and the safety 

and efficacy in dogs affected by persistent corneal vascularization.  

The following hypotheses of this PhD study were defined:  

 

Project 1 

a) Bevacizumab and Aflibercept are capable to bind canine, feline, and equine VEGF. 

 
Project 2 

b) Topical bevacizumab (2.5 mg/ml, BID, over four weeks) is topically and systemically safe 

in healthy dogs. 

c) Topical bevacizumab (2.5 mg/ml, BID, over four weeks) does not increase arterial blood 

pressure, does not alter coagulation and blood parameters, and does not decrease serum VEGF 

values in healthy dogs. 

 

Project 3 

d) Topical bevacizumab (2.5 mg/ml, BID, over four weeks) is topically and systemically safe 

in dogs with persistent corneal vascularization. 

e) Topical bevacizumab  (2.5 mg/ml, BID, over four weeks) leads to a decrease of vascularized 

area in dogs with persistent corneal vascularization.  
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A B S T R A C T

Purpose: Promising results have been described for antibodies binding vascular endothelial growth factor
(VEGF) in patients with corneal neovascularization. Whether veterinary patients would also bene"t from this
therapeutic approach has not been investigated yet. We examined binding properties of anti-human VEGF an-
tibodies bevacizumab (Avastin®) and a!ibercept (Zaltrap®) for canine, feline, and equine VEGF.
Methods: Human, equine, feline, and canine VEGF were analyzed for sequence similarity using the “Basic Local
Alignment Search Tool” (BLAST). Western-blot analysis and ELISA were used to assess binding properties.
Results: BLAST analysis revealed a sequence homology of canine, feline, and equine VEGF to human VEGF-A of
93%, 92%, and 89%, respectively. Western-blot analysis showed immunoreactivity of bevacizumab with human,
canine, and feline VEGF, but not with equine VEGF. A!ibercept recognized VEGF of all tested species. ELISA data
indicated that bevacizumab and a!ibercept bind canine VEGF in a dose-dependent manner. Feline VEGF was
bound by bevacizumab and a!ibercept in a dose-independent manner. ELISA study further con"rmed the lack of
bevacizumab binding to equine VEGF, and yielded also a dose-independent binding by a!ibercept.
Conclusions: Bevacizumab and a!ibercept turned out to bind VEGF with species-speci"c di#erences. Further
studies are required to investigate their e$cacy and safety under clinical conditions.

1. Introduction

Corneal diseases in dogs, cats, and horses like keratoconjunctivitis
sicca, super"cial pigmentary keratitis, and chronic super"cial keratitis
are frequently accompanied by corneal neovascularization (CNV)
(Labelle et al., 2013; Sanchez et al., 2007; Slatter et al., 1977). Although
neovascularization is essentially required for corneal wound repair and
prevents stromal melting (Conn et al., 1980), CNV also leads to un-
desired events like persistent in!ammation, loss of the immune privi-
lege, and visual impairment through corneal edema, tissue scarring,
and lipid deposition (Dana and Streilein, 1996; Epstein et al., 1987;
Maddula et al., 2011). To combat CNV several therapeutic options are
considered. Beside di#erent surgical approaches, topical application of
corticosteroids, cyclosporine, and non-steroidal anti-in!ammatory
drugs are often used to suppress CNV (Dean and Meunier, 2013; Gilger
et al., 2005; Nell et al., 2005; Spiess et al., 2009; Williams et al., 1995).

However, these drugs show variable e$cacy and various adverse side
e#ects (Gaarder et al., 1998; Kaswan and Salisbury, 1990; Nasisse et al.,
1989; Petroutsos et al., 1982). As none of these drugs selectively ad-
dresses the process of corneal neovascularization, more e#ective and
targeted treatment approaches are still required for veterinary patients.

A promising therapeutic approach for CNV in human patients is the
topical or subconjunctival application of monoclonal anti-vascular en-
dothelial growth factor (VEGF) antibodies such as bevacizumab
(Avastin®) and a!ibercept (Zaltrap®). Bevacizumab is a humanized
murine monoclonal antibody (Presta et al., 1997) and is reported to be
e#ective in treating ocular neoangiogenesis during wet age-related
macular degeneration, diabetic macular edema, and macular edema
secondary to retinal vein occlusion (Arevalo et al., 2007; Avery et al.,
2006; Martin et al., 2012). Moreover, bevacizumab is reported to be
e#ective in patients with naturally occurring corneal neovasculariza-
tion (Dastjerdi et al., 2009; Kim et al., 2008; Krizova et al., 2014). The
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VEGF-trap a!ibercept is a recombinant fusion protein of components of
the VEGF receptors VEGFR-1 and VEGFR-2, and the constant region
(Fc) of human IgG1 (Holash et al., 2002). Compared to other anti-VEGF
drugs a!ibercept shows the highest a"nity to human VEGF
(Papadopoulos et al., 2012). A!ibercept appears to be more e"cacious
than bevacizumab in improving visual acuity in patients with diabetic
macular edema (Wells et al., 2016) and age-related macular degen-
eration (The Diabetic Retinopathy Clinical Research Network, 2015).
Intravitreal injection of a!ibercept (Eylea®) is approved for the treat-
ment of wet age-related macular degeneration, macular edema fol-
lowing retinal vein occlusion, diabetic macular edema, but is also re-
ported to be e"cient in vascular glaucoma and myopic choroidal
neovascularization (Brown et al., 2015; Heier et al., 2014; Ikuno et al.,
2015; SooHoo et al., 2015).

As central driver of vessel formation, VEGF is also involved in CNV
seen in veterinary patients (Binder et al., 2012; Henriksen et al., 2014).
However, data concerning the use and e"cacy of bevacizumab and
a!ibercept in animals are limited. Single experiments showed that to-
pical or subconjunctival application decreases or prevent corneal neo-
vascularization in rats (Ozdemir et al., 2014; Sella et al., 2016), which
implies that VEGF from non-human species may be also scavenged by
these antibodies. Cross-reactivity of a!ibercept is also postulated for
mouse and rabbit VEGF, whereas bevacizumab interaction was only
reported for non-human primate VEGF (Papadopoulos et al., 2012).
However, whether dogs, cats, and horses – most common patients in
veterinary ophthalmology - would also bene#t from bevacizumab and
a!ibercept is unclear. The current in-vitro study was designed to assess
the binding reactivity of these anti-VEGF antibodies with canine, feline,
and equine VEGF.

2. Materials and methods

2.1. Reagents

Recombinant human VEGF165 (CAT 293-VE), canine (CAT # 1603-
CV/CF) and feline VEGF (CAT # 5844-CV) were obtained from R&D
Systems, Minneapolis, USA; equine VEGF (CAT # RP0252D-025) was
from King#sher, St Paul, USA. Bevacizumab (25mg/ml; Avastin®) was
purchased from Roche (Switzerland, Basel) and a!ibercept (25mg/ml;
Zaltrap®) from Sano# (France, Paris). Mouse anti-human IgG1 Fc
Secondary Antibody (CAT # MH1015) was from ThermoFischer,
(Waltham, USA), and the horseradish-peroxidase conjugated anti-
mouse IgG (Cat#7076S) from Cell Signaling Technology® (Cambridge,
United Kingdom). The Canine (Cat # CAVE00) and Human VEGF
Quantikine ELISA Kits (Cat # DVE00) were purchased from R&D
Systems (Minneapolis, USA); the Equine VEGF-A VetSet ELISA
Development Kit (CAT # VS0409E-002) was obtained from King#sher
(St Paul, USA); the Feline Nori VEGF ELISA Kit (Cat # GR188042) from
Genorise Scienti#c (Pennsylania, USA).

2.2. Protein sequence analysis

Protein sequences of human (NCBI NP_003367.4), equine
(XP_023479773.1), feline (XP_023109318.1) and canine VEGF-A
(AAD29684.1) were analyzed by using the Basic Local Alignment
Search Tool (BLAST) algorithm (BLASTP2.8.0+) (Altschul et al., 1997).
The multiple sequence alignment was performed by the usage of the T-
COFFEE Multiple Sequence Alignment Server (Notredame et al., 2000).

2.3. Immunoblotting

Recombinant human, canine, feline, and equine VEGF (1 !g) was
solved in non-reducing sample bu$er (62.5mM Tris–HCl, pH 6.8, 10%
glycerol, 2% SDS, 0.1% bromophenol blue), subjected to 15% SDS-
PAGE and transferred to polyvinylidene !uorid (PVDF) membrane
(Thermo Fisher Scienti#c, Illinois, USA, CAT #88585). Membranes

were incubated in StartingBlock™ PBS Blocking Bu$er (Thermo Fisher
Scienti#c, Illinois, USA, CAT # 37538) for 1 h at room temperature,
washed three times with Tris-bu$ered saline containing 0.1% Tween-20
(TBS/T) and incubated with bevacizumab (1:10000 in TBS/T) or a!i-
bercept (1:10000 in TBS/T) for 24 h at 4 °C. Subsequently, membranes
were washed with TBS/T and incubated with anti-human im-
munoglobulin G (IgG) FC secondary antibody (1:1000) for 1 h at room
temperature. Afterwards membranes were washed again with TBS/T
and incubated with horseradish-peroxidase conjugated anti-mouse IgG
(1:3000) for 1 h at room temperature. After washing with TBS/T,
membranes were incubated with Clarity™ Western ECL Substrate (Bio-
Rad Laboratories, Inc., California, USA) and immunoreactivity was
detected by using ChemiDoc™ XRS+ and ImageLab™ Software (Bio-Rad
Laboratories, Inc., California, USA).

2.4. VEGF binding assay

Quantitative binding of bevacizumab and a!ibercept to VEGF were
investigated by using commercially available, species-speci#c ELISA
kits. Canine, human, feline, and equine VEGF with an end concentra-
tion of 2.5 nM were incubated without and with di$erent concentra-
tions of bevacizumab (ranging from 0.54–33.6 !M; corresponding to
0.08–5mg/ml) or a!ibercept (ranging from 0.70–43.4 !M; corre-
sponding to 0.08–5mg/ml) for 1 h at 37 °C.

After incubation, the reaction mixtures were transferred to the
ELISA microplates and analysis for free VEGF was performed in con-
cordance to the manual instructions. ELISA plates were #nally recorded
by using an EnSpire Multimodal Plate Reader (PerkinElmer, Waltham,
USA). Each measurement was performed in duplicates.

3. Results

3.1. Canine, feline, and equine VEGF show high sequence homology to
human VEGF

To #nd out whether feline, equine, and canine VEGF represent po-
tential binding partners for bevacizumab and a!ibercept, protein se-
quences were compared with the sequence of human VEGF. Analysis
revealed 93% homology of canine and human VEGF. Feline VEGF
showed 92%, and equine VEGF 89% homologous regions with the
human VEGF. Sequence di$erences are located between glutamine acid
40 and prolin 166, whereas the N-terminal region from position 1 to 39,
and the C-terminal region from position 166 to 215 are identical
(Fig. 1). Compared to human VEGF, canine, feline, and equine VEGF
protein is shorter by one, two or seven amino acids, respectively.

3.2. Binding of bevacizumab and a!ibercept to canine, feline and equine
VEGF

To get insights whether bevacizumab and a!ibercept may bind ca-
nine, feline, and equine VEGF, an immunoblot was performed. Canine,
feline, and equine VEGF were blotted on a PVDF membrane and ex-
posed to 2.5 !g/ml bevacizumab or 2.5 !g/ml a!ibercept. Binding to
human VEGF served as internal control. As shown in Fig. 2A, mem-
branes incubated with bevacizumab showed immunoreactive bands for
human, canine, and feline VEGF. No immunosignal was observed for
equine VEGF. Also, higher concentrations of bevacizumab (2.5 !g/
ml–0.25mg/ml) or increasing VEGF amounts (1–100 !g) did not yield
an immunoreactive band for equine VEGF (data not shown). In contrast
to bevacizumab, membrane incubation with a!ibercept showed im-
munoreactive bands for human, canine, feline, and equine VEGF pro-
teins (Fig. 2B). The #ndings indicate that bevacizumab may interact
with canine and feline, but not with equine VEGF, whereas a!ibercept
binds to VEGF from all tested species.
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3.3. Determination of bevacizumab and a!ibercept binding a"nities

To further characterize the binding properties, canine, feline, and
equine VEGF were incubated with 0.08–5mg/ml bevacizumab or a!i-
bercept, corresponding to clinically relevant and safe doses (Koenig
et al., 2009; Krizova et al., 2014). Subsequently, the amount of un-
bound VEGF was quanti"ed by ELISA. In parallel experiments, binding
properties for human VEGF were determined. As shown in Fig. 3A,
bevacizumab and a!ibercept bound human VEGF in a dose-dependent
manner with Kd values of 40 nM and 190 nM, respectively. In similar, a
dose-dependent binding of bevacizumab and a!ibercept was observed
for canine VEGF with calculated Kd values of 130 nM and 250 nM, re-
spectively (Fig. 3B). A reduction of free feline VEGF by 59.9% and
83.8% was observed in presence of 0.54 !M bevacizumab (corresponds
to 0.08mg/ml) and 0.70 !M a!ibercept (corresponds to 0.08mg/ml),
respectively (Fig. 3C). However, incubation of feline VEGF with higher
antibody concentrations did not further reduce the amount of free
VEGF (Fig. 3C). Binding analysis of equine VEGF showed that di#erent
concentrations of bevacizumab did not a#ect the amount of free VEGF
(Fig. 3D). In contrast, 0.70 !M a!ibercept (corresponds to 0.08mg/ml)
reduced free equine VEGF by 55.5%, whereas increasing concentrations
had no further e#ect on VEGF amount (Fig. 3D).

4. Discussion

Binding of VEGF by therapeutic antibodies is an innovative strategy

to interfere with corneal neovascularization in humans. To assess
whether these anti-VEGF molecules would also represent a therapeutic
option for dogs, cat and horses su#ering from CNV, the present study
investigated the binding properties of bevacizumab and a!ibercept to
canine, feline, and equine VEGF.

Bevacizumab and a!ibercept were designed to speci"cally bind
human VEGF-A and its di#erent splicing variants with VEGF165 being
the most abundant isoform in humans (Holash et al., 2002;
Papadopoulos et al., 2012; Presta et al., 1997; Tischer et al., 1991).
Bevacizumab binds VEGF between Arg 82 and Gly 91, which re!ects
the VEGF receptor binding region (Muller et al., 1997). The VEGF
binding region of a!ibercept has not been postulated so far. However,
a!ibercept consists of VEGFR-1 and VEGFR-2 components (Holash
et al., 2002) suggesting that VEGF binding may also occur via the re-
ceptor binding domain. VEGF from dogs, cats, and horses di#er in eight
to ten amino acids and in total length compared to the human VEGF165.
Nevertheless, the regions between Arg 82 and Gly 91 were identical,
which renders binding of bevacizumab and a!ibercept to VEGF from
dogs, cats, and horses very likely.

A common approach to test antibody binding to a target protein is
immunoblotting. The approach con"rmed binding of a!ibercept to
canine, feline, and equine VEGF, whereas bevacizumab only bound
canine and feline, but not equine VEGF. The "nding was surprising as
equine and human VEGF showed identical protein sequence within the
bevacizumab binding region. Beside epitope recognition, e$cient an-
tibody binding also requires epitope accessibility. It is well known that
di#erent protein folding and three-dimensional protein structures may
hide the binding region, which may lead to lack of antibody interaction
despite the presence of a respective epitope. As equine VEGF exhibits
most variations in the protein sequence, structural di#erences to human
VEGF are thus likely and might explain the lack of bevacizumab
binding.

The next step was to investigate the binding strength by measuring
the equilibrium constant (KD). Bevacizumab and a!ibercept are de-
scribed to bind human VEGF with high a$nity. Binding experiments
based on surface resonance technology yielded Kd values of 58 pM to
4.5 nM (Papadopoulos et al., 2012; Yang et al., 2014) for bevacizumab
and 0.49 pM to 9.3 nM (Papadopoulos et al., 2012; Yang et al., 2014)
for a!ibercept. By using an ELISA, we calculated a Kd value of 40 nM for
bevacizumab binding to human VEGF, which was 10-fold higher as
reported by Yang et al. (Yang et al., 2014). Surprisingly, a!ibercept
with 190 nM displayed a much higher Kd value for human VEGF in our
hands than reported by others (Holash et al., 2002; Yang et al., 2014). It
is well known that peptide – antibody interactions may be a#ected by
several factors. Beside temperature and pH values, di#erent chemical
additives and bu#er compositions modulate binding kinetics
(Andersson et al., 2001). In contrast to others, our binding reaction was
performed at 37 °C and without further bu#er supplements like urea or

Fig. 1. Sequence alignment of VEGF. A multiple amino acid alignment of VEGF protein from human, dogs, cats and horses was performed. Amino acids homologous
to human sequence are indicated as dots, variants with respective amino acid code, and missing acids as dash (!).

Fig. 2. Immunoblotting of VEGF with bevacizumab (A) and a!ibercept (B).
Equal amounts of human, canine, feline and equine VEGF (1 !g) were blotted
on PVDF membrane and incubated with bevacizumab (1:10000; A) or a!i-
bercept (1:10000; B). Immunoreactive signals were detected by chemilumi-
nescence.
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Fig. 3. Binding studies of bevacizumab and a!ibercept. Equal amounts of human (A), canine (B), feline (C), and equine VEGF (D) were incubated with varying
concentrations of bevacizumab (left graph) or a!ibercept (right graph) for 60min at 37 °C. Subsequently, unbound VEGF (ordinate) was quanti"ed by ELISA and data
obtained were used for Kd calculation by GraphPad Prism. Data shown represent mean ± S.D. of three independent binding experiments done in duplicates.
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NaCl (Andersson et al., 2001). It is thus very likely that di!erences in Kd

values observed for human VEGF in our study result from distinct ex-
perimental conditions.

By using our protocol, bevacizumab was found to bind canine VEGF
with a 4-fold higher Kd value than calculated for human VEGF. Whereas
bevacizumab was thus less a"ne, a#ibercept showed similar a"nity for
canine and human VEGF. As human and canine VEGF protein displayed
the highest homology, comparable a"nities for the therapeutic anti-
bodies are likely. Surprisingly, no Kd values could be calculated from
the binding data obtained for feline and equine VEGF. In contrast to
dose-dependent binding of canine VEGF, binding of feline VEGF to
bevacizumab and a#ibercept was linear. Independent of the antibody
concentration used, equal amounts of feline VEGF were scavenged by
the therapeutic antibodies. Such a linear or dose-independent protein –
protein interaction may be indicative for non-speci$c binding, which
was reported for peptides at the Fc fragment of human IgG (Medina
et al., 1999). As bevacizumab and a#ibercept both contain the Fc
fragment of human IgG (Holash et al., 2002; Presta et al., 1997), feline
VEGF binding data might be thus considered to result from non-speci$c
interaction with bevacizumab and a#ibercept. Whether small variants
in the peptide sequence of feline VEGF accounts for the non-speci$c
binding properties remains to be investigated.

The ELISA approach also found a dose-independent binding of
a#ibercept to equine VEGF, whereas no VEGF scavenging was detected
for bevacizumab. This observation is in line with the lack of bev-
acizumab binding seen for immobilized VEGF using the immunoblot-
ting approach. Both $ndings suggest that bevacizumab may interact
with equine VEGF neither in speci$c nor nonspeci$c manner.
Compared to canine and feline VEGF, equine VEGF is the peptide with
the most variants in the protein sequence compared to human VEGF.
Hence, it is close to speculate that these interspecies di!erences may
account for the absence of equine VEGF binding to bevacizumab.

Although the results of the current study are promising and provide
a basis for future strategies to use anti-VEGF treatments in veterinary
ophthalmology, we are aware that the data were obtained from isolated
in-vitro experiments and does not consider pathophysiological, im-
munological and pharmacokinetic parameters, which may a!ect drug
e"cacy and tolerability in veterinary patients. Although VEGF-A plays
a major role in pathological angiogenesis, vessel formation is a highly
complex process which is regulated by an interplay of various other
pro- and anti-angiogenic factors (Chung and Ferrara, 2011). Our study,
however, only tested the interaction of a#ibercept and bevacizumab
with VEGF. The clinical bene$t of an exclusive VEGF neutralization in
animal patients remains to be further con$rmed. A#ibercept is con-
sidered more anti-angiogenic in human patients than bevacizumab as it
binds the proangiogenic factors VEGF-B, PIGF-1, and PIGF-2 as well
(Papadopoulos et al., 2012). Whether the extended binding pro$le
applies for animals, still needs to be tested. Moreover, a#ibercept and
bevacizumab are humanized proteins with a molecular weight of 115
and 149 kDa proteins, which may act as antigens and evoke an immune
response in animals. The di!erent molecular sizes of bevacizumab and
a#ibercept may further a!ect the ocular half-live, bioavailability, size-
dependent tissue penetration, and di!usion rates. Future studies are
indispensable to determine the clinical e"cacy and safety of the ther-
apeutic antibodies in diseased veterinary patients.

Together our data indicate that bevacizumab and a#ibercept in-
teract with canine VEGF in a similar manner to human VEGF, but not to
feline and equine VEGF. A therapeutic application in dogs with CNV is
conceivable. However further studies are needed to provide evidence
for a therapeutic bene$t and clinical e"cacy in diseased canine patients
with naturally occurring CNV.
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1 |  INTRODUCTION
Corneal neovascularization (CNV) and corneal opacifica-
tion arise concomitantly in several corneal diseases in dogs, 
for instance keratoconjunctivitis sicca, superficial pigmen-
tary keratitis, and chronic superficial keratitis.1-3 Although 

corneal neovascularization is initially essential for corneal 
wound healing and hindering stromal melting, corneal neo-
vascularization can cause blindness, tissue scarring, lipid 
deposition, edema, and potentially sustains inflammation.4,5 
Furthermore, avascularity is one of the prerequisites of the 
corneal immune privilege.6 Hence, inhibition of corneal 
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Abstract
Objective: To evaluate ocular and general safety of topical anti-human VEGF beva-
cizumab and the effect on serum vascular endothelial growth factor (VEGF) values 
in healthy dogs.
Procedures: Nine university"owned beagles received 0.05 mL of 0.25% bevaci-
zumab eyedrops (Avastin®, Roche) in one eye and 0.05 mL of 0.9% saline solution 
in the other eye as a control, administered at 12 hours intervals over a period of 
28 days. Continuous monitoring for vital parameters and ocular examinations were 
conducted. Complete blood counts including hematology and coagulation parame-
ters were performed before trial start as well as 24 hours, 7 days, and 28 days after 
trial start. Measurements of serum VEGF values were obtained using an ELISA"
based approach at days 0, 7, and 28. The experiment was designed as a masked pla-
cebo"controlled study.
Results: No clinical signs of ocular toxicity or systemic incompatibility were noted 
in any dog at any time point of the study. No signs of pain were present in any dog at 
any time point. All blood count values remained in normal clinical ranges without 
relevant variation. There was no significant change in mean serum VEGF values 
between day 0 and day 7 and between day 0 and day 28.
Conclusions: The results indicate that topical bevacizumab treatment is safe in 
healthy dogs. However, further studies are needed to assess safety and efficacy in 
diseased dogs with naturally occurring corneal neovascularization.

K E Y W O R D S
bevacizumab, dog, safety, VEGF
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neovascularization represents a therapeutic strategy in ani-
mals with chronic keratitis and CNV. Promising therapeutic 
results in animal models and human patients with CNV have 
been reported for anti-human vascular endothelial growth 
factor (VEGF) therapies.7-10

VEGF!A is a glycosylated endothelial mitogen that is in-
volved in pathological angiogenesis and is known to be in-
creased in inflamed and vascularized corneas.11-13 Hence, 
pharmacological inhibition of VEGF!A is a promising 
strategy to treat diseases driven by pathological neovascu-
larization. There is an arsenal of distinct VEGF inhibitors 
differing in their antiangiogenetic activity, binding affinity 
for VEGF!A, and their binding spectrum to different VEGF 
isoforms and other members of the VEGF family.14 One of 
the most potent VEGF inhibitors is bevacizumab. In human 
ophthalmology, an off!label intravitreal use of bevacizumab 
is already taking place and is reported to be effective for the 
treatment of wet age!related macular degeneration, diabetic 
macular edema, macular edema secondary to retinal vein oc-
clusion, vascular glaucoma, and CNV.7,8,15-17

So far no investigations have been carried out to deter-
mine the safety and medical compatibility of topical bevaci-
zumab in dogs. There are several animal models which have 
proven the safety and efficacy of subconjunctivally and top-
ically administered bevacizumab in mice, rabbits, and chin-
chilla bastard rabbits.10,18,19 It has been shown that topical 
bevacizumab treatment does not have a significant influence 
on corneal integrity, corneal wound repair, and corneal nerve 
fiber density in mice with experimentally induced corneal ep-
ithelial abrasions.10,18-21

Systemic side effects have been reported after intravit-
real injections of bevacizumab in humans, such as systemic 
hypertension, cerebrovascular accidents, and facial skin red-
ness.22,23 A decrease of plasma VEGF values after intravitreal 
bevacizumab injections has been described.24 However, there 
is no knowledge about effects on serum VEGF values and 
general safety after topically applied bevacizumab in dogs.

The aim of the current work was to investigate the safety 
and medical compatibility of topical administered bevaci-
zumab in healthy dogs. Additionally, we studied the effect 
of topical bevacizumab treatment on serum VEGF values in 
healthy dogs. We hypothesized that topical administered bev-
acizumab is both systemically and topically safe and has no 
effect on serum VEGF values.

2 |  MATERIAL AND METHODS

2.1 | Animals
The study was approved by the institutional ethics and animal 
welfare committee and the national authority according to §§ 
26ff. of Animal Experiments Act, Tierversuchsgesetz 2012 
—TVG 2012 (GZ 68.205/0134!WF/V/3b/2017). The trial 

was conducted on 10 university!owned beagle dogs aged at 
least 16 months and bred for experimental purpose. The ex-
periment was designed as a masked placebo!controlled study.

Each dog underwent a full physical and ocular examina-
tion to ensure eligibility requirements prior to initiation of 
the study. The arterial blood pressure was measured and a 
complete blood count including hematology, baseline serum 
VEGF values, activated partial thromboplastin time, partial 
thromboplastin time, and thrombin time was conducted. A 
complete ophthalmic examination was performed in all dogs 
by the first author (LM) under supervision of a board!certified 
ophthalmologist (BN). The examination included slit!lamp 
biomicroscopy (Kowa SL!15; Kowa, Tokyo, Japan), indi-
rect ophthalmoscopy (Keeler Vantage; Keeler Instruments 
Inc, Broomall, PA), Schirmer tear test!1 (Teststreifen, 
MSD, Unterschleissheim, Germany), fluorescein staining 
(Fluorotouch Ophthalmic Strips, Eickemeyer, Tuttlingen, 
Germany), and intraocular pressure measurements using re-
bound tonometry (TonoVet, Icare, Vantaa, Finland). Posterior 
segment examination was conducted after pharmacological 
mydriasis (Mydriaticum, Agepha, Senec, Slovakia). Dogs 
had to be free of any systemic and ocular disease and did 
not receive ocular drugs, any kind of systemic medication, 
VEGF affecting drugs or agents consisting of human proteins 
14 days before the start of the trial.

2.2 | Drug preparation
A 0.25% solution of bevacizumab eyedrops was aseptically 
prepared from a commercial available intravenous bevaci-
zumab solution (Avastin®, Roche, Basel, Switzerland) by the 
institute’s pharmacy in compliance with good manufacturing 
practice. Sterile 0.9% saline solution was used as the solvent, 
and the study drug was stored at 2!8°C and protected from 
light with a durability of 28 days.25 Sterile 0.9% saline solu-
tion served as the control.

The pharmacist prepared single!dose containers for each 
dog with a single dose of either the study medication (0.05 mL 
of 0.25% bevacizumab solution) or the placebo (0.05 mL of 
0.9% saline solution). The containers were labeled with the 
information “left eye” or “right eye” and only the pharmacist 
had knowledge about the content. After the trial, the phar-
macist revealed which eye received bevacizumab or placebo.

2.3 | Study design
All examinations were performed by the same experienced 
observer (LM). Beagle dogs received 0.05 mL of 0.25% bev-
acizumab eyedrops in one eye and 0.05 mL of 0.9% saline so-
lution in the other eye as a control, administered at 12 hours 
intervals over a period of 28 days.

Continuous monitoring was scheduled as follows: 
Over a period of 3 hours after the first drug administration 
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monitoring of vital parameters (including respiratory and 
heart rate, mucous membrane color, capillary refill time, and 
arterial blood pressure) was performed hourly. Thereafter, 
the parameters were taken every 3 hours for the duration of 
24 hours after trial start. At day 2!7, dogs underwent a full 
physical examination and arterial blood pressure measure-
ments once a day. The final examination was performed at 
day 28 after trial start.

Complete blood counts including hematology and coagu-
lation parameters (activated partial thromboplastin time, par-
tial thromboplastin time, and thrombin time) were performed 
24 hours, 7 days, and 28 days after trial start. Venous blood 
sample was obtained via the cephalic vein.

Indirect blood pressure measurements were obtained by 
using an oscillometric device (PETMAP™ graph II, Ramsey 
Medical, USA, Tampa). Dogs were allowed to settle for sev-
eral minutes before the blood pressure readings began. An 
appropriate cuff (Critter Cuff™, Ramsey Medical, USA, 
Tampa) with a width of about 40% of the forelimb circum-
ference was applied and linked to the oscillometric pressure 
unit. Readings were taken from the median artery by putting 
the cuff around the right midradial region overlying the me-
dian artery. Dogs were restrained gently on the examination 
table in sternal recumbency, placing the cuff at the level of 
the right heart. For each dog, three readings (each systolic, di-
astolic, and mean arterial pressure) were taken successively.

Ophthalmic examinations were performed directly after 
drug administration, as well as 3 hours, 24 hours, once a day 
at day 2!7, and at day 28. They were performed without phar-
macological mydriasis except the final examination at day 
28. A modified Hackett!McDonald scoring system26 and a 
pain score system27 were used to determine ocular and sys-
temic toxicity (see below).

2.4 | Ocular irritation and assessment of 
ocular toxicity potential
Ocular examination findings were scored using a modified 
Hackett!McDonald scoring system.26 Examination scores 
were recorded for conjunctival congestion/hyperemia (0!3+), 
conjunctival chemosis/swelling (0!3+), conjunctival/ocular 
discharge (0!3+), corneal edema (0!3+), and corneal vas-
cularization (0!3+). Moreover, all dogs were assessed using 
a subjective pain scoring system27: Pain scoring categories 
included comfort, movement, degree of blepharospasm, un-
provoked behavior, interactive behaviors, and vocalization 
(Table 1).

2.5 | Serum VEGF values: Enzyme!linked 
Immunosorbent Assay
Serum samples were centrifuged for 20 minutes at 1000" 
g within 30 minutes of collection. Afterward, samples 

were stored in sterile polypropylene tubes at #$80°C. 
Measurement of serum VEGF values was obtained using an 
ELISA!based approach. For that a commercially available ca-
nine enzyme!linked immunosorbent assay was used (Canine 
VEGF Quantikine ELISA Kit, R&D Systems, Minneapolis, 
USA, Cat # CAVE00). VEGF values were measured before, 
7 days, and 28 days after trial start. The ELISA was con-
ducted in accordance with the assay instructions. All stand-
ards and samples were analyzed in duplicate.

2.6 | Statistical analysis
The current work was designed as a pilot study. Currently, 
safety and medical compatibility of topical bevacizumab in 
dogs are uncharted, and effect sizes and statistical variation 
are unknown. Sample size planning based upon comparable 
study schedules of former studies in rodent models.20,28

Statistical analysis was performed using the software pro-
gram SPSS (IBM SPSS Statistics 24).

The clinical endpoint was the occurrence of ocular or sys-
temic adverse events. The frequency and type of systemic and 
ocular recorded side effects were analyzed in a descriptive 
manner.

Quantitative data were summarized as mean ± standard 
deviation. The confidence interval was computed from the 
observed data, using confidence values of 95%. Furthermore, 
a paired!sample t test was used to investigate differences of 
the arterial blood pressure, heart rate, respiratory rate, and 
coagulation parameters between day 0, day 1, day 7, and 
day 28. Changes in VEGF serum values were compared 
between day 0, day 7, and day 28 using a paired!sample t 
test. The assumption of normal distribution was tested using 
Kolmogorov!Smirnov test. A P!value <0.05 was considered 
as statistically significant.

3 |  RESULTS

3.1 | Animals
Nine of 10 clinic!owned beagle dogs were included in the 
study. One of the beagles was not concordant with the eligi-
bility requirements as he showed a slight thrombocytopenia 
and thus was excluded from the study. All study dogs were 
male with a mean weight of 14.7 ± 2.5 kg and the median 
age was 30 (range 23!39) months.

3.2 | Ocular toxicity potential
No clinical signs of ocular toxicity or ocular adverse events 
such as conjunctival hyperemia or chemosis, ocular discharge, 
corneal edema, corneal vascularization, or corneal defects were 
noted in either eye of any dog at any time point of the study. 
Intraocular pressure measurements and values of Schirmer 
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tear test!1 values remained within normal limits, with minimal 
variations without clinical relevance in any dog at any time 
point. Thus, only the confidence interval and standard devia-
tion was computed and are illustrated in Table 2.

No signs suggestive of pain using a subjective pain scor-
ing system were present in any dog at any time point.

3.3 | Systemic toxicity potential
No clinical signs of systemic incompatibility or adverse 
events were noted in any dog at any time point. All values re-
mained in normal clinical ranges without relevant variation. 
Thus, only the confidence interval and standard deviation 
were computed.

Values of the differential blood count and coagulation pa-
rameters remained within the normal range.

There was no significant change in mean serum VEGF 
values between day 0 and day 7 (50.8 ± 18.6 pg/mL vs 
55.8 ± 11.2 pg/mL, respectively; P = 0.72) and between day 
0 and day 28 (50.8 ± 18.6 pg/mL vs 52.9 ± 17.0 pg/mL, re-
spectively; P = 0.47).

All recorded data are shown in Table 3.

4 |  DISCUSSION

In human medicine, there is a widely off!label use of beva-
cizumab for the treatment of various eye diseases accompa-
nied by pathological angiogenesis.7,8,15-17 Most of them are 
retinal, choroidal, and corneal diseases such as neovascular 
age!related macular degeneration (AMD), diabetic macular 
edema and macular edema secondary to retinal vein occlu-
sion (RVO), and superficial corneal diseases associated with 
corneal neovascularization. Chronic keratitis and corneal ne-
ovascularization are also common in veterinary ophthalmol-
ogy1-3 and a high need for target!directed treatments exists. 
However, data concerning medical compatibility, safety, and 
efficacy of bevacizumab in animals are rare.

Abrams et al29 found that VEGF is higher in aqueous 
humor than in plasma of diabetic and nondiabetic catarac-
tous dogs suggesting a local production of VEGF within the 
eye. This assumption is further supported by the observation, 
that there is a constitutive expression of VEGF receptor!1 by 
endothelial cells and nonvascular cells of the cornea, uvea, 
lens, and retina of dogs.30 It is known that dogs with glau-
coma, uveitis, and intraocular neoplasia show a higher VEGF 
receptor!2 expression than healthy dogs, suggesting a role of 
VEGF in pathologic angiogenesis in canine eyes.30 This leads 
us to the assumption that VEGF is also contributing to patho-
logical vascularization in the cornea of dogs and a therapeu-
tic application of anti!VEGF substances in canine patients 
with keratitis and CNV is conceivable.

There is an arsenal of various anti!VEGF substances.31 
We chose bevacizumab as it is commercially available and 
fits a cost!effectiveness ratio suitable for veterinary use.

For the future development of anti!VEGF treatments 
in veterinary medicine, it is important to keep in mind that 

T A B L E  1  Pain score system modified from Clark et al27 to 
determine ocular and systemic toxicity in healthy dogs after topical 
bevacizumab application

Pain scoring category Manifestation
Comfort 0 = dog is calm and interested in 

surroundings
1 = dog shows mild agitation or is 
depressed, not interested in 
surroundings

2 = dog shows moderate agitation and is 
restless

3 = dog is extremely agitated
Movement 0 = dog is quiet

1 = about 1!2 position changes per 
minute

2 = about 2!6 position changes per 
minute

3 = dog shows continuous changes
Appearance/
blepharospasm

0 = eyelids are completely open and in 
physiological position

1 = eyelids are partially closed (ca. 25%)
2 = eyelids are partially closed (ca. 
50%); dog shows mild tearing

3 = eyelids are partially closed (ca. 
75%); dog shows moderate tearing

4 = eyelids are completely closed; dog 
shows marked tearing

Behavior 
(unprovoked)

0 = normal
1 = minor changes
2 = moderately abnormal (less mobile or 
alert than normal, not interested in 
surroundings, fretful)

3 = noticeably abnormal (fretful, 
vocalizing, self!mutilation, groaning)

Interactive behaviors 0 = normal
1 = pulls head away when eyes getting 
touched

2 = vocalizes when eyes getting touched
3 = violent reaction to touching of eye 
(biting, snapping, groaning)

Vocalization 0 = quiet
1 = dog cries but responds to be quiet
2 = dog intermittently cries without 
response to quiet voice

3 = dog constantly cries without 
response to quiet voice
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bevacizumab is a humanized murine antibody that is designed 
to bind human VEGF!A. Hence, pharmacological suitability 
of bevacizumab in veterinary patients might be critically ques-
tioned. Recent in vitro experiments demonstrated that bevaci-
zumab binds canine VEGF dose!dependently (Muellerleile et 
al, submitted to journal 2018). Interestingly, feline and equine 
VEGF showed linear, dose!independent binding characteris-
tics, suggesting only a non!specific interaction in cats and 
horses (Muellerleile et al, submitted).

Aside from pharmacologically suitability, the safety pro-
file of bevacizumab for possible future clinical applications 
is important. Medical compatibility and the occurrence of 
side effects depend on the application type and the drug 
dose.14

In the present study, no ocular and systemic side effect oc-
curred after topical bevacizumab treatment (2.5 mg/mL BID). 
These results correlate with those previously reported in peo-
ple and rodent models.8,20,21 However, Kim et al described 
the occurrence of corneal erosions and corneal thinning in 
people with CNV after long!term bevacizumab treatment 
(12.5 mg BID).18 It is noteworthy that the frequency and dose 
of bevacizumab were much higher in this study and diseased 
people were examined. However, we decided to use clinically 
relevant and viable doses with respect to possible future ap-
plications of bevacizumab.

Systemic side effects of anti!VEGF therapies have been 
reported after intravenous and intravitreal bevacizumab in-
jections in human patients. These application types are as-
sociated with serious and sometimes fatal side effects, for 
example, gastrointestinal perforations, hemorrhage, hyper-
tension, cardiac ischemia, cerebrovascular ischemia, and ar-
terial thromboembolic events.22,23

It is known that bevacizumab is detectable in serum after 
intravitreal injections.24 These observations lead to the con-
cern that topical bevacizumab has the potential to enter the 
systemic circulation and thus causing systemic effects. We 
considered it unlikely as there were no documented side ef-
fects after topical bevacizumab treatment. Nevertheless, as 
a precaution, we investigated systemic effects to estimate a 
potential systemic reaction after topical treatment.

Furthermore, we tested the effect of topical beva-
cizumab on serum VEGF values. It was so far unknown 
if topical bevacizumab treatment leads to serum VEGF 
changes. This topic has been intensively studied for in-
travitreal injections.24 In those studies, bevacizumab con-
centrations reached a maximum serum concentration 7 or 
8 days after intravitreal injection.24 In our study, there was 
no significant effect on serum VEGF values after topical 
bevacizumab treatment (2.5 mg/mL BID) over a treatment 
period of 28 days.

There were some limitations in this study. The sample size 
was small. Although our findings were favorable, a larger 
sample size would have gained confidence in the statistics. 
All analyzed beagles were healthy, male, and relative young. 
Discrepancies between healthy corneas, corneas of older 
dogs, and corneas suffering from chronic inflammation are 
possible due to different corneal VEGF concentrations and 
structural integrity alterations.

Another shortcoming of our study is that no untreated 
dogs were included. As safety after topical bevacizumab in 
healthy dogs was the major question of our study, we decided 

Day 0 Day 1 Day 7 Day 28
STT  
(mm/min)

20.0 ± 2.2 20.6 ± 1.8 21.2 ± 2.3 20.6 ± 1.8

IOP 
(mm Hg)

18.2 ± 1.0 17.1 ± 1.1 17.4 ± 1.4 17.2 ± 1.2

IOP, intraocular pressure; SD, standard deviation; STT, Schirmer tear test.

T A B L E  2  Mean ± SD of Schirmer tear test (mm/min) and 
intraocular pressure (mm Hg) in healthy dogs after topical bevacizumab 
application at baseline and on days 1, 7, and 28 of the study

T A B L E  3  Mean ± SD of heart rate, respiratory rate, systolic and diastolic blood pressure, and serum VEGF levels in healthy dogs after 
topical bevacizumab application at baseline and on days 1!7 and day 28 of the study

Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 28
Heart rate 
(heartbeat/
minute)

98.7 ± 11 95.6 ± 8.1 94.2 ± 6.0 92.9 ± 4.8 97.3 ± 8.7 96.4 ± 7.6 94.2 ± 7.0 95.6 ± 8.1 94.2 ± 4.5

Respiratory rate 
(breaths/minute)

23.6 ± 4.2 24.0 ± 2.8 23.1 ± 3.3 23.6 ± 2.4 23.6 ± 3.1 23.6 ± 2.4 22.2 ± 2.9 23.1 ± 3.3 24.0 ± 2.8

BP (systolic) 
(mm Hg)

147.1 ± 5.5 143.4 ± 3.4 142.7 ± 4.4 141.6 ± 3.2 141.8 ± 3.9 144.4 ± 3.9 142.8 ± 3.5 145.6 ± 4.7 148.6 ± 6.6

BP (diastolic) 
(mm Hg)

73.6 ± 9.6 73.7 ± 7.3 73.6 ± 7.6 72.3 ± 10.2 74.6 ± 8.3 74.0 ± 8.3 74.2 ± 7.8 73.6 ± 8.6 73.1 ± 10.1

Serum VEGF 
(pg/mL)

50.8 ± 18.6 55.8 ± 11.2 52.9 ± 17.0

BP, blood pressure; SD, standard deviation; VEGF, vascular endothelial growth factor.
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to use the contralateral eye as control. Baseline blood values 
and baseline vital parameters before treatment were com-
pared to those after treatment start to detect systemic effects. 
No systemic side effects are reported in human medicine8 and 
no side effects occurred in our study so one might argue the 
value of a separated control group. Anyway, we considered 
that there was no real control group and we confessed that a 
separation into a control group and a treatment group would 
have obtained a better reasonable assurance particularly for 
systemic effects.

Chosen by the institutional pharmacist the left eye was the 
treated one. One might argue that laterality plays a role and 
the left eyes could have reacted differently. There is no publi-
cation supporting this theory. Bilateral administration might 
lead to a higher serum drug concentration, however probably 
not high enough to cause side effects. In human medicine, no 
systemic side effects have been reported after topical bevaci-
zumab even in higher concentrations and after bilateral use.8 
However, further studies are required to study larger animal 
groups with uni! and bilaterally affected and treated dogs.

Another limitation of our study is the treatment duration 
and drug concentration. Currently, there is no knowledge 
about safety of topical bevacizumab in dogs. In accordance to 
treatment protocols of former clinical human studies, an ap-
proved concentration of 2.5 mg/mL7 was tested over a period 
of 28 days to find a basic idea. Anyway, it would have been 
interesting to investigate the safety, changes of serum VEGF 
values, and particularly the effectiveness of bevacizumab in 
higher drug concentrations. We are aware that patients with 
chronic keratitis require long!term therapy and future studies 
will be necessary to evaluate the effect and safety over a lon-
ger period than 28 days.

5 |  CONCLUSION

In summary, topical bevacizumab (2.5 mg/mL BID) seems 
to be topically and systemically safe in healthy dogs. 
Additionally, no changes in serum VEGF values after topi-
cally administered bevacizumab were observed. Our results 
provide a basis for the future development of anti!VEGF 
treatments for veterinary use. However, further studies are 
needed to assess differences between uni! and bilateral use, 
laterality, and a longer treatment period. It will be an issue of 
future studies to investigate the safety and efficacy in diseased 
dogs with naturally occurring corneal neovascularization.
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ABSTRACT 24 

Objective To evaluate the effect and safety of topical anti-human vascular endothelial growth 25 

factor bevacizumab in dogs with persistent corneal vascularization. 26 

Animal studied Prospective case series of 15 adult dogs (20 eyes). 27 

Procedures Dogs received 0.25% bevacizumab eye drops BID for 28 days. Follow-ups were 28 

scheduled 28 days and 6-7 months after treatment start. Macroscopic findings were scored for 29 

conjunctival hyperemia, chemosis, ocular discharge, corneal edema, vascularization, and 30 

pigmentation. Vascularized area was assessed by analyzing photographs using an imaging 31 

software. 32 

Results The extent of treatment response was variable. Some cases showed a marked reduction in 33 

vascularized area and edema, other eyes had subtle signs of improvement. Vascularization score 34 

decreased from 1.5 to 1.1 and vascularized area was reduced by 48.8% after 4 weeks. A thinning 35 

rather than a shortening of vessels, a consolidation of areal bleedings into fine vascular networks, 36 

decrease of distal vessel branching, and a change from blurry vascularized beds into demarcated 37 

thin vessels were observed. One dog developed a corneal erosion 6 months after last 38 

bevacizumab administration. Two dogs died 4.5 and 4 months after the last bevacizumab 39 

administration at the age of 16 and 12 years, respectively. In all events, a causal relationship is 40 

unlikely but cannot be ruled out with complete certainity. 41 

Conclusions Topical 0.25% bevacizumab may be an effective treatment option for corneal 42 

vascularization in dogs. Further long-term and placebo-controlled studies with larger patient 43 

cohorts are needed to investigate dosage, safety, possible use as a single treatment, and routes of 44 

administration.  45 
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INTRODUCTION  46 

The healthy canine cornea is clear and avascular and any angiogenic activity within the cornea, 47 

whether caused by hypoxia, a corneal insult or an inflammatory process, is pathological. 1,2 48 

Corneal vascularization can lead to visual impairment through corneal edema, tissue scarring, 49 

and lipid- and pigment deposition, and is associated with persistent corneal inflammation and 50 

loss of the corneal immune privilege.1–4 Several diseases in dogs are accompanied by corneal 51 

vascularization, for instance keratoconjunctivitis sicca, immune mediated keratitis, chronic 52 

superficial keratitis, and the pigmentary keratitis syndrome in brachycephalic breeds.5–7 53 

A promising new therapy for corneal vascularization has been investigated in human 54 

ophthalmology and targets the Vascular Endothelial Growth Factor A (VEGF-A).8–11 VEGF-A is 55 

a promotor of the physiological and pathological development of blood vessels and is increased 56 

in inflamed and vascularized corneas, suggesting a causative role of corneal vascularization 4,12 57 

Hence, the therapeutic inhibition of VEGF-A could be a novel treatment option for canine 58 

patients with corneal vascularization. 59 

Several types of therapeutic VEGF inhibitors that are used for the treatment of a variety of ocular 60 

disorders in humans.13–15 One of these drugs is bevacizumab, a humanized murine VEGF 61 

antibody that binds all isoforms of human VEGF-A and its pharmacological suitability to canine 62 

VEGF has been shown, too. 16–18 The antiangiogenic effect of topical bevacizumab has already 63 

been demonstrated in vivo in various animal models and in human patients with corneal 64 

vascularization. 8–11,19,20 65 

This case series describes the effect, the safety profile, and the long-term outcome of topical 66 

0.25% bevacizumab administered twice a day over 28 days in dogs with corneal vascularization. 67 

68 
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MATERIAL & METHODS  69 

Animals  70 

The protocol involving client-owned dogs in this study was approved by the institutional ethics 71 

and animal welfare committee and the national authority according to §§ 26ff. of Animal 72 

Experiments Act, Tierversuchsgesetz 2012 —TVG 2012 (GZ 68.205/0046-V/3b/2018 and 73 

68.205/0042-V/3b/2019). Client-owned dogs were presented within the ophthalmological service 74 

of the University of Veterinary Medicine, Vienna. Signalment information was recorded for each 75 

dog during the enrollment visit as indicated by the owner. The owners signed an informed 76 

consent form as part of the enrollment procedure.  77 

Drug preparation and labelling 78 

A 0.25% solution of bevacizumab eye drops was aseptically prepared and filled from a 79 

commercially available bevacizumab solution (Avastin®, Roche, Grenzach-Wyhlen, Germany) 80 

by the hospital pharmacy according to good manufacturing practice (GMP). Sterile 0.9% saline 81 

(B. Braun Melsungen AG, Melsungen, Germany) served as the solvent. With regard to the shelf 82 

life of bevacizumab, the eye drops were prepared at the same day of the study treatment 83 

initiation.21 The pharmacist (MW) prepared single dose containers for each dog and each 84 

administration with a single dose of 0.5 mL of 0.25% bevacizumab. The labels were inscribed 85 

based on GMP standards 22 and a detailed written instruction leaflet was enclosed. 86 

Recruitment criteria 87 

Dogs had to be adult (≥16 months) and were included if they had persistent corneal 88 

vascularization for at least 28 days. Exclusion criteria were corneal surface defects, Schirmer tear 89 

test-1 measurements smaller than 15 mm/min, treatment with VEGF-influencing drugs or agents 90 



 52 

 
 
 
 
 

made up of human proteins 28 days before the study start, known coagulation disorders, or 91 

clinical manifest general diseases.  92 

Treatment regime and study design  93 

The dogs were treated and examined on an outpatient basis. The eye drops were administered by 94 

the dog owners after a detailed instruction by the first author. (LM). On day 0 study treatment 95 

was initiated. The study eye was treated with one drop of  0.25% bevacizumab twice a day over 96 

28 days. At least 4 weeks and about 6-7 months (long-term follow-up) after treatment initiation, 97 

a reexamination was scheduled. In some cases, depending on the indication and disease 98 

progression, additional follow-up examinations were planned at the discretion of the study 99 

investigators. Each study visit included a full physical and ocular examination, a safety 100 

assessment, and photographs of the cornea.  101 

Ocular examination 102 

A complete ocular examination was carried out in all dogs by the same investigator (LM) under 103 

supervision of a board-certified ophthalmologist (BN). Each exam included slit-lamp 104 

biomicroscopy (Kowa SL-15; Kowa, Tokyo, Japan), indirect ophthalmoscopy (Keeler Vantage; 105 

Keeler Instruments Inc, Broomall, PA), Schirmer tear test-1 (Teststreifen, MSD, 106 

Unterschleissheim, Germany), fluorescein staining (Fluorotouch Ophthalmic Strips, Eickemeyer, 107 

Tuttlingen, Germany), and measurement of intraocular pressure using rebound tonometry 108 

(TonoVet, Icare, Vantaa, Finland). The examination of the posterior eye segment was conducted 109 

after pharmacological mydriasis (Mydriaticum, Agepha, Senec, Slovakia). 110 

Photography 111 

Photographs were taken with a digital system camera (OM-D E-M10 Mark III, Olympus) in 112 

combination with a magnification macro lens (M.ZUIKO DIGITAL ED 60mm F2.8 Macro 113 
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/120mm, Olympus) and a pincer-shaped macro flash light (STF-8 Macro Flash, Olympus) in the 114 

same examination room by the same 2 investigators (LM and MB). The room was darkened by a 115 

black shutter and only one ceiling light was turned on. The light intensity was measured with a 116 

luxmeter to control consistent lighting conditions (Light Meter Model Nr. 4332004118, Urceri, 117 

USA). The ISO was set to 200 and the camera exposure was controlled manually. The camera 118 

aperture was set to 8 or 10 and shutter speed to 1/1200 or 1/160 sec. The autofocus was set on a 119 

central point in the center of the image. The macro flash was used in automatic exposure (TTL) 120 

mode, and in some cases overruled by manual exposure compensation. The image files were 121 

saved in RAW format and were processed to TIF images under standardized conditions (MB) 122 

using Adobe Photoshop and Adobe Camera Raw (Adobe Inc., USA).  Files were stored LZW-123 

compressed (lossless). The images were cropped to fill the entire format in an aspect ratio of 1:1. 124 

During image processing, attention was paid to the best possible presentation of the corneal 125 

vessels in the target file; the parameters exposure, contrasts, highlights, blacks, clarity, vibrance, 126 

sharpness, and saturation were adjusted accordingly. The settings chosen when a patient's eye 127 

was first captured in Adobe Camera Raw, were saved as an xmp metafile and applied to 128 

subsequent images of that patient. Starting from this basic setting, the image was then fine-tuned, 129 

if necessary, by adjusting the above-mentioned parameters in order to achieve a comparable 130 

vessel image (Fig. 1).   131 

Tolerability assessment  132 

Any reported adverse event by the dog owners and any abnormal ocular or general finding 133 

observed during the study visits was recorded. Pain sensation was assessed by the same 134 

investigator (LM) using a subjective pain scoring system 23,24 (Supplemental Table 1). 135 
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Additionally, the owners were asked to rate the sensation of pain according to a predefined pain 136 

scorings (Supplemental Table 2).   137 

Efficacy assessment and quantification of corneal vascularization 138 

A modified scoring system was used to quantify macroscopic findings at each visit during slit-139 

lamp biomicroscopy.25 The following variables were scored for each eye: Corneal edema, 140 

vascularization, and pigmentation: 0 = <25%, 1 = 26% to 50%, 2 = 51% to 75%, 3 = >76% (area 141 

relative to total corneal area). Conjunctival hyperemia, conjunctival chemosis, and ocular 142 

discharge: 0 = none, 1 = mild, 2 = moderate, 3 = severe.  143 

Additionally, the vascularized corneal area was assessed and the vessels incisions located on a 144 

given circle within the corneal surface (4 circles in total, each 25% smaller: 0-25-50-75-circle) 145 

were counted at baseline visit, 4 weeks after treatment start and at long-term follow-up visit  146 

(Fig.2). Only blood-filled vessels were included in the analysis. Each measurement was 147 

performed three times and the mean value was used for analysis. Analysis were performed using 148 

an imaging software (Fiji; open-source software: https://imagej.net/Fiji) and Microsoft Excel 149 

(Microsoft Corporation, Mircosoft Excel 2016). 150 

Data analysis 151 

Data collection and analysis were performed using Microsoft Excel (Microsoft Corporation, 152 

Mircosoft Excel 2016). Quantitative data were listed as mean ± standard deviation. The rate and 153 

type of side effects were evaluated in a descriptive manner.   154 
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RESULTS  155 

Animals 156 

Twenty eyes of 15 dogs met the eligibility criteria and were included in the study. In two cases, 157 

the first follow-up after 28 days was delayed because of personal reasons of the dog owners. 158 

Two dogs died shortly before the final long-term examination and were therefore lost to follow-159 

up, which is discussed below. Signalment and ocular diagnosis is listed in Table 1. Detailed 160 

patient history and pretreatment information are outlined in Supplemental Table 3 and Table 4. 161 

Tolerability assessment  162 

One dog (O #20) showed increased photosensitivity and ocular pain of the studied eye at the 163 

final examination, 6 months after the last bevacizumab administration. According to the dog 164 

owner, the symptoms had been present for 2 weeks, the dog was rubbing the eye due to a 165 

generalized pruritus, and all medications were discontinued because meningitis was suspected 6 166 

weeks earlier. The discontinued medication included topical cyclosporine (Optimmune® BID 167 

OU, MSD Animal Health, Kenilworth) and systemic immunosuppressive therapy for severe 168 

allergic dermatitis. Ocular findings included corneal erosion with a loose epithelium and a halo 169 

of less intensive fluorescein-staining at the ulcer margins OD, consistent with the diagnosis of 170 

superficial chronic corneal epithelial defect (SCCED). The SCCED was located in the 171 

ventronasal quadrant. The corneal vascularization, located in the ventrotemporal quadrant, was 172 

unchanged and the overlying epithelium was intact. Diamond burr debridement (DBD) was 173 

performed under topical anesthesia (Novain 0.4% eye drops, Agepha Pharma, Bratislava, 174 

Slovakia). Topical ofloxacin (Ofloxa-Vision® sine, Omnivision, Puchheim, Germany) and 175 

systemic meloxicam (0.1mg/kg SID p.o., Metacam®, Boehringer Ingelheim, Ingelheim am 176 

Rhein, Germany) were prescribed. A follow-up was scheduled after 2 weeks, however the dog 177 
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owner reported that 10 days after the DBD the erosion progressed into a deep ulcer and the eye 178 

was therefore enucleated on an emergency basis at the referring veterinarian. No histological 179 

examination was performed.  180 

Two dogs died after the bevacizumab treatment just before the final examination. One dog (E #6 181 

and #7) died 4.5 months after the last bevacizumab administration of unknown reasons at the age 182 

of 16 years. It was treated asynchronous on both eyes with topical bevacizumab. The dog 183 

suffered from mitral endocardiosis which was regularly examined by a cardiologist. It was 184 

treated with systemic angiotensin converting enzyme (ACE) inhibitors (substance unknown). 185 

Blood pressure and vital parameters were normal during cardiac examinations before and during 186 

this study. There were no signs of cardiovascular or pulmonary dysfunction at any time point 187 

prior and during the study. A histopathological examination was not performed. Another dog (J 188 

#14) died 4 months after the last bevacizumab administration. According to the referring 189 

veterinarian, he died of a incurable pulmonary edema at the age of 12 years. The patient suffered 190 

from mitral valve insufficiency and was examined regularly by a cardiologist. The dog was 191 

treated with systemic furosemide and benazepril and did not show any signs of cardiovascular 192 

decompensation, pulmonary dysfunction, or general incompatibility neither during the study 193 

visits nor at the cardiological examinations at any timepoint. A histopathological examination 194 

was not carried out.  195 

In all other dogs, there was no evidence of ocular or systemic intolerance or pain associated with 196 

brolucizumab eye drops. All clinical parameters remained within the physiological range with 197 

only clinically irrelevant minor fluctuations.  198 

No dog owner reported any change in behavior, signs of pain, or touch response after 199 

administration of bevacizumab. In the investigator's pain assessment, none of the dogs showed a 200 
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change in pain perception at any time point, and pain scores remained unchanged (data not 201 

shown). 202 

Efficacy assessment and quantification of corneal vascularization 203 

The extent of clinical outcomes was highly variable, as reflected by the high variation of the 204 

minimum and maximum values recorded for the vascularized area and the count of vessel 205 

incision (Table 2). While some cases showed a marked decrease of corneal vascularization (Fig.3 206 

and 4), other dogs had more subtle signs of clinical improvement, such as increased ocular 207 

comfort, less conjunctival hyperemia and chemosis, decrease of corneal edema and 208 

pigmentation, or decrease of corneal pigmentation and less ocular discharge (Fig.5)  209 

The mean vascularized area was reduced by 48.8% (range 4.9%-100%) after 4 weeks of 210 

bevacizumab treatment (n=10) (Table 2). In cases of diffuse corneal vascularization or scattered 211 

vessels distributed over the entire corneal surface, measurement of vascularized area was not 212 

performed.  213 

The mean score of macroscopic assessed corneal vascularization and edema decreased from 1.6 214 

to 1.0 and from 1.5 to 1.1, respectively (n=20) (Fig.6).  215 

The count of vessel incisions showed a mean reduction of 28.0%, 31.1%, 4.6%, 16.5% for the 0-, 216 

25-, 50-, and 75- circle, respectively (n=17). Counting the vessel incisions was not possible for 217 

areal corneal bleedings or in cases of generalized corneal vascularization. In some cases, the 218 

number of vessel incisions of the two innermost circles (50- and 75-circle) increased after 219 

bevacizumab treatment (Table 2). In these cases, blood vessels became visible because of a 220 

decrease of corneal edema or diffuse and blurred hemorrhages at the end of each blood vessel 221 

developed into well-defined fine blood vessels (Fig.7). Subjectively, we rather observed a 222 

reduction of the vascular caliber and a decrease of vessel branching, than a shortening of blood 223 
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vessels (Fig.7-9). Some blood vessels contained less or no blood at all and diffuse or blurred 224 

corneal hemorrhages consolidated to well defined thin vessels.  225 

Long-term follow up 226 

The clinical improvement observed in week 4 was maintained for all but one patient (K#15) in 227 

the long-term follow up visit (Fig.9-13). The owner had discontinued the prescribed topical 228 

cyclosporine treatment. Clinical findings included a relapse of superficial corneal vessels OS 229 

(studied eye), new corneal vessels OD, and a worsening of the quantitative tear film deficiency 230 

OU.  231 
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DISCUSSION  232 

The present study indicates that topical 0.25% bevacizumab may be an effective treatment option 233 

for persistent corneal vascularization in dogs. The range of response to therapy was high, which 234 

was also observed in human medicine.8 The permeability of a soluble substance is affected by 235 

the porosity, conductivity, and the sinuousness of the medium to be permeated.26,27 Because of 236 

the great heterogeneity in etiology, severity, disease duration, and varying tissue scarring of the 237 

studied dogs, the corneas may exhibit varying degrees of structural alteration, drug permeability 238 

and bioavailability.  239 

The involvement of other factors in neoangiogenesis, such as fibroblast growth factors, are not 240 

inhibited by bevacizumab and this might be another reason for partial treatment response. 28 241 

Bevacizumab can inhibit the proliferation in growing blood vessel, but in mature blood vessels 242 

already covered with pericytes, which most likely do not require VEGF-A for proliferation.29,30  243 

Therefore VEGF inhibitors might lead to an insufficient therapy response.29,30  244 

We observed that it was not so much a reduction in vessel length, but a thinning of blood vessels. 245 

These observations are consistent with reports in human patients.8,10,31 VEGF is as an effective 246 

vasodilator and increases the vascular permeability.32,33 Thus, VEGF inhibition lowers the blood 247 

flow rate and narrows the blood vessel diameter, which can explain our findings.8,32,33 248 

All but one patient showed stationary corneal vascularization until at long-term follow-up visit. 249 

This also correlates with clinical studies in human patients. 8,9 Anyway, patients may have 250 

individual needs and there are many factors that can influence the response to treatment, as 251 

discussed earlier. We assume that in some cases, a longer treatment duration, a second therapy 252 

session, and a higher dose may be necessary. 253 
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In general, topical application is the preferred route for the treatment of corneal diseases in 254 

animal patients.34 The efficacy of topical drug administration depends on the ability to penetrate 255 

the corneal epithelium to reach the target tissue in a sufficiently high therapeutic dose. 256 

Bevacizumab has a molecular weight of 149kD and is too large to permeate the intact corneal 257 

epithelium. 18,35,36 However, in corneas with insufficient barrier function, bevacizumab is known 258 

to penetrate into the corneal stroma.19,36  259 

Besides bevacizumab, there are other VEGF inhibitors with a smaller molecular size, different 260 

molecular charge, binding affinity, and binding spectrum. 15,16,37 These drugs should be 261 

considered in future studies. Besides the topical application just discussed, another route of 262 

administration is conceivable. Studies have shown that subconjunctival bevacizumab is able to 263 

reduce corneal vascularization effectively.20,36  264 

VEGF-A is not only involved in pathological vascularization, but also has vital functions such as 265 

corneal nerve regeneration and wound healing. 38,39 Topical bevacizumab has been reported to 266 

increase the risk of corneal erosions, especially with prolonged use or at a higher dose.8,10,40 In 267 

our study one eye developed a corneal erosion 6 months after the last bevacizumab 268 

administration. Unfortunately, the erosion developed into a deep corneal ulcer. The dog suffered 269 

from an immune mediated keratitis and severe allergic dermatitis. We consider it unlikely that a 270 

drug-related side effect was the cause, since the last bevacizumab dose was 6 months ago, all 271 

immunosuppressive systemic and topical medications had been discontinued shortly before the 272 

adverse event occurred, and anamnestically the dog scratched the eye. Nevertheless, we cannot 273 

exclude a causal relationship with complete certainty. Unfortunately, no histopathologic 274 

examination was performed. Concerning patient selection, it has to be considered, that 275 
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therapeutic VEGF inhibition can contribute to an increased risk of corneal tissue damage, 276 

particularly in patients who are prone to spontaneous epithelial defects.40 277 

In rare cases the administration of intravitreal bevacizumab in human patients is associated with 278 

severe systemic adverse events.41,42 In our study two dogs died 4 and 4.5 months after the last 279 

bevacizumab administration at the age of 12 and 16 years. Both patients suffered from mitral 280 

valve insufficiency and were examined regularly by a cardiologist. Both patients had no signs of 281 

cardiovascular or pulmonary dysfunction prior or during the study exams. A causal relationship 282 

cannot be ruled out completely. Since the dogs died a long time after the last bevacizumab 283 

administration, the patients showed no abnormalities in the physical examinations during 284 

bevacizumab treatment, and the dose was very low a causal relation is unlikely. Topical 0.25% 285 

bevacizumab for 28 days is known not to alter systemic VEGF levels in healthy dogs.43 Although 286 

the uptake of bevacizumab into the bloodstream may be different in an inflamed cornea and 287 

conjunctiva, we do not believe that bevacizumab given for a short time and at a low dose of 288 

0.25% would reach a therapeutic concentration high enough to cause systemic side effects.35 289 

Anyway, prolonged neutralization of VEGF may have unintended local or systemic 290 

consequences and systemic VEGF concentrations in diseased dogs would help answer that 291 

question. 292 

Sandberg et al. found that dogs with intraocular disorders such as glaucoma, lens-induced 293 

uveitis, retinal detachment, intraocular tumors, and grade-3 preiridal-fibrovascular membranes 294 

(PIFM) had significantly higher VEGF concentrations in the aqueous humor compared with 295 

normal eyes.44  Zarfoss et al. demonstrated that blood vessels and nonvascular spindle cells of 296 

canine PIFMs were immunohistochemically positive for VEGF.45 VEGFR2 is highly expressed 297 

in the vascular endothelium of diseased eyes of dogs.46  These findings suggest that VEGF is an 298 
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essential promoter in numerous canine intraocular disorders and treatments that inhibit VEGF are 299 

of great interest. However, topical bevacizumab cannot penetrate the normal cornea. In human 300 

medicine, intracameral and intravitreal bevacizumab injections are used routinely to treat various 301 

ocular disorders (off-label).35,42,47 Intraocular administration routes are also conceivable in dogs, 302 

but the safety profile is unexplored.   303 

Bevacizumab was developed and approved for the treatment of several cancer types.18 In 304 

veterinary medicine, there is one report on an Amur tiger with a palpebral sebaceous gland 305 

carcinoma that was treated successfully with intralesional bevacizumab as an adjuvant to 306 

surgery. 48 At the University of Veterinary Medicine Vienna, a female Appaloosa suffering from 307 

a relapsed corneal stromal invasive squamous cell carcinoma has been treated with intrastromal 308 

bevacizumab as an adjuvant  to surgical excision, topical mitomycin C, and systemic firocoxib. 309 

The horse has been relapse-free for at least 9 months (K.-O. Blohm, personal correspondence). 310 

The study has several limitations. In some cases it was difficult to detect the exact margins of the 311 

vessels, because of corneal pigmentation or edema. It must be assumed that corneal vessels also 312 

run indiscernibly under the pigmentation or edema. In some eyes, it was not useful to quantify 313 

the vascularized area because the vessels were distributed over the entire surface. In contrast to 314 

focal changes, which can certainly be assessed with this approach, generalized or diffuse corneal 315 

vascularization should be examined with another method. Krizova et al. divided the corneal 316 

surface into triangular segments of identical size and evaluated the number of segments affected 317 

by corneal vascularization.9 Dastjerdi et al. assessed the surface area of the corneal blood vessels 318 

themselves by tracing the vessels and erasing the nonvascular area. The remaining vascularized 319 

area was then pixelated and measured.8 Another limitation is the heterogeneity of our patient 320 

cohort. In all but two eyes, topical bevacizumab was given parallel to topical cyclosporine. This 321 
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was decided from an ethical point of view, as we did not want to run the risk of worsening the 322 

disease status. It cannot be said with certainty that the effect was achieved by bevacizumab 323 

alone. Nevertheless, the studied dogs received topical cyclosporine as a long-term therapy over 324 

months or years without further improvement of corneal vascularization. Additionally, recent 325 

research found that topical cyclosporine 1% TID did not inhibit corneal angiogenesis in rats.49 326 

Based on these arguments, it can be assumed that the observed anti-angiogenic effect is due to 327 

bevacizumab. Another limitation is the study design. The study was planned as a prospective 328 

open-label case series with no control group. Future studies with larger patient cohorts and a 329 

controlled and masked study setting are needed to answer this pending questions. In this study, 330 

due to the lack of knowledge of bevacizumab's safety profile in dogs, we opted for a low dose 331 

over a short period of time. However, it is of great interest and the subject of future studies to 332 

discover the clinical impact of higher bevacizumab concentrations, longer treatment durations, 333 

and another route of administration, such as subconjunctival or intrastromal application.  334 

Conclusions 335 

In conclusion, the clinical improvement and reduction of the corneal vascularization indicates 336 

that topical bevacizumab can be an effective therapy to reduce corneal vascularization in dogs. 337 

Attention has to be paid on dogs with recurrent superficial epithelial defects. Further research 338 

with larger patients cohorts and placebo-controlled long-term studies are warranted to gain 339 

further insights into different dosing regimens, safety profile, clinical impact as a monotherapy, 340 

routes of administration, and the use for other indications.  341 
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FIGURE LEGENDS 509 

Figure 1. Example of image processing and standardization of technical shooting conditions to 510 

achieve best possible comparability. 511 

Figure 2. Measurement of the (a) vascularized corneal area and (b) the count of vessel incisions, 512 

including 4 circles, each 25% smaller (0-25-50-75-circle). The green spots on the circles show 513 

the counted blood vessel incisions (c). Analysis were performed with an image processing 514 

program (Fiji; open-source software: https://imagej.net/Fiji). 515 

Figure 3. Siberian Husky (#15) with immune mediated keratitis (a) before and (b) after 516 

bevacizumab treatment for 28 days. Superficial blood vessels (black arrow) arising from the 517 

dorsal limbus (a) completely disappeared after bevacizumab treatment (b). 518 

Figure 4. Chihuahua (#7) with immune-mediated keratitis (a) before and (b) 1 month after last 519 

bevacizumab. In (a), ocular findings included a planar stromal hemorrhage adjacent to the 520 

ventrotemporal limbus. In (b) it consolidated into a fine vascular network. 521 

Figure 5. French bulldog (#20) with superficial corneal vascularization (a) before and (b) after 522 

bevacizumab. After topical bevacizumab, corneal blood vessels arising from the temporoventral 523 

limbus thinned or were bloodless. Corneal pigmentation and edema decreased.  524 

Figure 6. Scoring results of macroscopic ocular findings during slit-lamp biomicroscopy. 525 

Displayed are the mean scores at baseline, 4 weeks after bevacizumab treatment and 5 months 526 

after the last bevacizumab administration. Conjunctival hyperemia/chemosis and ocular 527 

discharge: 0 = none, 1 = mild, 2 = moderate, 3 = severe, corneal edema, vascularization and 528 

pigmentation (area relative to total corneal area): 0 = <25%, 1 = 26% to 50%, 2 = 51% to 75%, 3 529 

= >76%. bva = bevacizumab 530 
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Figure 7. Maltese dog (#3) with immune mediated keratitis (a) before and (b) 4 weeks after 531 

treatment start with bevaciczumanb. In (b), distal vessels were thinner, fewer in number, less 532 

branched, and more sharply demarcated. 533 

Figure 8. Prague Rattler (#18) with superficial keratitis (a) before and (b) after bevacizumab. 534 

After 4 weeks of topical bevacizumab, vessel diameter decreased, ocular discharge, eye comfort, 535 

and conjunctival hyperemia and chemosis improved. 536 

Figure 9. Great Pyrenees dog (#13) with severe unilateral stromal keratitis (a) before and (b) 2 537 

months after bevacizumab treatment start. In (b), blood vessels became thinner and fewer, and 538 

corneal edema improved, in particular in the ventral third of the corneal surface. The blood 539 

vessels in the central corneal area were less branched and fewer in number. 540 

Figure 10. German Shepherd Dog (#10 and #11) with bilateral CSK. (a) OD and (b) OS before 541 

bevacizumab treatment. Clinical improvement was observed for both eyes after 4 weeks of 542 

bevacizumab treatment. At long-term follow-up, (c) OD and (d) OS, a further decrease of 543 

corneal edema and thinning of corneal blood vessels was observed.  544 

Figure 11. Boxer with persistent corneal vascularization after delayed healing of a stromal ulcer 545 

(#9) before (a) and 7 months after (b) bevacizumab. In (b), blood vessel thinning, a decrease of 546 

corneal inflammatory cell infiltration and edema is observed. The dog showed persistent corneal 547 

vascularization prior to bevacizumab start with only systemic NSAIDs; the dog did not receive 548 

any topical medication before and after bevacizumab.  Interestingly, further clinical 549 

improvement in the months after the last bevacizumab administration was noted. 550 

Figure 12. Chihuahua (#6) with an immune mediated keratitis (a) before and (b) 4 months after  551 
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treatment start with bevacizumab (patient was lost for long-term follow-up). In (b), the 552 

vascularized area and corneal vessel diameter decreased, and the vessels became more sharply 553 

demarcated. Corneal cell infiltration and corneal edema improved.  554 

  555 
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TABLES 556 

Table 1. Signalment and ocular diagnosis of the studied dogs. 557 

Patient Eye 

# 

 Age 

(years) 

Gender Weight 

(kg) 

Breed Diagnosis 

A 1  OD 10 MC 11.8 French 

Bulldog 

Superficial stromal 

keratitis, pigmentary 

keratitis 

B 2  OD 7 FC 2.7 Chihuahua Superficial stromal 

keratitis, pigmentary 

keratitis 

C * 3  

 

 

4  

OD 

 

 

OS 

2 F 

  

5.3 Maltese 

dog 

  

Superficial stromal 

keratitis, pigmentary 

keratitis 

Superficial stromal 

keratitis, pigmentary 

keratitis 

D 5  OD 14 FC 12.0 French 

Bulldog 

Superficial  keratitis, 

pigmentary keratitis 

E * 6  

 

7  

OD 

 

OS 

16 MC 

  

3.2 Chihuahua 

  

Superficial stromal 

keratitis 

Superficial stromal 

keratitis 
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F * 8  

 

 

9  

OD 

 

 

OS 

7 FC 

  

23.0 Boxer 

  

Superficial stromal 

keratitis 

Superficial stromal 

keratitis 

G * 10  

11  

OD 

OS 

9 FC 

  

30 German 

Shepherd 

dog 

CSK 

CSK 

H 12  OD 3 M 13.6 French 

bulldog 

Superficial keratitis 

I 13  OS 7 M 12.0 Great 

Pyrenees 

dog 

Stromal keratitis 

J 14  OS 12 M 2.5 Chihuahua Superficial stromal 

keratitis, pigmentary 

keratitis 

K 15  OS 12 MC 34.2 Husky Superficial keratitis 

L * 16  

17  

OD 

OS 

7 

 

MC 

  

14.2 Mixed 

breed dog 

Superficial keratitis 

Superficial keratitis 

M 18  OS 11 MC 4.0 Prague 

Rattler 

Superficial keratitis, 

pigmentary keratitis 

N 19 OD 4 MC 7.0 Shih Tzu Superficial stromal 

keratitis, pigmentary 

keratitis 
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O 20 OD 8 FC 9.8 French 

Bulldog 

Superficial keratitis 

 

Mean ± 

SD 

   

8.5 ± 4 

  

12.4  ± 

9.8 

  

 558 

F = Female; FC = Female castrated; M = Male; MC = Male castrated; OD = Oculus dexter; OS = 559 

Oculus sinister; CSK = Chronic superficial keratitis; SD = standard deviation 560 

* = bilaterally treated with topical bevacizumab  561 

 562 

 563 

Table 2. Efficacy assessment: Decrease in the vascularized area and number of vessel incisions 564 

between baseline  and 4 weeks after bevacizumab treatment. Data were analyzed using the 565 

imaging software Fiji.  566 

 

Category 

Difference between baseline and 4 weeks 

after topical bevacizumab  

 

Vascularized area (%)  

n=(10) 

Mean ± SD 

Min 

Max 

 

 

 

48.8 ± 33.5 

4.9 

100 
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Vessel incisions on a certain circle (%) 

(n=17) 

 

0-Circle 

25-Circle 

50-Circle  

75-Circle 

 

 

 

 

28.0 ± 36.0 

31.1 ± 39.4 

4.6 ± 51.5 

16.5 ± 35.3 

 567 

SD = standard deviation 568 

Min = minimum (lowest observation) 569 

Max = maximum (highest observation)  570 
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SUPPLEMENTAL TABLES 571 

Supplemental Table 1: Modified pain score system assessed by the investigator to investigate 572 

ocular and systemic toxicity in dogs with corneal vascularization before and after topical 573 

bevacizumab application.23,24 574 

Pain scoring 

category 

Manifestation 

Comfort 0 = dog is calm and interested in surroundings 

1 = dog shows mild agitation or is depressed, not interested in 

surroundings 

2 = dog shows moderate agitation and is restless 

3 = dog is extremely agitated 

Movement 0 = dog is quiet 

1 = about 1‐2 position changes per minute 

2 = about 2‐6 position changes per minute 

3 = dog shows continuous changes 

Appearance/ 

blepharospasm 

0 = eyelids are completely open and in physiological position 

1 = eyelids are partially closed (25%) 

2 = eyelids are partially closed (50%); dog shows mild tearing 

3 = eyelids are partially closed (75%); dog shows moderate tearing 

4 = eyelids are completely closed; dog shows marked tearing 

Behavior 

(unprovoked) 

0 = normal 

1 = minor changes 
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 575 

2 = moderately abnormal (less mobile or alert than normal, not 

interested in surroundings, fretful) 

3 = noticeably abnormal (fretful, vocalizing, self‐mutilation, groaning) 

Interactive  

behaviors  

 

 

 
 

0 = normal 

1 = pulls head away when eyes getting touched 

2 = vocalizes when eyes getting touched 

3 = violent reaction to touching of eye (biting, snapping, groaning) 

Vocalization 0 = quiet 

1 = dog cries but responds to be quiet 

2 = dog intermittently cries without response to quiet voice 

3 = dog constantly cries without response to quiet voice 
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Supplemental Table 2. Modified pain score system assessed by the owner to investigate ocular 576 

and systemic toxicity directly after, 6 hours and 3 days after the first topical bevacizumab 577 

application. 23,24 578 
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Pain Scoring 

category 

Behavior Touch response 

0 General: calm, interested in surroundings, 

normal behavior 

Eye: eyelids are completely open, no 

rubbing/scratching 

Normal 

1 General: mild agitation, more restless than 

usually 

Eye: eyelids are open, but might show 

slightly tearing or a slight higher frequency 

of blinking 

Seems to be uncomfortable when 

getting touched, slightly pulls head 

away  

2 General: mild to moderate agitation, 

restless, whining/moaning 

Eye: eyelids are partially closed, mild 

tearing, redness 

Pulls head away when eyes getting 

touched 

3 General: moderate agitation, less mobile or 

alert than usually, not interested in 

surroundings, fretful, whining/moaning 

Eye: moderate tearing, moderate redness, 

partially closed eyelids 

Vocalization when eyes getting 

touched 
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 579 

Supplemental Table 3. Systemic disease details of the studied dogs. 580 

Dog Eye # Systemic disease Systemic treatment 

A 1  Congenital vertebral malformations without 

neurological deficits 

None 

B 2  None None 

C * 3  

4  

Dental problems 

 

None 

D 5  None None 

E * 6  

7  

Mitral endocardiosis without pulmonary 

arterial hypertension, blood pressure normal 

ACE inhibitors 

F * 8  

9  

Hypothyroidism, spondylosis 

 

Meloxicam 

G * 10  

11  

Omarthrosis, biceps tendinopathy 

 

None 

H 12  Gastroenteritis None 

4 General: extremely agitated, noticeably 

abnormal (fretful, vocalizing, self-

mutilation, groaning), constantly crying 

without response to quiet voice, vomiting, 

salivation 

Eye: eyelids are completely closed, marked 

tearing 

Violent reaction (biting, snapping, 

groaning), vocalization 
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I 13  None None  

J 14  Mitral valve insufficiency, no deficits 

(accidental finding during routine 

examination) 

Benazepril, furosemide 

K 15  Pancreatitis and gastroenteritis (since 2014 

asymptomatic), abscess (leg), food allergy  

 

None 

L * 16  

17  

Hip fracture, otitis media 

 

None 

M 18  Mitral endocardiosis (no deficits), allergies Imidapril, ceterizine 

N 19 None None 

O 20 Congenital vertebral malformation, patellar 

luxation, environmental allergies, allergenic 

dermatitis, canine malassezia dermatitis, 

brachycephalic obstructive airway syndrome 

 

Gabapentin, 

cyclosporine 

 581 

* = bilaterally treated with bevacizumab eyedrops 582 

ACE inhibitors = Angiotensin-converting-enzyme inhibitors 583 

 584 

 585 

 586 
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Supplemental Table 4. Ocular disease details of the studied dogs. 587 

 588 

Eye 

# 

Morphologic 

diagnosis 

Ocular diseases details 

 

CYA 

(DOT) 

 

 

DEX 

(DOT/time 

distance to 

last DEX) 

1  Superficial stromal 

keratitis, pigmentary 

keratitis 

St.p. 360 degree conjunctival flap due to 

stromal collagenolytic ulcer; 

macroblepharon, nasal entropion, 

qualitative tear deficiency  

2a a N/A 

2  Superficial stromal 

keratitis, pigmentary 

keratitis 

St.p. 360 degree conjunctival flap due to 

perforated corneal ulcer; macroblepharon, 

shallow orbit 

5a 8m a N/A 

3  

 

 

 

4  

Superficial stromal 

keratitis, pigmentary 

keratitis 

 

Superficial stromal 

keratitis, pigmentary 

keratitis 

Suspected immune mediated keratitis,  

blepharitis, trichiasis of caruncle and nasal 

fold; iris atrophy, immature cataract, 

nuclear sclerosis 

Suspected immune mediated keratitis,  

blepharitis, trichiasis of caruncle and nasal 

fold; iris atrophy, immature cataract, 

nuclear sclerosis 

2m a 

 

 

 

2m a 

 

N/A 

 

 

 

N/A 
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5  Superficial  keratitis, 

pigmentary keratitis 

St.p. DBD and pTR due to a SCCED; 

marcoblepharon, nasal entropion, nuclear 

sclerosis 

11m a 

 

N/A 

6  

 

7  

Superficial stromal 

keratitis 

Superficial stromal 

keratitis 

Suspected immune mediated keratitis, 

shallow orbit 

Suspected immune mediated keratitis, 

shallow orbit 

4m a 

 

4m a 

 

7w/3w c 

 

7w/3w c 

 

8  

 

 

9  

Superficial stromal 

keratitis 

 

Superficial stromal 

keratitis 

St.p. collagenolytic ulcer post DBD; 

distichiasis, macroblepharon, ectropion 

lower eyelid 

St.p. DBD; severe corneal edema and 

infiltration of inflammatory cells, 

conjunctivitis, distichiasis, 

macroblepharon, ectropion lower eyelid, 

iris coloboma, nuclear sclerosis 

N/A 

 

 

N/A 

 

N/A 

 

 

N/A 

10  

 

11  

CSK 

 

CSK 

Accompanied by plasmacytic 

conjunctivitis 

Accompanied by plasmacytic 

conjunctivitis 

1a 2m a 

 

1a 2m a 

 

6w/1wc 

 

6w/1w c 

 

12  Superficial keratitis St.p. excision of a palpebral dermoid in 

the lower eyelid and refractory corneal 

erosion (immune mediated cause 

suspected) accompanied by spastic 

1a 4m a 

 

4w/1a 4m c 
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entropion of lower eyelid; St.p. nasal 

canthoplasty due to macroblepharon/nasal 

entropion  

13  Stromal keratitis Unilateral keratitis suspected association 

with corneal cat scratch, generalized 

stromal edema and fibrosis, 

recurrent blepharitis  

2a 4m a 

 

N/A 

14  Superficial stromal 

keratitis, pigmentary 

keratitis 

qualitative tear deficiency, distichiasis, 

shallow orbit, macroblepharon  

9m a 

 

N/A 

15  Superficial keratitis  suspected immune mediated keratitis 

and/or qualitative and quantitative tear 

deficiency (tear deficiency responded well 

to topical DEX/CYA), corneal 

vascularization persisted  

3m a 

 

4w/8w c 

16  

 

 

 

17  

Superficial keratitis 

 

 

 

Superficial keratitis 

qualitative and quantitative tear deficiency 

(tear deficiency responded well to topical 

DEX/CYA), corneal vascularization 

persisted  

qualitative and quantitative tear deficiency 

(tear deficiency responded well to topical 

DEX/CYA), corneal vascularization 

persisted  

1a 

10ma 

 

 

 

1a 

10ma 

 

2w/1a 10m c 

 

 

 

2w/1a 10m c 
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 589 

CSK = Chronic superficial keratitis; St.p. = Status post; DBD = diamond burr debridement; pTR 590 

= partial Tarsorrhaphy; SCCED = superficial chronic corneal epithelial defect; CYA = 591 

cyclosporine A; DOT = duration of therapy; DEX = dexamethasone; a = year(s); m = month(s); 592 

w = week(s); a  = 0.2% cyclosporine (Optimmune®, MSD Animal Health, Kenilworth); b  = 2.0% 593 

cyclosporine (prepared by hospital pharmacy of University of Veterinary Medicine, Vienna); c = 594 

dexamethasone + gentamicin sulfate (DexaGenta-Pos® eye ointment, Ursapharm, 595 

Saarbruecken); d = dexamethason dihydrogen posphate (Monodex® 1mg/ml, Théa PHARMA 596 

SA, Clermont-Ferrand, France) 597 

18  Superficial keratitis, 

pigmentary keratitis 

qualitative tear deficiency, conjunctivitis, 

persistent corneal vascularization despite 

topical CYA 

2a 

11ma 

 

N/A 

19 Superficial stromal 

keratitis, pigmentary 

keratitis 

St.p. nasal canthoplasty due to nasal fold 

trichiasis, entropion, macroblepharon 

St.p. superficial stromal corneal ulcer, 

unresponsive to conventional ulcer 

treatment, but responded well to topical 

DEX (suspected immune mediated cause), 

quantitative tear deficiency 

1a 

8ma,b 

 

5w/1w c 

20 Superficial keratitis St.p. deep stromal ulcerative keratitis, 

ulcer healed after 5w but with persistent 

corneal vascularization despite topical 

CYA/DEX; macroblepharon  

2ma 

 

8w/3w d 
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 598 

 599 

 600 

 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

 609 

 610 

 611 

 612 

 613 

 614 

 615 

 616 

 617 

Figure 1. Example of image processing and standardization of technical shooting conditions to 618 

achieve best possible comparability. 619 

 620 
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 621 

 622 

 623 

 624 

 625 

 626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

 634 

 635 

 636 

 637 

 638 

 639 

Figure 2. Measurement of the (a) vascularized corneal area and (b) the count of vessel incisions, 640 

including 4 circles, each 25% smaller (0-25-50-75-circle). The green spots on the circles show 641 

the counted blood vessel incisions (c). Analysis were performed with an image processing 642 

program (Fiji; open-source software: https://imagej.net/Fiji). 643 
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 644 

 645 

 646 

 647 

 648 

 649 

 650 

 651 

 652 

 653 

 654 

 655 

 656 

 657 

 658 

 659 

 660 

 661 

 662 

 663 

Figure 3. Siberian Husky (#15) with immune mediated keratitis (a) before and (b) after 664 

bevacizumab treatment for 28 days. Superficial blood vessels (black arrow) arising from the 665 

dorsal limbus (a) completely disappeared after bevacizumab treatment (b). 666 
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 667 

 668 

 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

 681 

 682 

 683 

 684 

 685 

 686 

Figure 4. Chihuahua (#7) with immune-mediated keratitis (a) before and (b) 1 month after last 687 

bevacizumab. In (a), ocular findings included a planar stromal hemorrhage adjacent to the 688 

ventrotemporal limbus. In (b) it consolidated into a fine vascular network. 689 
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 690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 

 698 

 699 

 700 

 701 

 702 

 703 

 704 

 705 

 706 

 707 

 708 

 709 

Figure 5. French bulldog (#20) with superficial corneal vascularization (a) before and (b) after 710 

bevacizumab. After topical bevacizumab, corneal blood vessels arising from the temporoventral 711 

limbus thinned or were bloodless. Corneal pigmentation and edema decreased.  712 
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 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 

 724 

 725 

Figure 6. Scoring results of macroscopic ocular findings during slit-lamp biomicroscopy. 726 

Displayed are the mean scores at baseline, 4 weeks after bevacizumab treatment and 5 months 727 

after the last bevacizumab administration. Conjunctival hyperemia/chemosis and ocular 728 

discharge: 0 = none, 1 = mild, 2 = moderate, 3 = severe, corneal edema, vascularization and 729 

pigmentation (area relative to total corneal area): 0 = <25%, 1 = 26% to 50%, 2 = 51% to 75%, 3 730 

= >76%. bva = bevacizumab 731 

 732 

 733 

 734 

 735 
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 736 

 737 

 738 

 739 

 740 

 741 

 742 

 743 

 744 

 745 

 746 

 747 

 748 

 749 

 750 

 751 

 752 

 753 

 754 

Figure 7. Maltese dog (#3) with immune mediated keratitis (a) before and (b) 4 weeks after 755 

treatment start with bevaciczumanb. In (b), distal vessels were thinner, fewer in number, less 756 

branched, and more sharply demarcated. 757 

 758 
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 759 

 760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 

 768 

 769 

 770 

 771 

 772 

 773 

 774 

 775 

 776 

 777 

 778 

Figure 8. Prague Rattler (#18) with superficial keratitis (a) before and (b) after bevacizumab. 779 

After 4 weeks of topical bevacizumab, vessel diameter decreased, ocular discharge, eye comfort, 780 

and conjunctival hyperemia and chemosis improved. 781 
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 782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 

 793 

 794 

 795 

 796 

 797 

 798 

 799 

 800 

Figure 9. Great Pyrenees dog (#13) with severe unilateral stromal keratitis (a) before and (b) 2 801 

months after bevacizumab treatment start. In (b), blood vessels became thinner and fewer, and 802 

corneal edema improved, in particular in the ventral third of the corneal surface. The blood 803 

vessels in the central corneal area were less branched and fewer in number. 804 
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 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 

 818 

 819 

 820 

 821 

 822 

 823 

Figure 10. German Shepherd Dog (#10 and #11) with bilateral CSK. (a) OD and (b) OS before 824 

bevacizumab treatment. Clinical improvement was observed for both eyes after 4 weeks of 825 

bevacizumab treatment. At long-term follow-up, (c) OD and (d) OS, a further decrease of 826 

corneal edema and thinning of corneal blood vessels was observed.  827 
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 828 

 829 

 830 

 831 

 832 

 833 

 834 

 835 

 836 

 837 

 838 

 839 

 840 

 841 

 842 

 843 

 844 

Figure 11. Boxer with persistent corneal vascularization after delayed healing of a stromal ulcer 845 

(#9) before (a) and 7 months after (b) bevacizumab. In (b), blood vessel thinning, a decrease of 846 

corneal inflammatory cell infiltration and edema is observed. The dog showed persistent corneal 847 

vascularization prior to bevacizumab start with only systemic NSAIDs; the dog did not receive 848 

any topical medication before and after bevacizumab.  Interestingly, further clinical 849 

improvement in the months after the last bevacizumab administration was noted. 850 
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 851 

 852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 

 860 

 861 

 862 

 863 

 864 

 865 

 866 

 867 

 868 

 869 

Figure 12. Chihuahua (#6) with an immune mediated keratitis (a) before and (b) 4 months after  870 

treatment start with bevacizumab (patient was lost for long-term follow-up). In (b), the 871 

vascularized area and corneal vessel diameter decreased, and the vessels became more sharply 872 

demarcated. Corneal cell infiltration and corneal edema improved.  873 
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4. Discussion 
This PhD project aimed to investigate the potential of VEGF inhibitors bevacizumab and 

aflibercept in animal patients. Vascular endothelial growth factors have been intensively 

studied in humans and experimental rodent and rabbit models and its role in neovascular eye 

diseases is undisputed (Cursiefen et al. 2000, Gan et al. 2004, Pieh et al. 2008, Wuest et al. 

2011, Chen et al. 2012, Yun et al. 2020). 

Until now, there is a lack of knowledge about VEGF and VEGF inhibitory drugs in dogs, cat, 

and horses. 

In our first study, we investigated the binding characteristics of anti-human VEGF bevacizumab 

and aflibercept to canine, feline, and equine VEGF in-vitro.  

The purpose of the second and third study was to assess bevacizumab eye drops in-vivo in 

healthy dogs and in dogs with naturally occuring corneal vascularization. The first step was to 

establish a scientifically proven safe dose of bevacizumab in healthy individuals. After 

confirming a safe dose of 2.5 mg/ml BID, we explored the effects of bevacizumab in the 

previously studied regime in dogs with corneal vascularization.  

The outcome of this PhD project is of great interest because persistent corneal vascularization 

is frequently observed in veterinary ophthalmology and can cause a variety of severe sequelae 

(Dana and Streilein 1996, Andrew et al. 1998, Murphy et al. 2001, Andrew 2008, Dean and 

Meunier 2013, Lassaline et al. 2015, Plummer 2015, Hindley et al. 2016, Ledbetter et al. 2016, 

Krecny et al. 2018). The dilemma of current treatment options is the lack of directly targeted 

inhibition of angiogenesis that may be associated with an insufficient response to therapy and 

the occurrence of side effects (Tolar et al. 2006, Bock et al. 2014, Dowling et al. 2016, Hindley 

et al. 2016, Murtagh et al. 2018, Rigas et al. 2020, Sebbag et al. 2020). The application of 

therapies that inhibit VEGF are not only of interest for corneal vascularization but also for other 

indications like ocular neoplasms and PIFMs with probable causal VEGF association (Zarfoss 

et al. 2010, Sandberg et al. 2012). This work has laid the foundation for the future clinical 

application of VEGF inhibitors in dogs, cats, and horses. 
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4.1. In-vitro analysis 

Bevacizumab and aflibercept were designed to bind specifically human VEGF-A and are used 

for targeted therapies for pathological angiogenesis in cancer and eye disorders (Presta et al. 

1997, Holash et al. 2002, Arevalo et al. 2007, Korobelnik et al. 2014, Schmidt-Erfurth et al. 

2014, Olmos et al. 2016). Therapeutic VEGF inhibition has been extensively studied in 

experimental rodent and rabbit models (Bock et al. 2007, Dastjerdi et al. 2010a, Ozdemir et al. 

2014, Sella et al. 2016, Devarajan et al. 2019). Thus, the studied VEGF inhibitors are supposed 

to be able to bind VEGF of mice and rabbits. However, there are contrary findings and the 

ability of bevacizumab to bind VEGF of mice and rabbits remains controversial (Bock et al. 

2007, Yu et al. 2008b, Papadopoulos et al. 2012). In dogs, cats, and horses, there is no 

knowledge of the VEGF binding properties of bevacizumab and aflibercept.  

Thus, our first approach was to compare amino acid sequences of human, equine, canine, and 

feline VEGF using the “Basic Local Alignment Search Tool”(BLAST). We found that there is 

high similarity of canine, feline, and equine VEGF to human VEGF-A of 93 %, 92 %, and 89 

%, respectively. These findings correlate with those of other studies (Scheidegger et al. 1999, 

Jingjing et al. 2000). Our analysis revealed an identical amino acid sequence between Arg 82 

and Gly 91 of all tested species, which is considered to be the essential sequence for binding to 

bevacizumab (Muller et al. 1998). 

Following the comparison of amino acid sequences, we studied qualitative and quantitative 

binding properties of bevacizumab and aflibercept in equine, feline, and canine VEGF using a 

Western blot analysis and an enzyme-linked immunosorbent assay (ELISA).  

In the Western blot, we found immunoreactive signals for aflibercept for canine, feline, and 

equine VEGF. However, immunoreactivity of bevacizumab was only detectable for canine and 

feline VEGF, but not for equine VEGF. 

In order to explore quantitative binding characteristics, we conducted an ELISA. Different 

concentrations of bevacizumab or aflibercept were incubated with an ascending concentration 

series of VEGF and subsequently, unbound VEGF was measured. The analyses revealed that 

bevacizumab and aflibercept bind canine VEGF in a dose-dependent manner. In contrast, the 

binding of bevacizumab and aflibercept to feline VEGF was linear, suggesting an unspecific 

binding (Medina et al. 1999). ELISA analyses identified a dose-independent binding of 

aflibercept to equine VEGF, whereas no equine VEGF binding was detected for bevacizumab. 
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This finding was in line with the absence of bevacizumab binding to equine VEGF previously 

observed in the Western blot analysis.  

This finding was unexpected because equine and human VEGF have an identic amino acid 

sequence of the bevacizumab binding region. Anyway, proteins do not function as linear 

polymers but as complex three-dimensional structures (Berg et al. 2017). In general, the 

structure of proteins can be described on four levels, the primary, secondary, tertiary, and 

quaternary structure (Berg et al. 2017). The primary structure refers to the amino acid sequence. 

The secondary structure corresponds to the conformation that local regions of the polypeptide 

chain form, such as α-helix, β-sheet, β-turn, Ω-loops (Berg et al. 2017). The secondary structure 

is built by the formation of hydrogen bonds of peptide N-H and -C=O groups of adjacent amino 

acids (Muller et al. 1998, Berg et al. 2017). The compact, asymmetric structure to which the 

polypeptides are arranged is called the tertiary structure (Suto et al. 2005, Berg et al. 2017). The 

function of a protein is directly related to this tertiary structure and the amino acid sequence of 

a protein determines its three-dimensional structure (Berg et al. 2017). Extensive research 

including deep learning systems has been conducted on how to predict the three-dimensional 

structure based on the amino acid sequence, which has proven to be very difficult (Roche et al. 

2011). Furthermore, it is known that the tertiary structure is not only influenced by the amino 

acid sequences that are close to each other, but are caused by interactions over larger amino 

acid sequences, too (Berg et al. 2017).  

In our BLAST analysis, equine VEGF had a high sequence similarity of 89 % and an identical 

sequence in the bevacizumab binding region compared to human VEGF. Nevertheless, we 

found that equine VEGF had the highest sequence variations and was shorter by seven amino 

acids compared to human VEGF. These differences might cause variations in the three-

dimensional protein structure, thereby hiding the binding region and impairing antigen 

accessibility. These interspecies differences of equine VEGF may explain the lack of 

bevacizumab binding to equine VEGF. 

The binding region of aflibercept is not yet published. However, aflibercept consists of parts of 

VEGFR-1 and -2, assuming that VEGF binding may occur via the receptor binding domain, too 

(Holash et al. 2002). Therefore, one would have to assume that just like bevacizumab, 

aflibercept is also unable to bind equine VEGF. Anyway, looking at how aflibercept and 

bevacizumab bind their targets may explain the lack of bevacizumab and the capability of 
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aflibercept binding to equine VEGF. MacDonald et al. found that binding of bevacizumab to 

VEGF-A165 can result in large, multimeric complexes mediated by surface-captured heparin and 

NP-1 (MacDonald et al. 2016). They also stated that, in contrast to bevacizumab, aflibercept 

binding to human VEGF-A165  formed monomeric 1:1 complexes, which did not bind epithelial 

or endothelial cells to a greater extent than unbound aflibercept and speculated that the 

formation of this complexes hide the heparin-binding region of VEGF. Thus, these findings 

underscored an exceptional trapping mechanism of aflibercept-VEGF binding that differs from 

classical antibody-ligand mechanisms (MacDonald et al. 2016). Therefore, we assumed that 

this different binding manner of VEGF-trap aflibercept may be the reason for our observation.  

In conclusion, the results of this in-vitro experiment indicated that bevacizumab and aflibercept 

bind VEGF with species-specific differences. The results demonstrated that bevacizumab and 

aflibercept are capable to bind canine VEGF and represent the cornerstone for the future clinical 

applicability of VEGF inhibitors in this species. This is of great interest, as novel targeted 

strategies like VEGF inhibition are needed for a variety of neovascular, potentially blinding 

ocular diseases in animals. 

 
4.2. In-vivo analysis 

The second part of this PhD project aimed to investigate topical bevacizumab in-vivo both in 

healthy dogs and dogs with corneal vascularization. Based on previous human studies, we 

selected a dose of 2.5 mg/ml BID over a four week period (Krizova et al. 2014). Bevacizumab 

eyedrops were aseptically prepared from commercial bevacizumab solution for intravenous use 

(Avastin®, Roche, Basel, Switzerland) by the institute's pharmacist according to good 

manufacturing practice. Sterile 0.9 % saline served as the solvent (Kim et al. 2008, Koenig et 

al. 2009). 

4.2.1. Topical bevacizumab in healthy dogs 

There is no knowledge about topical and systemic safety following bevacizumab eye drops in 

dogs. Our first in vivo study aimed to evaluate the tolerability of topical bevacizumab in healthy 

dogs, particularly in terms of corneal epithelial loss and ocular hypersensitivity reactions. Yet 

another question of interest was the effect of topical bevacizumab on systemic VEGF values 

and blood and coagulation parameters. 
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Ocular safety was assessed by biomicroscopic eye examination and by using a predefined pain 

scoring system. Additionally, conjunctival hyperemia and chemosis, ocular discharge, corneal 

edema, and corneal vascularization was determined by using predefined scorings. Any observed 

clinical abnormality was recorded. Full physical examinations, systemic blood pressure, and 

complete blood count, including hematology, serum coagulation parameters, and serum VEGF 

values, were performed.  

There was no evidence of ocular and systemic intolerance. All clinical values stayed within 

normal physiologic limits with only minor, clinically irrelevant changes. Topical bevacizumab 

had no effect on blood counts, coagulation parameters, and serum VEGF values. At this point 

it should be mentioned that it would had been interesting to investigate an ascending 

concentration of bevacizumab. Anyway, due to ethical considerations and of special caution, 

we decided to use a scientifically proven safe dose of 2.5 mg/ml BID. 

4.2.2. Topical bevacizumab in dogs with corneal vascularization  

After verifying the safe applicability of topical bevacizumab in healthy dogs, we assessed 

bevacizumab with the same treatment regime in dogs with naturally occurring corneal 

vascularization refractory to standard therapy. The study was designed as a prospective planned 

case series involving adult, client-owned dogs, which were presented to the ophthalmology 

ambulatory service of the University of Veterinary Medicine of Vienna.  

After confirming study eligibility, a dose of 2.5 mg/ml BID bevacizumab dissolved in 0.9 % 

sterile saline and filled in single dose containers, was administered over a period of four weeks 

by the dog owners. Re-examinations were scheduled four weeks after study start with a 

minimum follow-up of six months. 

Full physical and ocular examinations were performed at each study visit. A predefined pain 

scoring was conducted by the same study investigator. Additionally, the dog owners were asked 

to estimate their dog’s sensation of pain according to prespecified pain scores at certain points 

of time. The parameters hyperemia, ocular discharge, corneal edema, pigmentation, and 

vascularization were determined be using a prespecified grading system. Standardized corneal 

photographs were taken to determine the size of the vascularized corneal area and to count the 

blood vessel incisions on a specific circle on the corneal surface. Vessel morphology, including 



 106 

vessel caliber and blood filling, distal vessel tortuosity and branching, was assessed subjectively 

during the clinical examination and recorded in a descriptive manner.  

 

Twenty eyes of fifteen adult dogs were included, all of which were pretreated with systemic 

and/or topical anti-inflammatory agents with a lack of improvement of corneal vascularization. 

Brachycephalic breeds were overrepresented in our study. Overall, the patient population was 

very inhomogeneous, with a wide range of age and weight, a large variety of underlying 

diseases and pretreatments, and various degrees of disease severity and corneal scarring. 

Clinical appearance varied from subepithelial to deep stromal vessels, and fine superficial 

vascularized networks to planar stromal hemorrhages. The most common underlying diseases 

of corneal vascularization were immune-mediated keratitis, qualitative tear film deficiency, and 

the state after poorly healing corneal ulcerative keratitis, such as melting ulcers and 

complications after DBD. 

4.2.2.1. Safety 

In this study, a female French bulldog developed a SCCED at the study eye in the treatment-

free interval, six months after the last bevacizumab administration. The SCCED progressed into 

a deep corneal ulcer, and the eye was enucleated by the referring veterinarian. Unfortunately, a 

histopathological examination was neglected.  

The dog suffered from bilateral immune-mediated keratitis and allergic dermatitis that flared 

up repeatedly in severe episodes and was controlled under systemic immunosuppression. 

Shortly before the SCCED occurred, immunosuppressive therapy had to be stopped because of 

suspected meningitis. Thus, a causal relation to the drug discontinuation is conceivable. 

In the literature, the occurrence of corneal epithelial defects and nerve fiber regeneration 

following topical bevacizumab is disputed (Bock et al. 2007, Yoeruek et al. 2008, Kim et al. 

2009)(Yoeruek et al. 2008, Bock et al. 2009, Kim et al. 2009). In some animal studies with 

experimental-induced corneal erosions, topical bevacizumab did not delay wound healing and 

did not change nerve fiber density or epithelial cell morphology (Yoeruek et al. 2008, Bock et 

al. 2009). However, VEGF is essentially required for corneal wound and nerve repair (Amano 

et al. 1998, Eming and Krieg 2006, Yu et al. 2008a). Thus, conflicting findings indicated a 

delayed corneal wound closure in rabbits following topical and an impaired nerve fiber 
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regeneration after intrastromal or subconjunctival bevacizumab (Kim et al. 2009, Dong et al. 

2017). In humans, topical bevacizumab has been reported to potentially cause corneal erosions, 

delay wound healing, and promote a corneal thinning (Kim et al. 2008, Koenig et al. 2009, 

Krizova et al. 2014). The occurrence of corneal epitheliopathies appears to correlate with the 

dose and duration of therapy (Kim et al. 2008). A single two to three week treatment duration 

at a dose of 2.5 mg-10 mg/ml two to four times a day is described to be topically safe and 

effective (Dastjerdi et al. 2009, Krizova et al. 2014). Thus, the use of bevacizumab as a single 

treatment rather than continuous therapy for months should be considered (Dastjerdi et al. 2009, 

Krizova et al. 2014). 

Corneal sensory nerves and neurotransmitters have important corneal trophic functions and 

VEGF is known to mediate corneal nerve regeneration (Nakamura et al. 1997, Müller et al. 

2003, Yu et al. 2008a). Abnormal corneal innervation is postulated to be causal in the 

development of SCCEDs (Murphy et al. 2001). Additionally, brachycephalic breeds are known 

to have an impaired nerve fiber density and morphology (Kafarnik et al. 2008). Unfortunately, 

brachycephalic breeds in particular have a very high prevalence of persistent corneal 

vascularization (Plummer 2015) and VEGF inhibitory therapies would be of great interest in 

these breeds. This is reflected by the fact that 73 % of our study population suffered from ocular 

brachycephalic syndrome. Unfortunately, we did not assess corneal sensitivity in our study, for 

example by using Cochet-Bonnet esthesiometry (Murphy et al. 2001). Therefore, we were not 

able to conclude with certainty that there was no causal relationship between the brachycephalic 

breed predisposition, altered and/or preexisting corneal sensitivity, the drug, and the 

development of the SCCED. We considered a causal drug relationship unlikely because we 

chose a low dose, the last bevacizumab dose was administered six months before the adverse 

event occurred, and there were no signs of epithelial thinning, ulceration, or pain during the 

study visits. Instead, the discontinuation of the immunosuppressive therapy that resulted in a 

relapse of immune-mediated keratitis, dermatitis, and self mutilation, may have contributed to 

the SCCED development and its progression into a deep ulcer. 

However, bevacizumab should be carefully used in brachycephalic breeds and in individuals 

prone to recurrent corneal erosions or neurotrophic corneal disorders (Kim et al. 2008, Yu et al. 

2008a, Dong et al. 2017). 
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In our study, two Chihuahuas died four and a half and four months after the last bevacizumab 

administration at the age of twelve and sixteen years, respectively. Both dogs had a history of 

well-controlled mitral valve insufficiency and were monitored regularly by a veterinarian 

cardiologist. In either case, there was no sign of cardiovascular or pulmonary dysfunction 

during the cardiological examinations and study visits. Vascular endothelial growth factor A is 

involved in physiological processes, such as the regulation of blood pressure, hemostasis, and 

vasculogenesis (Shalaby et al. 1995, Carmeliet et al. 1999, Ruhrberg et al. 2002, Gerhardt et al. 

2003, Maes et al. 2004, Edelman et al. 2005). Thus, a prolonged systemic neutralization of 

VEGF may lead to unintended systemic complications (Shima et al. 2008, Wu et al. 2008). 

Following intravitreal administration of VEGF inhibitors in humans, bevacizumab and 

aflibercept cause a decrease of systemic VEGF values (Zehetner et al. 2013, 2015). Thus, 

systemic effects after intravitreal administration are plausible and thromboembolic events and  

systemic hypertension have been reported in rare cases (Shima et al. 2008, Wu et al. 2008). 

After topical administration, systematic bevacizumab concentration is significantly lower than 

after intravitreal or subconjunctival application and there are no reports of severe systemic side 

effects using the topical administration route (Koenig et al. 2009, Nomoto et al. 2009). This 

correlates well with our finding that bevacizumab did not alter systemic blood pressure and has 

no effect on differential blood count, coagulation parameters, and serum VEGF valuess in 

healthy dogs. However, it is well known that corneal permeability and drug bioavailability may 

be different in vascularized corneas compared to corneas with an intact barrier function 

(Yoeruek et al. 2008, Dastjerdi et al. 2011, Sella et al. 2016). Nevertheless, we administered a 

very low dose in our study, assuming that this dose is not high enough to cause systemic side 

effects. In addition, both dogs died months after the last bevacizumab administration during the 

treatment-free phase and showed no signs of cardiovascular or pulmonary dysfunction before 

or during the treatment period, making a causal drug relationship unlikely. 

In future studies, measurement of systemic VEGF values, anti-drug antibodies, and drug levels 

in dogs with corneal vascularization may be considered.  

Patients with preexisting cardiovascular disorders or any risk of embolic events should be 

carefully selected for VEGF inhibiting therapies.  
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4.2.2.2. Efficacy 

To quantify the effect on corneal vascularization, photographs of the cornea were taken at each 

study visit. The major challenge was to take photos as standardized as possible, otherwise the 

image evaluation could be distorted. This included not only keeping the dogs still for a few 

minutes and getting the right angle of view and framing but also technical conditions, such as 

the identical light conditions measured with a luxmeter for consistency, optimal camera settings 

like white balance, ISO sensitivity, exposure time, and camera aperture, and working on a 

calibrated monitor. In advance, we thoroughly considered whether we would be able to shoot 

without flash, as this would cause reflections. Unfortunately, this was not possible, but we 

decided against the round flash and for a forceps shaped flash, because the reflected images 

appeared much smaller. The photographs were analyzed using an image processing software 

(Fiji; open-source software) by measuring the vascularized area and by counting of vessel 

incisions. For the latter, we divided the corneal surface into four circles, each 25 % smaller than 

the respective outer one, and counted the number of vessel incisions on each circle.  

The results indicated that topical bevacizumab has the potential to reduce corneal 

vascularization. We found that it was not so much a complete disappearance or shortening of 

blood vessels but rather a reduction in vessel thickness and the formation of sharped demarcated 

blood vessels out of diffuse and areal hemorrhages. This observation is in line with those of 

other studies (Dastjerdi et al. 2009) and is plausible, considering that VEGF increases vascular 

permeability, vessel tortuosity, and vasodilatation (Edelman et al. 2005). 

Clinically, we found that the tortuosity and branching of the vessel endings decreased notably, 

which is reported in retinal blood vessels following bevacizumab administration, too (Feng et 

al. 2014). This was particularly impressive in a male Great Pyrenees dog. The dog had unilateral 

stromal vascularization occupying the complete corneal surface. It was probably caused by an 

infectious keratitis following an untreated corneal cat scratch. The dog was treated for years 

with various glucocorticoids and cyclosporine without improving visual acuity or 

vascularization. Even though the vascularized area did not decrease after topical bevacizumab, 

distal vessel branching, tortuosity, vessel diameter, and corneal edema decreased markedly. The 

dog owner reported that the dog is now able to move more confidently on the ipsilateral side of 

the body through the obstacle course during agility training.  
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Additionally, we observed a marked reduction in inflammatory intracorneal infiltrates 

following topical bevacizumab which is plausible, as corneal inflammation and VEGF-driven 

angiogenesis are interlinked (Cursiefen et al. 2004a, Chung et al. 2009) and in inflamed corneas, 

VEGF-A is strongly expressed on various corneal cells, such as vascular endothelial cells, T-

lymphocytes, and macrophages (Cursiefen et al. 2000). 

Particularly in a German shepherd dog with CSK, we observed a marked decrease of corneal 

inflammatory infiltrations. The dog's vision was severely impaired, as the corneal opacity 

extended over more than two thirds of the corneal surface. Despite topical combined 

dexamethasone and cyclosporine therapy, there was no clinical improvement. In this dog, 

clinical improvement after bevacizumab treatment was mainly characterized by marked 

reduction of inflammatory cell infiltration and edema, resulting in a significant increase of 

corneal clarity. Stromal thick blood vessels remained. However, thin and superficial blood 

vessels became bloodless and were visible as ghost vessels. A recent study indicated that VEGF 

might be involved in  the etiopathogenesis of CSK (Balicki and Sobczyńska-Rak 2014). For the 

first time, we showed that bevacizumab may have a beneficial effect on angiogenesis and 

inflammation in CSK.  

In our study population, there was a high incidence of preexisting qualitative tear film 

deficiencies, which might have contributed causally to corneal vascularization in these dogs. 

Interestingly, we found that the tear-film-breakup time (TFBT), a measure that determines the 

tear film quality, increased during bevacizumab treatment. This finding correlates with the 

report of significant improvement of TBUT in humans with meibomian gland dysfunction 

following intra-meibomian gland injection of bevacizumab (Jiang et al. 2018). It remains the 

subject of future studies, to investigate therapeutic VEGF inhibition in qualitative KCS in dogs. 

Nevertheless, tear film disorders are accompanied by a deterioration of the ocular surface and 

corneal epithelium health and VEGF is required for normal wound repair (Amano et al. 1998, 

Eming and Krieg 2006). Thus, inhibition of VEGF should be used with caution in this 

indication.  

We observed a high variety of treatment response to therapy. Overall, the mean vascularized 

corneal area was reduced by 48.8 %, with a high range of 4.9 - 100 %. This was reported in 

human studies, too (Dastjerdi et al. 2009, Koenig et al. 2009). There are various explanations 

for this finding. In our study, the dogs displayed a highly variable degree of corneal scarring 
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and depth of blood vessels within the cornea. The ability of a substance to penetrate a tissue 

depends on the porosity, conductivity, and tortuosity of the tissue (Bear and Bachmat 1967, 

Stewart et al. 2009). Reduced tissue permeability in porcine corneas with an increased corneal 

cross-link content following corneal crosslinking is reported (Stewart et al. 2009), suggesting 

that more heavily scarred corneas are less permeable. Some of the studied dogs showed massive 

corneal fibrosis and pigmentation prior to the study, whereas other ones had only thin 

subepithelial blood vessels without any sign of tissue scarring. In future research studies with 

larger patient cohorts, patients could be grouped according to their extent of corneal 

vascularization and scarring in order to assess correlations between degree of tissue scarring 

and the extent of drug efficacy. In addition, a variety of other pro- and antiangiogenic factors 

are involved in corneal angiogenesis, such as VEGF-C, VEGF-D, MMPs, FGF, and integrins 

(Gualandris et al. 1996, Zhang et al. 2001, Senger et al. 2002, Kano et al. 2005, Muether et al. 

2007, Chung et al. 2009, Mimura et al. 2009, Murakami et al. 2011, Gurung et al. 2018). 

Bevacizumab solely binds VEGF-A and is not capable to inhibit other factors that may promote 

angiogenesis, too (Papadopoulos et al. 2012). Thus, the selective inhibition of only VEGF-A 

may lead to the impartial response to therapy. Furthermore, the duration and progression of a 

disease influences the temporal occurrence of angiogenic factors. For example, in DED animal 

models, VEGF expression increased earliest, whereas VEGF-C and VEGF-A expression 

occurred later in the course (Goyal et al. 2010). Furthermore, it is postulated that bevacizumab 

can only suppress proliferation of growing blood vessels and VEGF-A is probably not needed 

for proliferation of mature blood vessels (Benjamin et al. 1999, Cursiefen et al. 2003, Koenig 

et al. 2009). Besides this, humanized therapeutic monoclonal antibodies are reported to be 

immunogenic in animals and might induce immune responses that result in the production of 

anti-drug antibodies (ADA) (Van Meer et al. 2013). Anti-drug antibodies are directed against 

elements of the drug and can lead to hypersensitivity responses, a faster drug clearance, reduced 

effectiveness, and an elevated interindividual variability of treatment response (Chirmule et al. 

2012). We studied a very low dose, and one might assume that this dose is not high enough to 

cause an ADA induction. However, studies indicated that lower rather than initially higher 

doses are associated with the occurrence of ADAs (Somerfield et al. 2010). Thus, ADAs 

potentially contributed to the variable interindividual treatment responses observed in our 
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study. Future research may consider determining ADA status before, during, and after 

bevacizumab treatment in dogs.  

In our study, all but one dog maintained clinical improvement until long-term follow-up, which 

correlates well with studies in human patients (Dastjerdi et al. 2009, Koenig et al. 2009). Thus, 

a therapy episode of four weeks every six months with intermittent therapy-free periods could 

be conceivable. This would be of particular importance in veterinary medicine because multiple 

daily drug therapy is not always possible due to lack of patient compliance, long travel distances 

to the stables, or possible side effects under other long-term ophthalmic medications. Further 

studies are needed to investigate the optimal duration of therapy and therapy-free intervals, 

required timing of follow-up examinations, and the benefit of single subconjunctival injections. 

Moreover, the effect of bevacizumab in other indications, such as PIFMs, ERU, EK, and ocular 

tumors, remains unknown. In our study, we did not have any dog with ocular neoplasia, which 

is also due to the fact that primary corneal neoplasms are rare in this species (Haeussler et al. 

2011, Leis et al. 2017). However, corneal neoplasms occur occasionally in horses, with 

squamous cell carcinomas (SSC) being the most frequent tumor type of the ocular surface 

(Lassaline et al. 2015). A heritable basis in Haflinger horses, a widespread breed in Austria, is 

postulated (Lassaline et al. 2015) and a causal relationship to ultraviolet light is suspected 

(Bellone et al. 2017). In cats, there is a high need for new targeted therapies for feline palpebral 

neoplasms (Newkirk and Rohrbach 2009). These neoplasms tend to be malignant and even with 

aggressive surgical excision and extensive palpebral lid reconstructions, can run lethally 

(Newkirk and Rohrbach 2009). There is only one published case report in animal medicine, 

dealing with an Amur tiger with a palpebral sebaceous carcinoma relapse that was successfully 

treated with intralesional bevacizumab as an adjuvant therapy to surgery (Edelmann et al. 

2013). Taken together, therapeutic VEGF inhibition may represent a promising approach to 

combat ocular surface neoplasms in animals. However, our in-vitro results indicated that feline 

and equine VEGF may not be bound by aflibercept and bevacizumab or may interact only in a 

nonspecific manner. It would be of great interest to investigate other VEGF inhibitors, such as 

ranibizumab, brolucizumab, and the bispecific antibody faricimab that inhibits both VEGF-A 

and angiopoietin-2 (Stevenson et al. 2012, Dugel et al. 2020, Sahni et al. 2020). 

Besides the usage of VEGF inhibitors in cancer diseases, novel treatment strategies for the 

treatment of PIFMs are needed (Pfeiffer et al. 1990). In our study, we solely assessed the effect 
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of bevacizumab on the ocular surface and the penetration through the intact corneal epithelium 

into the anterior chamber is unlikely (Dastjerdi et al. 2011, Moisseiev et al. 2014). To date, the 

safety and efficacy of intravitreal or subconjunctival bevacizumab administration in adult dogs 

is unknown. However, there are studies investigated intravitreal VEGF inhibitors in animal 

models of experimentally induced choroidal and retinal vascularization in monkeys and in 

newborn dogs (Lutty et al. 2011, Nork et al. 2011). These studies indicated that VEGF 

inhibition is effective in repression of pathological vascularization with no or only mild adverse 

events. It may be the topic of future research, to investigate the safety and efficacy of intraocular 

administered bevacizumab to treat intraocular or retinal disorders in dogs. 

 

There are several limitations of this study. In our study, we included dogs with refractory 

corneal vascularization despite the use of topical/and or systemic medications, such as topical 

cyclosporine, dexamethasone, and systemic NSAIDs and cyclosporine. No dog was treated 

with topical or systemic glucocorticoids during the study period. However, almost all dogs were 

pretreated with topical cyclosporine and were maintained on the drug during the study. We 

decided against discontinuing cyclosporine for ethical reasons, because we did not want to take 

the risk for deterioration of the stable condition of the cornea. One may criticize that the 

angioregressive effect observed was not due to bevacizumab alone. However, cyclosporine was 

used in all dogs for months or years without further improvement of corneal vascularization. 

This is supported by the finding that topical cyclosporine did not inhibit corneal vascularization 

in rats (Bock et al. 2014, Villar et al. 2020). Future studies are needed, to investigate 

bevacizumab as a single treatment option.  

Another limitation was the way we quantified the blood vessels, as discussed earlier. It has to 

be mentioned that even in 30-fold magnification with biomicroscopic slit lamp examination and 

high-quality photographs, not all corneal blood vessels are visible, in particular when corneal 

edema, pigmentation, and scarring are present. To assess each vessel as comprehensively as 

possible, further imaging techniques, such as ultrahigh-resolution OCT, indocyanine green 

angiography, or fluorescein angiography can be considered (Anijeet et al. 2012, Werkmeister 

et al. 2017). 

Furthermore, the validity of this study is limited by its study design, as it was conceptualized 

as a prospectively planned case series. We did not have a control group, thereby we could solely 
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investigate the effect before and after treatment. Future studies with larger patient cohorts in a 

placebo-controlled, masked study setting are of interest.  
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5. Conclusion 
 
In summary, this PhD project demonstrated that anti-human VEGF bevacizumab and 

aflibercept were able to bind canine VEGF in a dose-dependent manner in-vitro. However, our 

results indicated that feline VEGF is bound by aflibercept and bevacizumab solely in a 

nonspecific manner. In horses, there was a lack of VEGF binding to bevacizumab. Aflibercept 

bound equine VEGF in a linear manner, assuming a nonspecific binding.  

Moreover, this study showed that bevacizumab eye drops are topically and systemically safe in 

healthy dogs and did not cause changes in vital signs, blood counts, blood pressure, and serum 

VEGF values in healthy dogs. Furthermore, our results indicated that topical bevacizumab may 

be beneficial for the treatment of corneal vascularization in dogs. However, a high range of 

response to treatment was noted and the angioregressive effect was characterized rather by a 

reduction of blood vessel caliber and branching, then by a complete disappearance of the 

vascularized area. In all cases affected by corneal edema or inflammatory cell infiltration, a 

clinical improvement and increase of corneal clarity was achieved. 

Topical bevacizumab may be used with caution in dogs prone to corneal erosions and 

neurotrophic corneal disorders, and in the presence of pre-existing systemic cardiovascular 

disease, systemic hypertension, or risk for embolic events. 

Finally, this PhD project is an important step to improve the understanding and knowledge of 

VEGF in dogs, cats, and horses. It might pave the ways for novel therapies for neovascular and 

cancer diseases in animals that may be addressed in future research. 
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