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1.! Summary
Cornealvascularizations a major challengia veterinary ophthalmologgnd is associated with
a variety of adverse effects, including visual impairment due to corneal edema, deposition of
pigments and lipidgyersistent corneal inflammatioand loss othe corneal immune privilege
(Danaand Streilein 1996, Andrew et al. 1998, Murphy et al. 2001, Andrew 2008, &wehn
Meunier 2013, Lassaline et al. 2015, Plummer 2015, Hindley et al. P8dbetter et al. 2016,
Krecny et al. 2018)
Normally, themammaliancornea is free of blood and lymph vessehich is one of the
prerequisites for corneal transparer{@rispin and Barnett 1983Werkmeister et al. 2017)
Corneal aascularity is regulated by a balance of -pemd antiangiogenic mechanisms
(Cursiefen et al. 2004b, Ambati et al. 2006, Cursiefen et al. 2006, Matsui et al. 2012, Zakaria
et al. 2012) Stimuli such ashypaxia, inflammation, and inféon can tip the scales to the
angiogenic sidehat causengrowth of blood vessels into the corn@dastyugin et al. 2001,
Gan et al. 2004, Goyal et al. 2010, Shi et al. 2010, Lat&y. 2011, Chen et al. 2012, Park et
al. 2018)
Onre of the keymediatorsof angiogenesis is the vascular endothelial growth f{staGF)-A,
whichis involved inboth physiological and pathologicgscularizatior(Shalaby et al. 1995,
Amano et al. 1998, Gerhardt et al. 2003, Gan et al. 2004, Jia et al. 2004 dachigeg 2006,
Pieh et al. 2008)vVascular endothelial growth factor i& a glcoprotein thaexerts its effect
throughtwo tyrosine kinase cell surface receptors, VEGF receptor (VEGQRRIVEGFR-2.
(Gerhardt et al. 2003, Jia et al. 2004 )causative function of VEGRA and VEGFR2 during
corneal angiogenesishas been demonstrated in experimental animal models of corneal
vascularization and in humans with naturally occurring corneal angiogéGessefen et al.
2000, Mastyugin et al. 2001, Gan et al. 2004, Cheh 2042, Yun et al. 2020)
Nonethelessthe function ofVEGF in ocular diseases in animal patiergdargely unknown
(Zarfoss et al. 2010, Binder et al. 2012, Sandberg et al. 2012, BailidkSobczyskaRak
2014) There ardew studiesindicatinga possiblerole of VEGF in a number of canine ocular
diseases, such as chronic superficial keratitis andrigiad fibrovascular membrandgarfoss
et al. 2010, Sandberg et al. 2012, Baliakal Sobczy skaRak 2014) In experimentalcanine



models of retinopathy of prematuyritthe usage otherapeuticVEGF inhibitors led to an
efficient redudion of retinal vascularizatior(Lutty et al. 2011)In horses affected bgquine
recurrem uveitis a causal role of VEGRas beempostulatedDeeg et al. 2006, 2007, Curto et
al. 2016)

Although studiesn dogs, cats, and horsaee sparse, it can be speculated that VEG¥Fen
mechanismsarecausallyinvolved incorneal vascularization these speciesoo.

The discovery of drugs that inhibit VEGKand its effectiveness in neovascular disortes
revolutionized humawphthalmology, in particular in retinal neovascular disor@@very et

al. 2006, SchmidErfurth et al. 2014, Dugel et al. 2020, Sahni et al. 20P@p of the most
intensively studied VEGF inhibitors are bevacizumab and aflibe(Pegps$ta et al. 1997, Holash
et al. 2002)Bevacizumab is a humanized murine AriGF monoclonal antibody that binds
to human VEGFA (Presta et al. 1997Aflibercept is a fusion protejironsisting of regions of
VEGFR-1, VEGFR2 and human Ig@ that bindsto human VEGFA, VEGFB andplacenta
growth facte (PIGPH, and to VEGFA and PIGF of mic€Holash et al. 2002, Papadopoulos et
al. 2012) The use of bevacizumab and aflibercept is considered a promising approach to
suppress corneal vascularizationhumangDastjerdi et al. 2009, Aksoy 2019, Cholak et al.
2020)and a clinical applicability in dogs, cats, and horses is conceivdbas of great interest

in veterinary ophthalmologyas the incidence of corneal vascularipat is high, persistent
corneal blood vesselsan result in visionthreatening complications, and existing standard
therapies may biasufficient or carry a high risk of adverse evdi@ktter et al. 1977, Bedfor
and Longstaff 1979, Kaswaand 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 torhMEB&FA (Presta et

al. 1997, Holash et al. 2002, Papadopoulos et al. 20h2pharmacological binding properties
to canine, feline, and equine VEGF are unknown to dataddition, here is ndknowledge
aboutthein-vivo effectsof topicalusage in these specidherefore, the aim of thiBhD study
was to evaluate the binding properties of bevacizumab and aflibercegite, feline, and
equineVEGF and tofurtherinvestigate the effects of topical bevacizumafiiro in dogs.
Amino acid sequence comparisons revealbijh homologyandanidenticalsequencef the
bevacizumab bindingegionof canine, feline, and equine VEG@Bmpared to human VEGF.

Using ELISA- and Westernblot analyss, the binding ability of both bevacizumab and



aflibercept to canine VEGWwas demonstratedHowever the resultsindicatedthat feline and
equine VEGF may not bboundby aflibercept andevacizumab orbind in a nonspecific
manneronly.

Subsequentlyve set out to investigatbevacizumab eye droms healthy dogsderived from
commercially available bevacizumab for intravenous use and diluted in sterile J&lae
results showed that topical bevacizunadlaconcentration of 2.5 mg/mhdministeredwice a
dayoverfour weeks waswell tolerated This finding allowedusto use topical bevacizumab in
dogs with naturally occuring corneal vascularization refracyorto standard therapyA
reduction in corneal vascularization, most notably as a significant decrease in vessel diameter,
areductionin distal vessel branching, an improvement in corneal edema and inflammatory cell
infiltration, anda marked improvemennhicorneal claritywas observedHowever, aFrench
bulldog developed corneal erosion and tw8hihuahuas suffering fromreexisting mitral
valve insufficiencydied during the treatmeifitee observatiomperiod. A causal relationship

with the drugwas consideredinlikely. Neverthelessdogs prone to corneal erosions and
neurotrophic disase as well as preexisting cardiovascularoditers should be selected with
caution(Kim et al. 2008, Yu et al. 2008a, Dong et al. 2017)

This PhDwork demonstrated theapability of bevacizumab and aflibercept band canine
VEGF and the potential of topical bevacizumab to reduce perststargal vascularization in
dogs.

Overall, this PhD project provided an important step for future clinical ube@peutid/EGF

inhibitorsin neovascular ocular disdersin animals.



2.! Introduction

2.11 Corneal transparency and the impact of corneal blindness
The ability to see is considered the most important sepsocgptior(Scott et al. 2016)isual
impairment and blindness have a major impacthequality of life and mentahealth(Alma
et al. 2011, Renauahd BZdard 2013Blindnessdue toacorneal disordeis one of thdeading
causs of vision loss(Whitcher et al. 2001, Bourne et al. 2018prmally, the cornea is clear
and acts as thmajor refractive interfacef the eyewhichis essential fotransmission of light
and thevisual perceptioriSun et al. 2005, 2011, Werkmeister et al. 2017)
The transparency of the cornes basedon its unique biological and structural properties
includinga highly orderedhierarchicalarrangemenof the collagenrich extracellular matrix
(ECM) of the stroma(Crispin and Barnett 1983)The major stromalECM componentsare
dense, regularly packed, small diameter collagen fif@tsspin and Barnett 1983)A subtly
balanced interaction between collagen fibrils, keratocytes, and &@Nbonents like typ¥
collagen and proteoglycans are essetriiaimaintainng the regular collagen fibril growth,
stromal extracellular matrix assembly, and water content within the c(Buneaet al. 2011,
Chen et al. 2014, 2015M\ny dteration of thisintricate system can result in deficiencies in
corneal clarity and refractiai€hen et al. 2007, Sun et al. 2011)
In addition, corneal transparency is maintainedtliy nonkeratinized corneal epithelium
moisturized by the preocular tear film, the deturgescence accomplished by the corneal
epithelium and endothelium, and the absence of bloodyamghatic vessels within the cornea
(Crispinand Barnett 1983onano 2012 Werkmeister et al. 2017)
In almost all mammalian species, the normal adult cornea is avascular, except for a capillary
arched network at the limby€rispin and Barnett 1983, Werkmeister et al. 2Q1CZprneal
angiogenesisan lead to a sevemdrneal opacitiegsue to corneal edema, pigmatibn, lipid
deposition andmay result in persistent corneal inflammatandlossof the corneal immune
privilege (Fig. 1) (Danaand Streilein 1996, Cursiefen et al. 2004a, Chung et al. 2009, Dubielzig

et al. 2010, @latt et al. 2013a, Werkmeister et al. 2017)
!



Figure 1. Corneal vascularization can lead to sewamaplications and visual impairmentanimal patient:
{a) Pacman riog with keratoconus, corneallceraton, and vascularizatiotb) Egyptian sandjecko witt
chronic keratitis, severeornealscarringand pigmentation, and anterior synechia @hihuahuawith
superficial immue-mediated keratitiassociatewvith corneal vascularizaticemdedema (dPersian catvith
corneal sequestrum, surrounded dornealblood vessel infiltrationle) Domestic’ shorthairedat with
conjunctival flap (f) Leopardiecko with corneal pigmentaticand lipid depositior(g) Tiger python wit
exophthalmos, defective spectaculwtmonic keratitisand cornealascularizatiorth) Hdsteiner horsevith
immunemediatedkeratitis assoctad withvascular sproutingnd severe corneal edema



2.21 Molecular pathwaysof angiogenesis
Angiogenesis describake highly complex process of blood vesgebwth from preexisting
vascular networkgGerhardt et al. 2003, Chugd Ferrara 2011Normally, the mammalian
cornea is free of blood vessdlCrispin and Barnett 1983, Werkmeister et al. 2Q1This
avascular state of the cornea is actively maintained by a bad&sedt and proangiogenic
factors and mechanisn(@ursiefen et al. 2004b, 2006, Ambati et al. 2006, Matsui et al. 2012,
Zakaria et al. 2012)

2.2.1! Angiogenic factors
Some of thanost important angianic and antiangiogenifactorswill be addressedtelow,
focusing on the role ofhe vascular endothelial growth fact¢¥EGF) and itsinterlinked

agonists and antagonists.

Vascular endotheliagrowth factorsrepresentr group of signal molecules ardmpromises
five membersVEGFA, VEGFC, VEGFD, andthe placenta growtltiactors (PIGF) (Ferrara
2009) Additionally, viral VEGFE andreptilian VEGFF have been identifieOgawa et al.
1998,Suto et al. 2005Yamazaki et al. 20089)

The members of the VEGF famibynd tothreedifferent tyrosine kinase cell surface receptors,
the vascularendothelialgrowth factorreceptors (VEGFR]), VEGFR2, and VEGFR3 (Park

et al. 19940lofsson et al. 198, Gerhardt et al. 2003, Gan et al. 2004, Jia et al. 2b@&cular
endothelial growth factof binds to VEGIR-1 andVEGFR-2 (Gerhardt et al. 2003, Jia et al.
2004) PIGF and VEGB to VEGFR1 (Park et al. 19940lofsson et al. 1998and VEGFC
and VEGFD to VEGFR-3 (Jia et al. 2004, Cursiefen et al. 2006, Chung et al. 2009)
Vascular endothelial growth factor receptor3 is a major regulator of lymphangiogenesis
(Cursiefen et al. 2004a, Goyal et al. 2010, Han et al. 2014anduLiu 2016) However,
VEGFR-3 signalingvia VEGFC and-D is involved in angiogenesis, tq€hung et al. 2009)
For examplecorneal VEGFC and-D implantsare capable tonduce corneal vascularization
via VEGFR3 andactivate therecruitment of macrophagewhich in turnsecrete VEGHA
(Chunget al. 2009)



The function of VEGFRL is not yet fully understood and it is controversially debated whether
VEGFR-1 has a more pr@r antiangiogenetic functigiPark et al. 1994, Cursiefen et al. 2004a,
Ambati et al. 2006, Li et al. 2011Budiesdemonstrated that VEGFR signaling amplifies
inflammatory hemandlymphangiogessis, induced mainly by VEGIA and to a presumably
lesser extent by PIGfPark et al. 1994, Cursiefen et al. 2004a)a study withmice lacking
VEGFR-1, significantly decreased VEGRlueswere detectedresultingin an inhibition of
tumorangiogenesis argrowth (Li et al. 2011) This conflicts with the hypothesis that VEGFR
1 has an inhibitory arapfunction and does negatively regulate VEGERignaling(Ambati

et al. 2006) This issupported by the observation that VEGERs not detectable in corneas of
Florida and Antillearmanatees, the only mammaliapecies known to have physiological
corneal vascularizatiofAmbati et al. 2006) In contrast,dugongs, African, andAsian
elephantsthe closest extant terrestrial relatives of manatees, do exhibit corneal VE&&R
do not have vascularized cornéaAmbati et al. 2006)

Vascularendothelialgrowth factorreceptor2 exertsits effects via VEGFA (Gerhardt et al.
2003, Jia et al. 2004Y ascularendothelialgrowth factorA is a glycosylated, disulfidénked
homodimerandVEGFA-driven VEGFR-2 signaling is postulated to be the dominant inducer
of both pathological and physiologicahgiogenesigShalaby et al. 1995, Amano et al. 1998,
Gerhardt et al. 2003, Gan et al. 2004, Jia et al. 2004, Eanthgrieg 2006, Pieh et al. 2008)
This is supported by the finding that mice embryos deficient in VEQHRve significant
deficiencies in vasculogeneg¢thalaby et al. 1995TheVEGFA-driven VEGFR2 activation
regulates the development of the vascular sydtgnpromoting vascular endothelial cell
migration, mitosis, and surviv@lia et al. 2004and by guiding angiogenic sprouti(@erhardt

et al. 2003) Additionally, VEGFA is essentially required for the normal wound hepand
corneal nerve regeneratigdmano et al. 1998, Emingnd Krieg 2006, Yu et al. 2008a)
induces blood vessel dilation, and increases vessebsitgttand permeabilityEdelman et al.
2005) In ocular disorders, VEGA is thought to be one of tHeey originatorof pathologial
cornea) intraocularand retinabngiogenesiAiello et al. 1994, Mastyugin et al. 2001, Gan et
al. 2004, Haines et al. 2006, Pieh et al. 2008, WaresCarr 2010, Yun et al. 2020)
HumanVEGF-A is encoded by th# EGFA gene and duto alternative splicing, at leasine
human VEGFA isoforms exist (VEGE,, VEGF.s, VEGFus, VEGFe, VEGFe, VEGF;s,
VEGF.g3, VEGFss, VEGFye) (Tischer et al. 1991)n the canine speciesyé VEGF isoforms



were identified (VEGh,, VEGF.14, VEGF, VEGFs, VEGF;sg) (Scheidegger et al. 1999,
Jingjing et al. 2000)The most frequently expressed isoformme YEGF,, VEGF, and
VEGFg in dogsandVEGF;,; and VEGFs in humais (Ballaun et al. 1995, Scheidegger et al.
1999, Jingjing et al. 2000)

The reason for the complexity of VEG¥isoformsis not yet fully understoadsoforms differ

in their biological properties, theway to interact with VEGFR and neuropilins (NRand

the binding affinity to hepari(Houck et al. 1992, Park et al. 1993, Soker et al. 1998, Lee et al.
2005) The isoformsVEGF;s and VEGF, have two heparibinding domains and are bound
to theextracellular matriXECM) or cell surfacegHouck et al. 1992, Plaret al. 1993)The
isoform VEGF;»; has a low affinity to bind heparin and is solulitouck et al. 1992)As
VEGF5 has only one heparbinding domainit is both soluble and ECM bour(®ark et al.
1993) Processing of the-@rminus of VEGF isoforms by matrix metalloproteinases convert
the bound to a soluble fornthereby affecting the bioavailability of VEGEee et al. 205).
Some isoforms of VEGHA can bind to theo-receptors NFL and NP2, thereby potentiating
their effect(Soker et al. 1998Mice expressingnly VEGF,,, show insufficientlydeveloped
vascular brandhg (Carmeliet et al. 1999, Ruhrberg et al. 200&%)ereas mice exhibitingnly
VEGF.gs suffer from excessive branching and thiilsorganized blood vesse(slaes et al.
2004) Thus, thebalance of these VEGF isoforms is essential for the normal development of
the vasculature systeamd changes in VEGHA isomer composition can lead to devastating
implications for the physiological vasculogenesis and organogeftemimeliet et al. 1999,
Ruhrberg et al. 2002, Maes et al. 2004)

Besides VEGF, a plenty @iro- and antiangiogeneti@ctorsand mechanismare involved in
the highly complex process of angiogené€isungand Ferrara 2011Within the scope of this
work, only the interactng, enhancingor influencing mechanismsf VEGFA with those

factors will beaddressed

Matrix metalloproteinases (MMPs) are a large group of -di@pendent metalloproteinases
(Sivak et al. 204, Lee et al. 2005, Mimura et al. 2009, Ebrahem et al. 2010, Rajashekhar et al.
2014, Han et al. 2015, Dand Liu 2016, Park et al. 2018\ variety of functions are attributed

to this group of moleculesncluding pro- and antiangiogenicproperties(Lee et al. 2005,



Mimura et al. 2009, Ebrahem et al. 2010, Han et al. 2015ndu_iu 2016) Angiogeresis
describes thgrowth of newblood vessels from preexisting vasculature and sprouting into the
cornea(Gerhardt et al. 2003, Churagd Ferrara 2011 However, thenvasion of endothelial
cells requires degradation of ECM structures which is inducéddlys (Mimura et al. 2009)
Additionally, MMPs affect corneal angiogenesis through an interplay with various cytokines,
signaling molecules, growttand transcription factorecluding VEGF functions in multiple
antagonistic and agonistic waySivak et al. 2004|.ee et al. 2005, Ebrahem et al. 2010,
Rajashekhar et al. 201Han et al. 2015)In ocular surface disordefgIMP-9 is known to be
overexpressed and MMP levelsareincreased in vascularized corné€&si et al. 2010, Park

et al. 2018) Matrix metalloprotinasesare able to increase VEG¥alues by releasing
sequestereEGF and cleavage of the-Terminus of the heparhinding domains of VEGF
(Lee et al. 2005, Ebrahem et al. 2Q1Bxperimentalanimal studieslemonstratedhat the
angiogenic response of MMRinduced corneal neovascularization carsbppressetly the

use of VEGF inhibitors (Ebrahem et al. 2010)Conversely, VEGHnduced corneal
vascularization can beepressedby MMP inhibitors, indicating a mutually potentiating
proangiogenic efiet of VEGF and MMP9 in the course of corneal vascularizat{&@brahem

et al. 2010)The transmembrandMP-14, whose effect on angiogenesis is still under debate,
is capable to cleave VEGFRInto a 59.&Da fragment that binds VH&s, thereby having a
VEGFtrapping mechanismsand an antiangiogenic effefan et al. 2015)In mice with
sutureinduced inflammatory corneal vascularization, M was found topromoke
lymphangiogenesis via the VEGEHVEGFR3 signaling pathwayDu and Liu 2016) In
addition, it is known that via the VEGR/#5 pathway, MMP14, MMP-2, and various types

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

induced corneal vascularizatio(Zhang et al. 2002)

Integrinsaretransmembrane proteitizat have crucial functiain mediating between the ECM
and cell{Senger et al. 200€hen et al. 2007, Muether et al. 200@)murine moded of corneal
vascularizationintegrin® s#; wasincreased and its inhibition resultedairegression of corneal
bloodvessel{Muether et al. 2007A significantly reduced vascular response was observed in
mice lacking thé 1#1 integrin receptofollwing corneal allograft transplantatiofChen et al.

2007) Furthermore, integrm " #; and " #, are known to be involved in VEGkiven
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angiogenesis in the skin of mi¢8enger et al2002) Zhang et al. showed that in rats with
alkalineburrrinduced corneal angiogenesis integrirs " #s, " #;, and" . #; expression
correlated withcornealvascularizatiorand the author suggested that this was driven via the
VEGF pathway(Zhang et al. 2002)

Fibroblast growth factors (FGF) are potent angiogenetic medi@Baralandris et al. 1996,
Zhang et al. 2001, Kano et al. 2005, Murakami et al. 2011, Gurung et al. 30id@¥s found

that corneal inflammatory cells amgured corneal stroma itself secrete FGEsialandris et

al. 1996)and both FGR2 and VEGFA have been reported to promote and sustain corneal
vascularization in herpetic kerati{iurung et al. 2018)Fibroblast growth factorpossess a
stimulatory effect on vascular endothelial cells via tyrosine kiff&SF receptors, similar to
VEGF (Zhang et al. 2001 here is a collaborative interaction and interdependence of FGF and
VEGF, as FGR2 acts synergistically with VEGRA on neoangiogenesi¥Xano et al. 2005)
Murakami et alfound that suppression of FGF leads to a reduced expression of VEGFR
resulting in loss ofascular integrity and an impaired formation of the vascular morpholegy in

vivo (Murakami et al. 2011)

Corneal inflammation and angiogenesis argerwoven which is underlinedby a close
interplay of VEGFA, macrophages, and interleuking (ICursiefen et al. 2004a, Ebrahem et
al. 2006, Chung et al. 2009)ascularendothelialgrowth factorA is capable to chemoattract
immune cell§Cursiefen et al. 2004b, Chung et al. 200®jurn, macrophagethatare attracted
to the injured or inflamed corneal tisspetentiate the angiogenic effect by secretiofudher
VEGF-A (Cursiefen et al. 2004a, Chung et al. 200®nddition, intertukinslike 11-1# and I}

6 can promote corneal vascularization through the \M BGathway(Ebrahem et al. 2006)

The proangiogenic factors are counterbalanced piethora of antiangiogenetic factahst
are substantiain the regulation of corneal avascular{tghungand Ferrara 2011)The key

mechanisms, particularly in relation to VE@E will be addressebelow.
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2.2.2! Antiangiogenic factors

There are various mechanisms that maintain corneal avascularity, such as the/&BHRe

1, which s postulated to act as an endogenous VEGFap (Ambati et al. 2006)Additionally,

there are negative feedback mechanisms that prevent profuse angiogenesis. For example,
VEGF-A activates the delthke ligand 4(DLL4) in tip cells, cells at the tips of vascular sprouts

that have an important role in the angiogenesis proeess DLL4 decreaseshe VEGFR-2
expression via the notch signaling pathway in stalk ¢etdov et al. 2007)This negative
feedback dop is in turninverselyregulated by other notch ligands, such as Jadgdbat

decreasthe signaling in adjacent tip ce(lBenedito et al. 2009)

Beyond thee mechanisms there are antiangiogenic factors that are essential for the
maintenance of corneal vasculayityuch as thrombospondiTSP) pigmentepithelium

derived facto(PEDF) endostatin, and angiostatin.

ThrombospondisareECM-boundglycoproteinswith multiple functionsincludingpreserving
theavascular ambit of the corneadcornealwound healingCursiefen et al. 2011, Matsuba et
al. 2011, BlanceMezquita et al. 20135tudies demonstrated that corneas of mice deficient in
TSR1 have an impaired corneal wound healipgrsistent opacityBlancoMezquita et al.
2013) and developprofuselymphangiogenesi(Cursiefen et al. 2011)t is thoughtthat the
lymphangiogenic effectare causelly TSP bindingo CD360n corneal macrophagdbereby
decreasinghe levels ofymphangiogenic VEGH and-D but not VEGFA (Cursiefen et al.
2011) In addition TSR1 andTSP-2 inhibit severalangiogenicfactors, such asIMP-2 and
MMP-9 (Beinand Simons 2000)

Pigment epitheliunderived factor is aglycoproteinthatis localized in multiple ocular tissues
andfunctions as an important inhibitor of corneal angioger(®adsui et al. 2012, Eslani et al.
2017) In vascularizedcorneas of ats, the administration osynthetic PEDF yielded in a

reduction of corneal vascularization and a decrease of \Ea(siEs (Matsui et al. 2012)

Endostatin and angiostatin are proteins \&ittiangiogeni@ropertiegHanai et al. 2002, Kim

et al. 2002, Sharma et al. 200Ahgiostatin and endostatimve multiple effects on vascular
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endothelial cells, such as the inductionapioptoss and the inhiltion of proliferation and
migration (Hanai et al. 2002, Sharma et al. 2004 vascularized rodent corneas,
subconjunctivally applied endostatiradis to a suppression of corneal angiogen@sist al.
2015)andhas an indirect inhibitory effect on VEGF by interacting with VEGEKImM et al.
2002)

The maintenance of corneal avascularity is based on the counterbalamggogiericand
antiangiogenic factor@Cursiefen et al. 2000, 2004b, Mastyugin et al. 2001, Gan et al. 2004,
Chen et al. 2012However, this balance monsideed to beredundantly regulate@Cursiefen

et al. 2004h)This means that avascularity is not automatically lost imbdsence of one of the
antiangiogenic factorand that a threshold exists up to which angiogenesis does not occur even
under mild angiogenic stimul{Cursiefen et al. 2004b)However, eventdike injury,
inflammation, or hypoxia may cause the threshold to be exceeded and tip the scales to the
angigenic si@é (Mastyugin et al. 2001, Gan et al. 2004, Goyal €@l0, 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 clarigdema,and deposition of pigments, crystals, and lipids
(Figure 2) (Bedfordand Longstaff 1979, Nasisse et al. 1998, Williams 2008, Dreyfus et al.
2011, Benayoun et.a@012, Laguna et al. 2015, Narimatsu et al. 2019, Costa et al.!2021)



13

. WFol

Figure 2. Undesired effects of corneal vascularization can leadleceeasef corneal transparency amsual
impairment (a) Domestic shorthaired cat with corneakcularization an@dema (b)Persiancat following
corneoconjunctival transposition due to a catrgequestrum, showing cornealscularizationedema and
pigmentation (c) German shepherd dog with chronic superficial kerdgciated witltorneal pigmentatic
over more than half of the corneal surface (d) Pug with severe corneal pigmentation involving the entil
surface, resulting in significant visual impairment@gmestic shorthaired cat with corneal vascularizatior
deposiion of pigment within the cornea (f) Quarter howgith invasive squamous cell caraima, showint
corneal vasularization, corneal neoplastic infiltratioanddeposition of lipidsandcalcium
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Besidesthese clinically obvious consequences of corneal vascularization, persistent blood
vessels within the cornea constitute the riskasftinuousnflammation and loss dhe corneal
immune privileggDanaand Streilein 1996, Yamagami et al. 200&)mure-privilegedtissues

are sites, where the insertion of foreign tissue can survive for a prolonged time, whereas similar
transplants in conventional tissues are reje(3¢@ilein 2003) This becomesisible in clinical
practicewhen tissue from bladder or pericardiunsigcessfulljused as corneal donor graft in
animalpatients(Featherstone et al. 2001, Balland et al. 20IB¢ underlying mechanisms of

the ocularimmure privilege are based on the anterior chards=ociated immune deviation,

the immunosuppssive microenvironment of the eye, and anatomical, cellatet molecular
barriers(Danaand Streilein 1996, Streilein et al. 1997he corneal immune privilege is
essential to maintain the corneal functions and clarity and enables the corneadquiaié
inflammatory respons€®anaand Streilein 1996)Corneal vascularization impairs the corneal
immune privilegewhichis of great clinical importan¢asthe risk forcornealgraft rejections

is significantly increaseth vascularizedcorneas(Yamagami et al. 2002, Bachmann et al.
2010) There are no studies in veterinary medicine assesstligeet association between
corneal graft rejection and corneal vascularizafddoMullen et al. 2015, Lacerda et al. 2017)
However, ophthalmologistsrecommend to treatorneal 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 dhe relationship of VEGF andcular neovascular disorders has been
driven significantly by the investigatisiof ocular retinatlisorderqAiello et al. 1994, Pieh et
al. 2008, Lutty et al. 2011Retinopathy of prematurity (ROP) is a blinding condition in
premature infant¢Pieh et al. 2008and was studied ia RORlike modelin newborn dogs
(Lutty et al. 2011)In this experimental modetlogswere exposedo high levels of oxygen
which resultedn a stop ofvasculogenesiand vasoobteration Subsequently, the doggere

returned to normal room aand as a response to theficiently vascularized inner retina
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pronouncedvasoproliferationphase folloved Following intravitreal therapeuticalVEGF
inhibitors areductionof retinal vascularizatiowas observeth these dogfl_utty et al. 2011)
Pieh et alfound that ROP infants hadgnificantlyincreased levels obtuble VEGFR-2 in the
plasmaPieh et al. 2008)nterestingly systemicVEGFA concentrations were similar between
ROP and healthy children, suggesting a local VEGsroduction in the retinen ROP(Pieh et
al. 2008) Besides ROP, theres avariety ofblinding retinaldisorderan humaxswhere VEGF
appears to have a causalerand ardreatedroutinely with therapeutid/EGF inhibitors such
as neovasculamlagerelated macular degeneratiamd diabetic macular edem@very et al.
2006, Arevalo et al. 2007, Schmidtfurth et al. 204, Dugel et al. 2020)

Thecausal associatioof VEGF in corneal vascularizatiom humans, mice, and rabbisswell
studied too (Cursiefen et al. 2000, Mastyugin et al. 2001, Gan et al. 2004, Chen et al. 2012,
Yun et al. 202Q)In a rabbitmodelof hypoxiccorneal vascularizatiomduced by closed eye
contact lensvear, al2-fold expression of VEGF mRNA compared to baseluasdescribed
(Mastyugin et al. 2001)Corneal hypoxia can induce corneal angiogenesis via VEGF
expression through the hypoiaducible factorl " (HIF-1") (Chen et al. 2012)n humars,
VEGFA is immunohistochemically detectable iendothelial, stromal intravascular
inflammatory and basal corneal epithelial celfstissue samples of corneal vascularization,
(Cursiefen et al. 200@ndis strongly expressed bgornealvascular endothelial celis rabbits
following corneal alkali burrfGan et al. 2004)A recent stug on herpetic keraig indicatel
that herpesnfected cells themselves actively secrete VE&GRhereby promoting corneal

angiogenesigYun et al. 202Q)

In veterinaryophthalmology knowledge abouVEGF and its roleduring ocular diseasesn

dogs, cat, and horsase sparse

A major contribution to enhance the understanding of VEGF in horses was made gnDeeg
colleagues, who studiezfjuine recurrent uveitis (ERU), a leading cause for equine blindness.
To date, he etiopathogenesiand treatment of ERU is still controversially discus&edrding

and Gilger 2016)In an equine model of uveiti®eeg et alshowed that retinal vessels and
Mueller glid overexpress VEGKDeeg et al2006) Immunohistochemical findings revealed

that VEGFwasdetectable in the retina &RU eyes andwas associatedith an increase of



16

PEDF (Deeg et al. 2007)Additionally, VEGF was 19-fold higherin the aqueous humor of
horses with ERU compared to healtdnyd noRERU uveitis eye¢Curto et al. 2016)

In dogs, besidethe already discussed caniarimal models in ROP, there are osingle
studieswhich assessed thmusative role o¥EGF during oculadiseases. Abrams et &und

that VEGFis higherin the aqueous humor compatedilasman diabetic doggAbrams et al.
2011) Anyway, there was ndetectablelifference between VEGFaluesn the aqueous humor
between diabetic and nahabetic dogslnterestingly, another studiemonstrated significant
increase oVEGF in a variety of intraocular canine disorders, except for diabetic cataracts
(Sandberg et al. 2012hus, t is hypothesizethat the lack of VEGF increase in diabetic dogs
represents protectve mechanisnagainst diabetic retinopathwhich is a widespread blinding
condition indiabetichumangAbrams et al. 2011)

Preiridal fibrovascular membranes (PIFMSs) are a feared complication of ocular diseases in
animal patientslue to their associatiowith synechiae, glaucoma, and hypheateiffer et al.
1990) In dogs that underwent cataract surgery, PIFMs ae a the leading causes of
enucleatior{Moore et al. 2003)An immunohistochemical analgsdemonstratea pronounced
presence of VEGF in canine PIFMssociated with intraocular inflammatory and neoplastic
disordergZarfoss et al. 2010 hesefindings are consistent with the observatdsignificant
increasedVEGF valuesin the aqueous humor of dogs with PIFMs compared to normal eyes
(Sandberg et al. 2012)hus, a causative relationship between PIFMs and VEGF is postulated
(Zarfoss et al. 2010, Sandberg et al. 2G#”2) VEGHnhibition may be annteresting treatment
option

Data on VEGF and its association during corneal diseases in animal patients ar@syhese.

et al found that VEGF receptors are immunohistochemically detectable in both normal and
vascularized canine cornedmsghlightingthat VEGF has both physiological and pathological
functions in the canine cornéBinder et al. 2012)In dogs with chronic superficial keratitis
(CSK), plasma VEGHvaluesare significantly increaseahd a causal rationship is suggested
(Balicki and Sobczy skaRak 2014)
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2.3.2! Clinical insights: Corneal vascularization inanimal patients
There are no overall epidemiological data on the prevalence of corneal blindrnessea
vascularization idogs Nevertheless, persistazdrnealblood vessels a@common finding in
veterinary ophthalmologgyAndrew et al. 1998, Murphy et al. 2001, Andrew 2008, Derah
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
vagularization will be discussed, with emphasistioa species dogndon disordergshat are
the subject of thiPhDwork.

2.3.2.11  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
diseas€DED) in human being@&Kaswanand Salisbury 1990Glaze 2005, Hendrix 2005, Lemp
et al. 2007, Sanchez et al. 2007, Labetoulle et al. 2018)
Keratoconjunctivitis siccdescribes a chronic inflammatory disease of the ocular suafate
is an umbrella term for a variety of different causes, manifestgtand disease characteristics
(Kaswanand Salisbury 1990, Herrera et al. 2007, Sanchez et al. 2007, Williams R00&{s
and horses, KCS is raf&laze 2005, Hendrix ). In contrast, a prevalence of up to %7
has been reported in dogs, with a large number of undiagnosed cases likely leading to an even
higherpercentagéGemenskyMetzler et al. 2015)
In canine KCS, a distinction is made between hereditary, primary, immadiatedand
secondary or acquired KC@aswanand Salisbury 1990Q)with immunemediatedKCS
occuring most frequenyl (Sanchez et al. 2007 sually, canine KCS occurs bilaterally and
both the quality and quantity of tears d¢@ndisturbedKaswanand Salisbury 1990, Krecny et
al. 2018) The diseasgypically manifests as purulent ocular discharge, discomfort, conjunctival
hyperemiaand chemosiéFig. 3a) (Kaswanand Salisbury 1990, Herrera et al. 2007, Sanchez
et al. 2007) Cornealedematissue damagevascularizationand pigmentationare frequent
complications andlcerationup to corneal perforatiomay occu (Kaswanand Salisbury 1990,

Herrera et al. 2007, Sanchez et &l02). In addition,there is gositiveinterrelationbetween
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chronic keratitis and corneal squamouwsrcinoma with strongest correlation to
keratoconjunctivitis sicca in brachycephalimgs(Dreyfus et al. 2011)

On the molecular level, dry eyes havdisturbedocular surface osmolaritjhatimpairsthe
immunoleemostasisind activatea complex cascade of iafhmatory eventd_uo et al. 2005)
Theseinclude an increased release of autoreactheell§ the activation of innate immune
mechanismslike toll-like receptor and natural killer cells and an upregulation of
proinflammatory cydkines awl chemoking (De Paiva et al2007, Goyal et al. 2010, 2012)
The resulting corneaihflammation isdriven by infiltration of cells of the CD4+ Tell
compartment(De Paiva et al. 2007)As discussed earlier, corneal inflammation and
angiogenesis can enhance and sustain each(Qhesiefen et al. 2004a, Ebrahem et al. 2006,
Chung et al. 2009)n DED, VEGFA, VEGFC, VEGFD, and VEGFR3 are increase{oyal

et al. 2010)andVEGF-A is capable to chemoattract immune céligtin turn secrete further
VEGFA (Cursiefen et al. 2004a, Chung et al. 200%us vascularization and inflammation
persist which resultan corneal epithelial damage, loss of goblet cells, pathological alteration
of the mucin layer, tear film instabilitand hyperosmolarity of the ocular surfg§Ceirsiefen et

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

Due to the highncidence andliseaseburden, novel treatment approaches are the topic of
current eye research and the therapeutic inhibition of VBGFEGFC, and VEGFD is
described aaneffective treanent option irhuman DED(Goyal et al. 2012, Jiang et al. 2018,
Cursiefen et al. 2019, Kasetsuwan et al. 2080)dogs, current treatment options include
lifelong topical and/or systemidmmunosuppressants, lubricants, and lubricant stimulants
(Kaswanand Salisbury 1990, Morgaand Abrams 1991, Ofri et al. 2009, Hendrix et al. 2011)
The proven standard treatment is topical cyclaspoand tacrolimuspimecrolimus or
glucocorticoidsmay be indicateds a secontine therapy(Nell et al. 2005, Ofri et al. 2009,
Hendrix et al. 2011, Labetoulle et al. 2018, Kallab et al. 20R8)ical cyclosporine in dogs
with KCS results in a significant decrease of inflammatory cells of the ocular s(ifeicet

al. 2015)and increases the tear film quan{ijorganand Abrams 1991, Nell et al. 2005, Oftri

et al. 2009, Hendrix et al. 201However, in the presence of advanced lacrimal gldmdsis
(Kaswanand Salisbury 19909r neurogenic KC$Matheis et al. 2012})opical cyclosporine

may be ineffectivand the ability to repress blood vessels is still under déBatk et al. 2014,
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Villar et al. 2020) Overall, areported number a25 - 50 % of dogs with immunenediated

KCS do notresponse tayclosporingherapy(Morganand Abrams 1991, Ofri edl. 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 blindneskaswanand Salisbury 1990)

2.3.2.28  Immune-mediatedKeratitis
Chronic superficial keratitifCSK)is a progressivencurable bilateral digrderof the cornea
in dogs(Bedfordand Longstaff 1979)German shepherbgsandGermanshepheralogmixes
are overrepresentéBedfordand Longstaff 1979)Animmunemediateccausecombined with
agenetic componerindultravioletlight is suspectedCampbell et al. 1975, Slatter et al. 1977)
The diseases characterized by corneal blood vessel infiltrgtrarsed vascularized granulation
tissuedeposition of pigment, crystadsdlipids, andcornealinflammatory infiltrategBedford
and Longstaff 1979, Nell et al. 2009)ypically, the sign®egin at the temporal limbus. From
there,the corneal changewmay involve the entire corneal surfa¢€ig. 3b) (Bedford and
Longstaff 1979, Nell et al. 2005)he diseases incurable and can lead to bilateral, irreversible
blindnesgSlatter et al. 197, Bedfordand Longstaff 1979, Nell et al. 2005)
Studies found that CSKccurs 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. 1971)e cornegossesseissuespecific antigens
that may be modified by external factdilse ultraviolet light. Utraviolet light and hypoxia
induces anmncreasef HIF-1" and VEGF expression through the phosphatidylinositohdse
(PI13K)-Akt signalingpathway(Li et al. 2006) The PI3KkAkt pathwayis a major regulator of
both normal and cancer angiogendgiarar and Maity 2011)and the occurrence of corneal
squamous cell carcinomas following CSK is repor(Bdeyfus et al. 2011)Balicki and
Sobczy skaRak cemonstratedhat dogs with CSK have increased plasma VE@lEesand
this olservation was significant in doghiring early diseas€Balicki and SobczyskaRak
2014)
Currenttreatment options for CSK include topical dexamethasone, cyclosporine, tacrolimus,
and radiotherapyNell et al. 2005, Agoewerand Hoecht 2010, Balicki 2012, Gelatt et al.
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2013b) The use olUV light-blocking contactenses usetb slow down disease progression
has beendescribedbut was associated with ocular side effe@@enk et al. 2011)
Unfortunately current treatment options are often ineffective and corneal changes are
progressive despite tragpy(Bedfordand Longstaff 1979, Nell et al. 2005, Gelatt et al. 2013b)
Additionally, the youngethe dog is at onsethe more sevels the disease progressi(@elatt

et al. 2013h)In milder coursegheinflammatory componemhightimproveunder topicalong-
term immunosuppressiveherapy but corneal blood vesselsften persis (Bedford and
Longstaff 1979, Nell et al. 2005Jhus, herapeutical approachésat directly targetorneal
angiogenesiandthe underlying causammechanismsre neededvascular endothelial growth
factor might be aninterestingtarget in CSK asa causalrelaionshipis speculated and an
associatiorto VEGF andUV light-inducedangiogenesigxiss (Li et al. 2006, Balickiand
Sobczy skaRak 2014)

Superficial punctate keratitis (SPK describes a bilateratorneal inflammation frequently
observedn Shetlandsheep dogsndlonghaireddachshundg¢Nasisse 1995, Andrew 2008)
Thediseases oftenassociated with allergies or autoimmune diseasdan immunemediated
genesis is suspectédindrew 2008) In the acute phas8PKmanifests as bilateral, superficial
keratitis with multiple, punctate corneal erosigNasisse 1995, Andrew 2008Jhe lesions
candevelop into recurrent, subepithelial corneal ulcers that may extend deep into the corneal
stroma(Andrew 2008) The disease occurs in epissdad witheach new episode, thereais
increased risk for corneal vascularizatittssue scarring, antbrnealdeposition of crystals and
pigmentationAndrew 2008) In advanced stages, complete loss of vision may dGelatt et

al. 2013c) Therapyconsists of local administration of cyclosporine and/or corticosteroids
(Nasisse 1995, Clerand Jegou 1996, Andrew 2008h most caseghere is a rapialinical
improvemen, but aftertreatmentiscontinuationrecurreneesmayoccur(Gelatt et al. 2013c)
Therefore lifelong therapy and frequent followp examinationsnay be required to find the

optimal, safe, londose steroid maintenance therg@elatt et al. 2013c)
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2.3.2.3! Infectious keratitis
Infectious Keratitis i® visionthreateningocular disease in animal patielfi®lar 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 cornearesult in secondary bacterial infectjavhich
can causeerious deterioratioin corneal healtlandseverecomplicationdike meltingulcers
are commor(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 Gramositive predominating over Granegative bacterigTolar et al. 2006,
Hindley et al. 2016, Suter et al. 2018, Auten et al. 2@@)chycephaly, previous surgical eye
procedures, disorders of the ocular surface, and prior use of topical steroids increase the risk of
bacterial keratitigTolar et al. 2006, Hindley et al. 2016, Suter et al. 2018, Auten et al..2020)
Topical antibiotics are the standard of care treatment of baeatatdtiaded keratitigTolar et al.
2006, Hindley et al. 2016 Anyway, persistent corneal vascularizatisrcommon andnay
causampairedcorneal clarityTolar et al. 2006, Hindley et al. 2018)recent study in a murine
model of Pseudomonas aeruginasduced keratitis found that corneal angiogenesis and
lymphangiogenesis correlateositively with an early VEGHA and a late VEGK and
VEGFR-3 upregulationNarimatsu et al. 2019Yhere arasolated case reports of the use of
VEGF inhibitors for persistent corneal vascularization in bacterial kera@ssribinga

beneficial effect in suppressing corneal vascularizgBamayoun et al. 2012, Hos et al. 2Q19)

In dogs, fungal keratitis is a rare disease compared to other animal ghedestter et al.
2016) Althoughrare canine fungal keratitis may be associated with corneal vascularization
and can lead to serious corneal morbidity and loss of vikedbetter et al. 2I5).

Fungal ulcerativekeratitis isfrequentlyobserved irhorsesand is characterized by a severe
course of diseag@dndrew et al. 1998, De Linde Henriksen et al. 20ltgrestingly, a negative
association between VEGKk and the diagnosis of fungal keratitis in horses has bbserve

(De Linde Henriksen et al. 2014kquine fungal ulcers tend to perforate rapidly amd
characterized by a delayed woumehlingwith alack of corneal vascular sproutiGgndrew et

al. 1998, De Linde Henriksen et al. 2014)s assumed that certain fungi are capable to produce
antiangiogenic metabolitg8Velch et al. 2000and thata reducedVEGF-A expressioris the
reason for the delayed heali(ie Linde Henriksen et al. 2014)
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Similar to humansherpetickeratitis isa commonrdisorderin animal patientsin particular in
catsand horsegNasisse et al. 1998, Kershaw et al. 2001, aanMeunier 2013)in humans,
HSV-1-induced keratitis has been intensively studi®diestand Carr 2010, Wuest et al. 2011,
Yun et al. 202Q)Findingsdemonstratedhat HS\:1 infected cells, like CD4+ and myeloid
cells, produce pathogenic VEG¥ levels in the cornea and can directly activate VE&GF
transcription In cats, eosinophilic keratitis(EK) represents aommon corneal disorder
assocated with variouslegree®f corneal vascularizatiofrig. 3d)(Nasisse et al. 1998, Dean
and Meunier 2013)Feline herpes virug=HV)-1 is postulated thiave a causal functiaturing

EK (Nagsse et al. 1998, Deaand Meunier 2013)The disease requires lifelong topical
immunosuppressive therapyequent reexaminationsand isoftenassociated with persistent
corneal vascularizatiorefractory to standard therag@piess et al. 2009, Deand Meunier
2013) In addition, FH\t1 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 perforatigifrig. 3e)(Nasisse et al. 1998, Laguna et al. 2015)

In mature dogskeratitis caused byganine herpesvird$ (CHV-1) and corneal vascularization
is rare (Ledbetter 2013)However, it is discussed whether CHVis an underestimated
condition

Thereare no studies that investigated the relationship of VEGF and herpetic keratrtisal
patients In human herpetic keratitis, clinical studigslicatedthat VEGF inhibitorsmight
represent promising treatment approa¢koeniget al. 2009, Krizova et al. 2014, Hos et al.
2019) Since herpetic keratitis is a common disorder in anirtf@sis often refractoryto
standardherapy(Deanand Meunier 2013)and even if not yet proven, a causal relationship
betweenVEGF and herpetic keratitiss conceivable,inhibition of VEGF would be an

interesting treatment approaichthis indication

2.3.2.41 Ulcerativekeratitis and superficial chronic corneal defects
The sprouting of blood vessetgo the corneanay develp in the course odny kind ofcorneal
ulcers and is initially part of the normdlealing procesé-ig. 3f) (Amano et al. 1998, Murphy
et al. 2001, Emingnd Krieg 2006, Hindley et al. 2016, Eaton et al. 2017, Wu et al. 2018)
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A frequently observedicertype that is notsecondary to anothemderlying primary ocular
diseaseare superficial chronic corneal defeffSCCED), with a breed disposition for boxer
dogs(Murphy et al. 2001, Wu et al. 2018, Hungkt2020) Superficial chronic corneal defects
are characterized biposeepithdial tissueat the defectnargins frequentlydo not heal on
conventional conservative thergpgnd 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 understbhdphy et al. found thaffected
dogsshow abnormal hyperinnervation of the subepithelial stroma and epitheliumdatf¢ice
margins(Murphy et al. 2001)ls it assumed that degenerated, dying, or metabolizapgaired
epithelial cells secrete neurotrophic fact@kéurphy et al. 2001)In this way,the bodymay
attempt to provide increased amounts of neurotransmiti@nsgl neuropeptideshrough
hyperimervationto promote tissue repaiMurphy et al. 2001)ascorneal sensory nerves and
neurotransmitters have a crucial corneal trofimction(MYller et al. 2003, Wang et al. 2012)
The current proven method of therapy is a diamond burr debrid¢bigD) and inthe absence

of tear deficiencieghe insertion of a bandage lgfW8u et al. 2018, Hung et al. 2020) about
70 % of casestheerosions heal after one DBD procedaral n refractory or recurrent cases,
further DBD sessions or keratotomy may be requifdtl et al. 2018, Hung et al. 20200
addition to a DBD, topical and/or systemic tetracycline and doxycycline treatment is
recommended, and tlise of protease inhibitoesd substanceiB conceivablgMurphy et al.
2001, Chandler et al. 2010, Eaton et al. 2017, Wu et al. 26i8yever, a DBD may be
associated with severe adverse events, such as infectious kenatitesatomalacigdWu et al.
2018, Hung et al. 2020p0me dogs develogeverecorneal scarringfibrosis, pigmentation

andpersistent vascularizatigMurphy et al. 2001, Eaton et al. 2017, Wu et al. 2018)

2.3.2.5!1 Corneal disorders caused by anatoraienalformations
Breeding measurdabatfulfill the desire for a very prominent brachycephaly, steep forehead,
and prominent skin folds, are associated wignificantinjury to the ocular surface, including
chronic ulceratiog inflammation, and in severe cases blindnaskss of the globéFig. 3e
and Fig 3g)(Dreyfus et al. 2011, Labelle at. 2013, Plummer 2015, Hindley et al. 2016,
Lacerda et al. 2017, Costa et al. 2020ditionally, pugsare predisposed someibomian gland
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dysfunction and tear film abnormalitieshich in turn disrupts corneal healfarther and
increases the riskfdoacterial keratitiscorneal vascularizatiorandulceration(Krecny et al.
2018) An impairment ofcorneal nerve fiber densitg postulatedn brachycephalic dogs and
cats which predsposeghemfor impaired coneal wound healin¢gKafarnik et al. 2008)

Themajor therapeutiapproactconsists othesurgical correctiomf the eyelid mdbrmations

and to improve the tear filstatus(Nell et al. 2005, Plummer 2013jowever, blood vessels
may remainand conplications such as persistent inflammation and progressive pigmentation
of the corneaare commor(Plummer 2015, Krecny et al. 201&)or these reasonsafe and

targeted therapies agaimstrneal inflammation anangiogenesis are needed.

2.3.2.6! Corneal neoplasms
Tumor growth andhe development of metastases are dependent on the formation of blood
vesselgLiang et al. 2017)Vascularendothelialgrowthfactorhas been identified as one of the
dominant inducersf tumor angiogenesia mammalian specig¥Valdner et al. 2010, Peterson
et al. 208, Liang et al. 2017Vascularendothelial gravth factor isexpressed by a variety of
cells in dogs suffering from canine lymphorfWolfesberger et al. 2007Plasma levels of
VEGF was found to be significantly higher in higinade compared to lograde TFcell
lymphomas, making VEGF a conceivable future biomarker and peds#@atment target for
canine lymphomégAresu et al. 2014)n addition to lymphoma, an association with VEGF has
been reported in a variety of other canine tumors, including laedptostate carcinonsasoft
tissue sarconsgaand mastocytonsgRebuzzi et al. 2007, Queiroga et al. 2011, Adelfinger et al.
2015)
However, there are only few studies investiggthe association of VEGF in canine ocular
neoplasmgBinder et al. 2012, Sandberg et al. 2012, Edelmann et al..201R)mansVEGF,
VEGFR-1, and VEGFR2 expression is increasedurmeal melanomasetinoblastomas, uveal
adenomsa, and choroidal melanom#Stitt et al. 1998, Sahin et al. 200i) dogs, VEGF was
detected in the aquesinumor offew cases of intraocular benign and malignant melaspma
adenomsg, and lymphoms (Sandberg et al. 2012)n an immunohistochemical studshe

expression of VEGF receptocs canine intraocular disorders was assessed, revealing that
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VEGFR-1 wasexpressed in all sampled intraocular tumaord VEGFR 2 was detected in only
malignant and metastatic intraoculappkasns (Binder et al. 2012)

There areisgle case reportsf subconjunctival ordpicalappliedVEGF inhibitorsin humans

with cornealsquamous cell carcinorm@aramarziand Feizi 2013, Asenand Altdnsrs 2015)

In dogs and catq@rimary corneal neoplasms are r@raeussler et al. 2011, Leis et al. 217
However, malignant neoplasms of the eyelids in cats and limbal squamous cell carcinomas in
horses are frequently observed and novel treatment strategies are required ([Ngw&irk

and Rohrbach 2009, Lassaline et al. 2015, Bellone et al. Z0tEfe is only one case report in
veterinary medicinéhat describethe successful intrasional antVEGF bevacizumab therapy

in a palpebral sebaceous carcinoma relajsean Amur tiger(Edelmann et al. 2013 hus,

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

patientsl.
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igure 3. Corneal vascularizatﬁr: in animal disorders. (a) Maltese dog with quantitativer€iingin severt
njury to the corneand conjunctiva (b) German pointer with CSK associated with blood vessel infiltration, -
edema, and pigmentation €hihuahuawith melting ulcer (d) Domestic shorthaired cat wetbsinophilic keratiti
associated with corneal blood vessel infilmati(e) Persian cat witbrachycephalic ocular syndromeprnea
sequestrun©D, and perforation and anterior synechia after corneal sequestrum reject{nRe&ian catvith
cornealulcerwith severe corneal vascularization (g) Pug with entropion dbther eyelid, macroblepharon, KC
and corneal blindness due to severe corneal pigmentation (h) Appatare with corneal stromal invasi

squamous cell carcinoma.
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2.41 Thedilemma: Treatment optionsfor corneal vascularization indogs
There are various options timeat corneal vascularization, including medictlerapies

radiation and surgical procedures.

Cyclosporine igoutinely usedor the treatment afanine corneal vascularization, particularly
during tear film disorders or when topical steroids pose a majo{Keswanand Salisbury
1990, Morgarand Abrams 1991, Herrera et al. 2007, Hendrix et al. 2011, Villar et al. .2020)
The usage of topical cyclpsrine is debated,as the drug is a potent-gell inhibitor and
potentially increases the risk of opportunistierpetic or fungalinfection (Kaswan and
Salisbury 1990, Dowling et al. 201&hd was found to delay corneal wound hea{Mijar et

al. 2020) Furthermore,it is discussedwhether cyclosporire has no or only insufficient
inhibitory effects orcorneal vascularizatiofBucak et al. 2013, Bocét al. 2014, Villar et al.
2020)

Topical glucocorticoidsmay be indicatedn some cases of corneal vasculariza{iBedford

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

is complex It results froma variety ofmechanismssuch aghe inhibition ofproliferation of
lymphatic endothelial cellandproinflammatory cytokinedyy interfering withVEGF-driven
angiogenesisszia the mifepristonesensitive steroid receptoand the reduction of VEGF
induced vascular leakagobin et al1985, McNatt et al. 1999, Edelman et al. 2005, Ebrahem
et al. 2006, Hos et al. 201However, steroids are considered to suppress corneal blood vessels
only incompletely and are known to carry a variety of ridksar et al. 2006, Dowling et al.
2016, Hindley et al. 2016, Murtagh et al. 2018, Sebbag et al. . 20@89ible complicatioresre

the secondry colonization with opportunistic pathogeas,impaired wound healingndthe
development of corneal perforateor melting ulcergTolar et al. 2006, Dowling et al. 2016,
Hindley et al. 2016, Murtagh et al. 2018)loreover, a recent study showed that topical
prednisolone in dogs reaches the systemic blood circulation and systemic side effects are
conceivablgSebbag et al. 2020y hus, clinicians have tealculatebetween treatment benefits

and potential risks when using glucocorticof@slar et al. 2006, Dowling et al. 2016, Hindley

et al. 2016, Murtagh et al. 2018, Sebbag et al. 2020)
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Besidesglucocorticoids, an-steroidal antinflammatory drugs (NSAID)are used to treat
corneal vascularizationn particularwhen the lower risk of side effects must be considered
(Rigas et al. 2020However NSAIDs can be associated with corneal melting tredresponse

to therapy may be insufficie@®akneshan et al. 2008, Murtagh et al. 2018, Rigas et al..2020)
In human medicine, variowficient alternatives to medical treatment are described, such as
argon lase(Gerten 2008)Nd:YAG laser(Kumar et al. 2016)yhotodynamic therapfHou et

al. 2017) and fine needle diathermyPillai et al. 2000, Spiteri et al. 2015 owever,
complicationsof laser therapy are reportatcluding corneal hemorrhage, damage of iridal
tissue corneal crystalline deposits, and inadvertent retinal photocoagulRtltzm et al. 2000,
Spiteri et al. 2015, Kumar et al. 2018h healthy dogs, usage of NAG laser caused
ulcerative keratitis and nerve fiber dam#déeigt et al. 2002)The use of radiotherapy in dogs
suffering from severeCSK has been described as treatment optiorto delay disease
progressior{Allgoewerand Hoecht 2010)Anyway, in animal patients general anesthetic or a
deep sedation woultde necessaryo perform these procedures and mayub&asiblefor

clinical use inveterinary practice.

2.4.1! Noveltherapies for corneal vascularization VEGF inhibitors
The European Visiomstitutedefined corneal vascularizationabkighly relevant ocularopic
that needs to be addressedh@artermfuture researcCursiefen et al. 2019Yhe discovery
of drugs that inhibit VEGHas revolutionized human ophthalmologiyd numerous studies
haveproven theirpotentialto reduce pathological vascularization in the @eevalo 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. 202@yapeuticVEGF inhibitors
vary in molecular sizestructureand chargeas well asbinding capabilityto VEGF family
membersandbinding affinityto VEGFA (Presta et al. 1997, Holash et al. 2002, Avery et al.
2006, Genentech Inc. 2011, Papadopoulos et al. 2012, Tietz et al. Ré¥&gizumakand
aflibercept two of the best studied VEGF inhibitgrare widelyusedfor various neovascular
eye disorders in humar(&very et al. 2006, Areval@t al. 2007, Korobelnik et al. 2014,
SchmidtErfurth et al. 2014, Olmos et al. 2016)
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Bevacizumab is a humanized murine AriGF monoclonal antibody with a molecular weight
of 149 kDaand an isoelectric point (pl) of 8tBatbinds to all isoforms of human VEGKk
(Presta et al. 1997, $ovt et al. 2008, Genentech Inc. 201Bgvacizumab was engineered
by sitedirected mutagenesis of a human antibody frameworknaumthe antthumanVEGF
monoclonal antibody.4.6.1 andcconsistof amino acidsequences &3 % to human IgG and

of 7 % to murine antbody (Presta et al. 1997, Rodrigues et al. 2008 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. 200%erapeutic monoclonal antibodies exert their
therapeutic effects by inhibiting receptors through interactiim their ligands or by binding
to specific soluble ligands, thereby blocking their celldigmnalingpathways(Presta et al.
1997, Muller et al. 1998, Ferrara et al. 2004, Rodrigues et al..2009)

Bevacizumab is approved for various human can@@esnentech Inc. 2018ndis usedoff-
labelfor the treatment of ocular conditions associated with pathologasalularizationsuch
asneovasculaagerelated macular edema, dialbetidema, and neovascular glaucqiaery

et al. 2006, Dastjerdi et al. 2010b, Olmos et al. 206pphthalmology, bvacizumab is
administeregrimarily via the intravitreal administration route for neovascdisorders of the
posterior eye segme(Avery et al. 2006, Agvalo et al. 2007, Olmos et al. 2016he bpical
administrationof bevacizumab is debatealsthe intact corneal epithelium is not permeable for
large moleculegMun et al. 2014)Indeed, invivo studies found thabpical bevacizumabs
not able to permeate thitact corneal epithelium, whereasubconjunctivdy injected
bevacizumab gstinto the cornegDastjerdi et al. 2011, Moisseiev et al. 2Q14pwever, in
vascularized corneastudies demonstrated th&dpical bevacizumaband afliberceptare
capable tgpenetrate into the corneal strofYaeruek et al. 2008, Dastjerdi et al. 2011, Sella et
al. 2016)

Bock et al were among the first tonvestigate the effect of topical and subconjunctival
bevacizumab immice with sutureinduced corneal vascularizati¢gBock et al. 2007)They
found that theise of5 mg/mIQID (quarter in die, four times a dayg@vacizumalor five days
resulted in a significansuppressiorof hem and lymphangiogenesighe angioregressive
effect observed by Bock et.alas confirmed irsubsequent studies rats and rabbitgjsing
variousdrug concentrationsaadministration routesand treatment durationgDastjerdi et al.
2010a, Ozdemir et al. 2014, Sella et al. 2016)



30

Based on tb promising resultsobtained inthese experimental animaktudies, topical
bevacizumab wagxploredin human beingsaffected bycorneal vascularizatiorf-or this
purpose, bevacizumab eye drops were prepared by diluting commercial available intravenous
bevacizumab in 0.9 salne (Kim et al. 2008, Koenig et al. 2008y 0.01% benzalkonium
chloride (Dastjerdi et al. 2009, Cheng et al. 20B2)d were applied in different treatment
regimes, including 2..ng/ml BID (bis in die, two times a dayr two weeks(Krizova et al.
2014) 5 mg/ml BID forup to twelveweeks(Koenig et al. 2009)10 mg/ml BID/QID for three
weeks(Dastjerdi et al. 2009, Chenga. 2012) and12.5mg/ml BID for threemonths(Kim et

al. 2008)

Overall, the results indicated thapical bevacizimabhas the potential to prevehirther
progression of outgrowing blood vessels into the comeelucecorneal blood/essel diameter,
and decreasdhe extent ofcornealvascularization(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 pl 68.82(Holash et al. 2002}t is engineeredHolash et al. byusing the second
binding domain auf VEGFR and the third binding domain of VEGFERto the Fc portion of
human IgG1Thus, aflibercepacts as a soluble decoy receptor and is called AVEGFO.
Aflibercept binds with high affinity to all human VEGK isoforms, VEGFB, and PIGF
(Papadpoulos et al. 2012Additionally, Aflibercept is able to bind murine VEGkxand PIGF
(Papadopoulos et al. 2012)

The topical use of 0.0Q.1% aflibercept in cornealascularization in experimental animals is
proven to be effective in suppressing hamd lymphangiogenegiSella et al. 2016, Devarajan

et al. 2019) Results a the efficacioususe of aflibercept for comal vascularization have
recently been publiskeand are conflictingAksoy 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 aflibercegyte dropgAksoy 2019) The treatment regime
includedtopical aflibercep(50 pl per application, derived from of a 40mg/ml solutitimee
times a dayor sevendaysand yielded ircomplete regression of corneal blood vessels without
any side effects. lanothercase report, an adult woman with sevameal vascularization due

to an ocular surface burn received a single subconjunctival injectidnmg aflibercept
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resultingin a decrease of corneal vascularization without @hyerse event@Cholak et al.
2020) However, most recently Sella et edported that a single subconjunctival injection of 2
mg aflibercept in patients with formed corneal vascularization did not lead to a reduction of

corneal vasglarization(Sellaet al. 2021)

There are no reports of clinicapplicability and compatibilityn dogs, cas, or horsefor either
bevacizumab or aflibercept. Due to the higtidence of corneal vascularizatias a blinding
condition and the partlynsufficient treatment optionstherapeutic VEGF inhibitiormay

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 chateagein

veterinary ophthalmologfDeanand Meunier 2013, Lassaline et al. 2015, Plummer 201
persistence of corneal blood vessels resultEdntinuous corneal inflammatioand an
impairment of corneal healtand clarity therebyrepresentinga leading cause for corneal
blindness Current treatment options may be insufficientl @an bear thesk of side effects
(Tolar et al. 2006, Bock et al. 2014, Dowling et al. 2016, Hindley et al. 2016, Villar et al. 2020)
In humanophthalmology therapies that target VEG&e promising(Dastjerdi et al. 2009,
Koenig et al. 2009)Due to the high neetbr targeted treatment options in canine corneal
vascularizationtherapeutical VEGF inhibitors are of great interest.

The purposeof this PhD thesis was to investigate thading ability of VEGF inhibitors
bevacizumab and aflibercept with canine, feline, and equine VEGF. Furthermore, the PhD
project aimed t@assesshetolerability of topical bevacizumain healthy dogs anthe safety

and efficacy in dogaffected bypersistent 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 kevacizumabZ.5 mg/m| BID, overfour weeks)is topically and systemically safe
in healthy dogs.

c) Topical kevacizumab4.5 mg/m| BID, over four weeks)does notincreasearterial blood
pressuredoes notltercoagulatiorand bloodbarametersand does nadecreasserumVEGF

valuesin healthy dogs.

Project3

d) Topical levacizumabZ.5 mg/ml,BID, overfour weeks)is topically and systemically safe
in dogs withpersisént corneal vascularization

e) Topical kevacizumab 4.5 mg/ml,BID, overfour weeks)leadsto a decrease of vascularized

area in dogs witlpersisent corneal vascularization
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ARTICLE INFO ABSTRACT

Keywords:

Anti-VEGF
Species cross-reactivity

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 ToolO(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. Al 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 & ibercept in a dose-independent manner. ELISA study further cori' rmed the lack of
bevacizumab binding to equine VEGF, and yielded also a dose-independent binding by a ibercept.
Conclusions:Bevacizumab and d ibercept turned out to bind VEGF with species-speci’ ¢ 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, supet' 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 d#erent surgical approaches, topical application of
corticosteroids, cyclosporine, and non-steroidal anti-in! ammatory
drugs are often used to suppress CNV [Pean and Meunier, 2013; Gilger
et al., 2005; Nell et al., 2005; Spiess et al., 2009 Williams et al., 1995).

However, these drugs show variable & cacy and various adverse side
ettects (Gaarder et al., 1998; Kaswan and Salisbury, 199Q Nasisse et al.,
1989; Petroutsos et al., 1982). As none of these drugs selectively ad-
dresses the process of corneal neovascularization, more #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
effective 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
effective 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 d 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 &' nity to human VEGF
(Papadopoulos et al., 2012). Al ibercept appears to be more € 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 € cacy of bevacizumab and
al 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 & 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 horsesb most common patients in
veterinary ophthalmology - would also bene #t from bevacizumab and
al 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 VEGRgs (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 (25 mg/ml; Avastin’) was
purchased from Roche (Switzerland, Basel) and & ibercept (25 mg/ml;
Zaltrap™) from Sano# (France, Paris). Mouse anti-human IgGl 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 # DVEOQO) 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_003367.9, 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 [{otredame et al., 2000).

2.3. Immunoblotting

Recombinant human, canine, feline, and equine VEGF (1! g) was
solved in non-reducing sample bu$er (62.5 mM TrisEHCI, 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, lllinois, USA, CAT #88585). Membranes

SHVBEK LQ 9HWHHREBU\ 6

were incubated in StartingBlock® PBS Blocking Buser (Thermo Fisher
Scientittc, lllinois, USA, CAT # 37538) for 1 h at room temperature,
washed three times with Tris-bu$ered saline containing 0.1% Tween-20
(TBSI/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 1gG
(1:3000) for 1h 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 ChemiDo@ 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-spec#c ELISA
kits. Canine, human, feline, and equine VEGF with an end concentra-
tion of 2.5nM were incubated without and with di $erent concentra-
tions of bevacizumab (ranging from 0.54 £83.6! M; corresponding to
0.0886mg/ml) or a!ibercept (ranging from 0.70 £43.4!M; corre-
sponding to 0.08E6 mg/ml) for 1 h at 37 iC.

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 dierences 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!dbercept to canine, feline and equine
VEGF

To get insights whether bevacizumab and & 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 inFig. 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£0.25 mg/ml) or increasing VEGF amounts (18100 ! 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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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! ().

A)
A - -
human canine feline equine
B)
human canine feline equine

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.

3.3. Determination of bevacizumab and! éercept binding & nities

To further characterize the binding properties, canine, feline, and
equine VEGF were incubated with 0.08E6 mg/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 quantl' ed by ELISA. In parallel experiments, binding
properties for human VEGF were determined. As shown in Fig. 3A,
bevacizumab and & ibercept bound human VEGF in a dose-dependent
manner with K 4 values of 40 nM and 190 nM, respectively. In similar, a
dose-dependent binding of bevacizumab and d ibercept was observed
for canine VEGF with calculated K4 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 0.08 mg/ml) and 0.70 ! M a! ibercept (corresponds to 0.08 mg/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 diterent
concentrations of bevacizumab did not a#ect the amount of free VEGF
(Fig. 3D). In contrast, 0.70 ! M a! ibercept (corresponds to 0.08 mg/ml)
reduced free equine VEGF by 55.5%, whereas increasing concentrations
had no further e#ect on VEGF amount ig. 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 sutering from CNV, the present study
investigated the binding properties of bevacizumab and a! ibercept to

canine, feline, and equine VEGF.

Bevacizumab and d ibercept were designed to specl cally bind
human VEGF-A and its di#erent splicing variants with VEGF 165 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 ré ects
the VEGF receptor binding region (Muller et al., 1997 ). The VEGF
binding region of a! ibercept has not been postulated so far. However,
al ibercept consists of VEGFR-1 and VEGFR-2 componentsHplash
et al., 2002) suggesting that VEGF binding may also occur via the re-
ceptor binding domain. VEGF from dogs, cats, and horses diter in eight
to ten amino acids and in total length compared to the human VEGFj¢s.
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 K values of 58 pM to
4.5nM (Papadopoulos et al., 2012, Yang et al., 2014) for bevacizumab
and 0.49 pM to 9.3nM (Papadopoulos et al., 2012, Yang et al., 2014)
for a! ibercept. By using an ELISA, we calculated a K 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 K 4 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 Bantibody interactions may be a#ected by
several factors. Beside temperature and pH values, diferent chemical
additives and bu#er compositions modulate binding kinetics
(Andersson et al., 2001). In contrast to others, our binding reaction was
performed at 37 jC and without further bu #er supplements like urea or
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Fig. 3. Binding studies of bevacizumab and & 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 60 min at 37 jC. 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). Itis thus very likely that di ! erences in Ky
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 K 4 value than calculated for human VEGF. Whereas
bevacizumab was thus less & 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 K4 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 atibercept 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 B
protein interaction may be indicative for non-speci $c binding, which
was reported for peptides at the Fc fragment of human IgG (Medina
et al., 1999). As bevacizumab and &tibercept both contain the Fc
fragment of human IgG (Holash et al., 2002; Presta et al., 1997), feline
VEGF binding data might be thus considered to result from non-speci$c
interaction with bevacizumab and a #ibercept. Whether small variants
in the peptide sequence of feline VEGF accounts for the non-spedc
binding properties remains to be investigated.

The ELISA approach also found a dose-independent binding of
aftibercept 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, &#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
aftibercept 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

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 universitjowned beagles received 0.8f of 0.25% bevaei
zumab eyedrops (AvastinRoche) in one eye and 0.68. of 0.9% saline solution

in the other eye as a control, administered ahdis intervals over a period of
28days. 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 ab@4s, 7days, and 28ays 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
cebdcontrolled 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.

KEYWORDS
bevacizumab, dog, safety, VEGF

corneal neovascularization is initially essential for corneal
wound healing and hindering stromal melting, corneat neo

Corneal neovascularization (CNV) and corneal opacificavascularization can cause blindness, tissue scarring, lipid
tion arise concomitantly in several corneal diseases in dogdeposition, edema, and potentially sustains inflammétion.
for instance keratoconjunctivitis sicca, superficial pigmen Furthermore, avascularity is one of the prerequisites of the
tary keratitis, and chronic superficial keratti Although  corneal immune privileg®.Hence, inhibition of corneal
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neovascularization represents a therapeutic strategy in amvas conducted on 10 universityvned beagle dogs aged at
mals with chronic keratitis and CNV. Promising therapeutideast 16months and bred for experimental purpose. The ex
results in animal models and human patients with CNV havperiment was designed as a masked pldceitrolled study.
been reported for anti-human vascular endothelial growth Each dog underwent a full physical and ocular examina
factor (VEGF) therapie§° tion to ensure eligibility requirements prior to initiation of
VEGFA is a glycosylated endothelial mitogen that is in the study. The arterial blood pressure was measured and a
volved in pathological angiogenesis and is known to be incomplete blood count including hematology, baseline serum
creased in inflamed and vascularized cord&d3Hence, VEGF values, activated partial thromboplastin time, partial
pharmacological inhibition of VEQR is a promising thromboplastin time, and thrombin time was conducted. A
strategy to treat diseases driven by pathological neovascaomplete ophthalmic examination was performed in all dogs
larization. There is an arsenal of distinct VEGF inhibitorshy the first author (LM) under supervision of a bdeedtified
differing in their antiangiogenetic activity, binding affinity ophthalmologist (BN). The examination included!k&inp
for VEGRA, and their binding spectrum to different VEGF biomicroscopy (Kowa SlI15; Kowa, Tokyo, Japan), indi
isoforms and other members of the VEGF fartfiipne of  rect ophthalmoscopy (Keeler Vantage; Keeler Instruments
the most potent VEGF inhibitors is bevacizumab. In humannc, Broomall, PA), Schirmer tear t&bt (Teststreifen,
ophthalmology, an offabel intravitreal use of bevacizumab MSD, Unterschleissheim, Germany), fluorescein staining
is already taking place and is reported to be effective for th@-luorotouch Ophthalmic Strips, Eickemeyer, Tuttlingen,
treatment of wet adgeelated macular degeneration, diabeticGermany), and intraocular pressure measurements using re
macular edema, macular edema secondary to retinal vein doound tonometry (TonoVet, Icare, Vantaa, Finland). Posterior
clusion, vascular glaucoma, and CK&2>17 segment examination was conducted after pharmacological
So far no investigations have been carried out to -detemydriasis (Mydriaticum, Agepha, Senec, Slovakia). Dogs
mine the safety and medical compatibility of topical bevacihad to be free of any systemic and ocular disease and did
zumab in dogs. There are several animal models which havet receive ocular drugs, any kind of systemic medication,
proven the safety and efficacy of subconjunctivally and topVEGF affecting drugs or agents consisting of human proteins
ically administered bevacizumab in mice, rabbits, and-chinl4 days before the start of the trial.
chilla bastard rabbit®*¥°|t has been shown that topical
bevacizumab treatment does not have a significant influen(‘f 2
on corneal integrity, corneal wound repair, and corneal nerve’
fiber density in mice with experimentally induced corneal ep A 0.25% solution of bevacizumab eyedrops was aseptically
ithelial abrasiong?®1&-2 prepared from a commercial available intravenous bevaci
Systemic side effects have been reported after intravizumab solution (Avastin Roche, Basel, Switzerland) by the
real injections of bevacizumab in humans, such as systemiiestituteOs pharmacy in compliance with good manufacturing
hypertension, cerebrovascular accidents, and facial skin regractice. Sterile 0.9% saline solution was used as the solvent,
ness?22%A decrease of plasma VEGF values after intravitreabnd the study drug was stored #iZ and protected from
bevacizumab injections has been descrifétbwever, there light with a durability of 2&lays? Sterile 0.9% saline solu
is no knowledge about effects on serum VEGF values antibn served as the control.
general safety after topically applied bevacizumab in dogs.  The pharmacist prepared singlese containers for each
The aim of the current work was to investigate the safetgog with a single dose of either the study medication (.05
and medical compatibility of topical administered bevaci of 0.25% bevacizumab solution) or the placebo (fhD5%f
zumab in healthy dogs. Additionally, we studied the effecD.9% saline solution). The containers were labeled with the
of topical bevacizumab treatment on serum VEGF values imformation Oleft eyeO or Oright eyeO and only the pharmacist
healthy dogs. We hypothesized that topical administered betiad knowledge about the content. After the trial, the-phar
acizumab is both systemically and topically safe and has noacist revealed which eye received bevacizumab or placebo.
effect on serum VEGF values.

| Drug preparation

2.3 | Study design

All examinations were performed by the same experienced
. observer (LM). Beagle dogs received 06 of 0.25% bev

2.1 | Animals acizumab eyedrops in one eye and Or5of 0.9% saline so

The study was approved by the institutional ethics and animéaltion in the other eye as a control, administered dtdl2s

welfare committee and the national authority according to aintervals over a period of 28ys.

26ff. of Animal Experiments Act, Tierversuchsgesetz 2012 Continuous monitoring was scheduled as follows:

NTVG 2012 (GZ 68.205/0134NF/V/3b/2017). The trial Over a period of Bours after the first drug administration

2 | MATERIAL AND METHODS
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monitoring of vital parameters (including respiratory andwere stored in sterile polypropylene tubes #880;C.
heart rate, mucous membrane color, capillary refill time, an®/leasurement of serum VEGF values was obtained using an
arterial blood pressure) was performed hourly. ThereafteELISA!based approach. For that a commercially available ca
the parameters were taken everfyaBirs for the duration of nine enzymHinked immunosorbent assay was used (Canine
24 hours after trial start. At day!2 dogs underwent a full VEGF Quantikine ELISA Kit, R&D Systems, Minneapolis,
physical examination and arterial blood pressure measur&/SA, Cat # CAVE0O0). VEGF values were measured before,
ments once a day. The final examination was performed &tdays, and 28ays after trial start. The ELISA was con
day 28 after trial start. ducted in accordance with the assay instructions. All stand
Complete blood counts including hematology and ceaguards and samples were analyzed in duplicate.
lation parameters (activated partial thromboplastin time, par
tial thromboplastin time, and thrombin time) were performed2 6
24 hours, 7days, and 28ays after trial start. Venous blood ~°
sample was obtained via the cephalic vein. The current work was designed as a pilot study. Currently,
Indirect blood pressure measurements were obtained tsafety and medical compatibility of topical bevacizumab in
using an oscillometric device (PETMAP?2 graph Il, Ramsey dogs are uncharted, and effect sizes and statistical variation
Medical, USA, Tampa). Dogs were allowed to settle for sevare unknown. Sample size planning based upon comparable
eral minutes before the blood pressure readings began. Atudy schedules of former studies in rodent motféfs.
appropriate cuff (Critter Cuff2, Ramsey Medical, USA, Statistical analysis was performed using the software pro
Tampa) with a width of about 40% of the forelimb cireum gram SPSS (IBM SPSS Statistics 24).
ference was applied and linked to the oscillometric pressure The clinical endpoint was the occurrence of ocular or sys
unit. Readings were taken from the median artery by puttingemic adverse events. The frequency and type of systemic and
the cuff around the right midradial region overlying the me ocular recorded side effects were analyzed in a descriptive
dian artery. Dogs were restrained gently on the examinatiomanner.
table in sternal recumbency, placing the cuff at the level of Quantitative data were summarized as nmeatandard
the right heart. For each dog, three readings (each systelic, dieviation. The confidence interval was computed from the
astolic, and mean arterial pressure) were taken successivelgbserved data, using confidence values of 95%. Furthermore,
Ophthalmic examinations were performed directly aftera pairedisamplet test was used to investigate differences of
drug administration, as well ash®urs, 24hours, once a day the arterial blood pressure, heart rate, respiratory rate, and
at day 27, and at day 28. They were performed without pharcoagulation parameters between day 0, day 1, day 7, and
macological mydriasis except the final examination at daylay 28. Changes in VEGF serum values were compared
28. A modified HacketMcDonald scoring systetfiand a  between day 0, day 7, and day 28 using a pasedplet
pain score systefhwere used to determine ocular and-sys test. The assumption of normal distribution was tested using
temic toxicity (see below). Kolmogorov Smirnov test. AP!value <0.05 was considered
as statistically significant.

| Statistical analysis

2.4 Ocular irritation and assessment of
ocular toxicity potential 3 | RESULTS

Ocular examination findings were scored using a modifie% 1
HackettMcDonald scoring systefif. Examination scores ~-
were recorded for conjunctival congestion/hyperemntia)) Nine of 10 clinidowned beagle dogs were included in the
conjunctival chemosis/swelling !@+), conjunctival/ocular study. One of the beagles was not concordant with the eligi
discharge (B+), corneal edema [8+), and corneal vas bility requirements as he showed a slight thrombocytopenia
cularization (03+). Moreover, all dogs were assessed usingand thus was excluded from the study. All study dogs were
a subjective pain scoring syst&mPain scoring categories male with a mean weight of 14472.5kg and the median
included comfort, movement, degree of blepharospasm, urge was 30 (range 2®) months.

provoked behavior, interactive behaviors, and vocalization

(Table 1).

| Animals

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
Serum samples were centrifuged forributes at 1000  noted in either eye of any dog at any time point of the study.
g within 30minutes of collection. Afterward, samples Intraocular pressure measurements and values of Schirmer

2.5 Serum VEGF values: Enzymdinked
Immunosorbent Assay
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TABLE 1 Pain score system modified from Clark &f &
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 12 position changes per
minute

2 = about 26 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 0= normal
(unprovoked) 1= minor changes
2 = moderately abnormal (less mobile or
alert than normal, not interested in
surroundings, fretful)
3 = noticeably abnormal (fretful,
vocalizing, selfmutilation, 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

tear tedtl values remained within normal limits, with minimal

WILEY—-%

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 O and day 7 (59.88.6pg/mL vs
55.8+ 11.2pg/mL, respectivelyP = 0.72) and between day
0 and day 28 (50.8 18.6pg/mL vs 52.% 17.0pg/mL, re
spectively;P = 0.47).

All recorded data are shown in Table 3.

4 | DISCUSSION

In human medicine, there is a widely !tdbel use of beva
cizumab for the treatment of various eye diseases aceompa
nied by pathological angiogene$fs®*” Most of them are
retinal, choroidal, and corneal diseases such as neovascular
ageérelated 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
ogy*® and a high need for targeirected treatments exists.
However, data concerning medical compatibility, safety, and
efficacy of bevacizumab in animals are rare.

Abrams et &° 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 recé&ptoy
endothelial cells and nonvascular cells of the cornea, uvea,
lens, and retina of dog8.It is known that dogs with glau
coma, uveitis, and intraocular neoplasia show a higher VEGF
receptol2 expression than healthy dogs, suggesting a role of
VEGF in pathologic angiogenesis in canine €¥e&his 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 antVEGF substances in canine patients
with keratitis and CNV is conceivable.

There is an arsenal of various &EGF substance¥.

We chose bevacizumab as it is commercially available and

variations without clinical relevance in any dog at any timefits a costeffectiveness ratio suitable for veterinary use.
point. Thus, only the confidence interval and standard €evia For the future development of AMEGF treatments

tion was computed and are illustrated in Table 2.

in veterinary medicine, it is important to keep in mind that
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TABLE 2 Meant SD of Schirmer tear test (mm/min) and Systemic side effects of alIEGF therapies have been

intraocular pressure (mhig) in healthy dogs after topical bevacizumab reported after intravenous and intravitreal bevacizumab in

application at baseline and on days 1, 7, and 28 of the study jections in human patients. These application types are as
Day 0 Day 1 Day 7 Day 28 sociated with serious and sometimes fatal side effects, for

example, gastrointestinal perforations, hemorrhage, hyper

STT 20.0+22 20.6+1.8 212+23 20.6+18 . L ) ) .
(mm/min) tension, cardiac ischemia, cerebrovascular ischemia, and ar
: B ,23
0P 182+ 1.0 171+ 11 174+ 14 17.2+1.2 terlal_thromboembollc evgnf%. . .
(mmHg) It is known that bevacizumab is detectable in serum after

intravitreal injectiong* These observations lead to the con

cern that topical bevacizumab has the potential to enter the

systemic circulation and thus causing systemic effects. We
bevacizumab is a humanized murine antibody that is designednsidered it unlikely as there were no documented side ef
to bind human VEGFA. Hence, pharmacological suitability fects after topical bevacizumab treatment. Nevertheless, as
of bevacizumab in veterinary patients might be critically guesa precaution, we investigated systemic effects to estimate a
tioned. Recent in vitro experiments demonstrated that bevagbotential systemic reaction after topical treatment.
zumab binds canine VEGF dddependently (Muellerleile et Furthermore, we tested the effect of topical beva
al, submitted to journal 2018). Interestingly, feline and equineizumab on serum VEGF values. It was so far unknown
VEGF showed linear, dosadependent binding characteris if topical bevacizumab treatment leads to serum VEGF
tics, suggesting only a ntspecific interaction in cats and changes. This topic has been intensively studied for in
horses (Muellerleile et al, submitted). travitreal injectiong? In those studies, bevacizumab €on

Aside from pharmacologically suitability, the safetypro centrations reached a maximum serum concentration 7 or
file of bevacizumab for possible future clinical applications8 days after intravitreal injectioff.In our study, there was
is important. Medical compatibility and the occurrence ofno significant effect on serum VEGF values after topical
side effects depend on the application type and the drugevacizumab treatment (2a8g/mL BID) over a treatment
dose!* period of 28days.

In the present study, no ocular and systemic side effect oc There were some limitations in this study. The sample size
curred after topical bevacizumab treatment (@ggmL BID).  was small. Although our findings were favorable, a larger
These results correlate with those previously reported in pesample size would have gained confidence in the statistics.
ple and rodent modef<%?! However, Kim et al described All analyzed beagles were healthy, male, and relative young.
the occurrence of corneal erosions and corneal thinning iDiscrepancies between healthy corneas, corneas of older
people with CNV after longerm bevacizumab treatment dogs, and corneas suffering from chronic inflammation are
(12.5mg BID) 81t is noteworthy that the frequency and dosepossible due to different corneal VEGF concentrations and
of bevacizumab were much higher in this study and diseasetructural integrity alterations.
people were examined. However, we decided to use clinically Another shortcoming of our study is that no untreated
relevant and viable doses with respect to possible future agogs were included. As safety after topical bevacizumab in
plications of bevacizumab. healthy dogs was the major question of our study, we decided

I0P, intraocular pressure; SD, standard deviation; STT, Schirmer tear test.

TABLE 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 d&yarid 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 98.7+ 11 95.6+ 8.1 942+ 6.0 92.9+48 97.3+8.7 96.4+7.6 942+7.0 956+8.1 942+45
(heartbeat/
minute)

Respiratory rate  23.6+ 4.2 24.0+ 2.8 23.1+ 3.3 23.6+24 23.6+3.1 23.6+24 222+29 231+33 24.0£28
(breaths/minute)

BP (systolic) 147.1+ 55 143.4+ 3.4 1427+ 44 1416+ 3.2 1418+ 39 1444+39 1428+35 1456+4.7 148.6x 6.6
(mmHg)

BP (diastolic) 736+ 9.6 73.7+73 73.6+x76 723+10.2 746+83 74.0+83 742+7.8 73.6%8.6 73.1+ 10.1
(mmHg)

Serum VEGF 50.8+ 18.6 55.8+ 11.2 52.9+ 17.0
(pg/mL)

BP, blood pressure; SD, standard deviation; VEGF, vascular endothelial growth factor.
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to use the contralateral eye as control. Baseline blood values2.

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 mediaim

no side effects occurred in our study so one might argue the

value of a separated control group. Anyway, we considered 4

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 fors.

systemic effects.

Chosen by the institutional pharmacist the left eye was the 6.

treated one. One might argue that laterality plays a role and

the left eyes could have reacted differently. There is nopubli -

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, nos.

systemic side effects have been reported after topical bevaci
zumab even in higher concentrations and after bilaterdl use.
However, further studies are required to study larger animal
groups with uriand bilaterally affected and treated dogs.
Another limitation of our study is the treatment duration

and drug concentration. Currently, there is no knowledge1g.

about safety of topical bevacizumab in dogs. In accordance to
treatment protocols of former clinical human studies, an ap
proved concentration of 2rig/mL’ was tested over a period

of 28days to find a basic idea. Anyway, it would have been 11:

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 withy 5

chronic keratitis require lohterm therapy and future studies
will be necessary to evaluate the effect and safety over a lon
ger period than 28ays.

13.

5 | CONCLUSION

In summary, topical bevacizumab (2rg/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 results5-

provide a basis for the future development of !&fEGF
treatments for veterinary use. However, further studies are
needed to assess differences betweehamu 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.

17.
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ABSTRACT

ObjectiveTo evaluae the effect andafety of topical arthuman vascular endothelial growth

factor bevacizumalm dogs with persistent corneal vascularization.

Animal studiedProspective case series of 15 adult dogs (20 eyes)

ProceduredDogs received 0.25% bevacizumab eye drops BlR8adays. Followups were

scheduled 28 days andrémonths after treatment start. Macroscopic findings were scored for
conjunctival hyperemia, chemosis, ocular discharge, corneal edema, vascularization, and
pigmentation. Vascularized area was assessedabyzamy photographs using an imaging

software.

ResultsThe extent of treatment response was variable. Some cases showed a marked reduction in
vascularized area and edema, other eyes had subtle signs of improvement. Vascularization score
decreased from 116 1.1 and vascularized area was reduced by 48.8% after 4 weeks. A thinning
rather than a shortening of vessels, a consolidation of areal bleedings into fine vascular networks,
decrease of distal vessel branching, and a change from blurry vascularizeddddmarcated

thin vessels were observed. One dog developed a corneal erosion 6 months after last
bevacizumab administration. Two dogs died 4.5 and 4 months after the last bevacizumab
administration at the age of 16 and 12 years, respectively. Inegite\a causal relationship is

unlikely but cannot be ruled out with complete certainity.

ConclusionsTopical 0.25% bevacizumab may be an effective treatment option for corneal
vascularization in dogs. Further lotgym and placeboontrolled studies witkarger patient

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

administratior#
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I"# INTRODUCTION

I$# Thehealthycanine cornea islear and avasculand ay angiogenic activity within the cornea,
19¢¢ whethercaused by hypoxja corneal insulbr aninflammatory processs pathologicalt2

I&# Corneal vascularizatioran lead tavisual impairment through corneal edema, tissue scarring,
'( # and lipid- and pigmentepositionandis associated with persistent corneal inflammation and
)y # loss of thecornealimmune privilege® Several diseases in dogs are accompanieabingal

" # vascularizationfor instance keratoconjunctivitis sicca, immune mediated keratitionic

'+ # superficial keratitisand the pigmentary keratitis syndrem brachycephalic breed®

'l # A promising new therapfor cornealvascularizatiorhas beernvestigatedn human

" # ophthalmology and targets the Vascular Endothelial Growth FAQEEGF-A) .8 VEGF-A is
" # apromotor ofthe physiological and pathologiag¢velopmenbf blood vesseland isincreased
'$# ininflamed and vascularized corngagggesting a causative role of corneal vascularizatfon
'%# Hence, lhe herapeutic inhibition of VEGIA could be anoveltreatment option for canine

'‘&# patients with cornealascularization.

"(# Severatypes oftherapeutid/EGF inhibitorsthatare usedor the treatment cd variety ofocular
") # disordersn humans® Oneof these drugs bevacizumab, a humanized murine VEGF

"*# antibody that binds all isoforms of humdEGFA andits pharmaological suitability tacanine
"+# VEGF has been shown, tot®8 The antiangiogenic effect of topical bevacizumab has already
"I # been demonstrated in vivowariousanimal models ahin human patientwith corneal

™ # vascularization®119.20

" # This case series degues the effect, the safepyofile, and thdong-term outcome of topical
"$# 0.25%bevacizumab administered twiaeday er 28 days in dogs wittornealvascularization.

"oet
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MATERIAL & METHODS

Animals

The protocol involving clietbwned dogs in this study was approwstthe institutional ethics
and animal welfare committee and the national authority according to aa 26ff. of Animal
Experiments Act, Tierversuchsgesetz 261 ZVG 2012 (GZ 68.205M46 V/3b/2018 and
68.205/0042V/3b/2019. Clientowned dgswere presented within ttephthalmologicakervice
of theUniversity of Veterinary Medicine, Vienn&ignalment information was recorded for each
dog during theenrollmentvisit as indicated by thewner.Theownerssigned an informed
consent form as part of the enrolimenbcedure.

Drug preparation and labelling

A 0.25% solution obevacizumab eye drops was aseptically prepared and filled from a
commercially available bevacizumab solution (AvastiRoche, GrenzaeWyhlen, Germany)
by the hospital pharmgaccording tayood manufacturing practice (GMRSterile 0.9% saline
(B. Braun Melsungen AG, Melsungen, Germany) served as the solvent. With regardielt
life of bevacizumapthe eye drops were prepared at the same day of thetstatiyent
initiation.?* The pharmacisfMW) prepared single dose containers for each dog and each
administration with a single dose of Grf of 0.25% bevaaumab. The labels were inscribed
based on GMP standar#sind a detailed written instruction leaflet was enclosed
Recruitment criteria

Dogs had to be adult {6 month} and were included they hadpersistentorneal
vascularizatioror at least 28 day&xclusion criteria wereornealsurface defectsSchirmer éar

test1l measurements smaller than 15 mm/rrieatment witlVEGFinfluencingdrugsor agents
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I"# made up ohuman poteins 28ays tefore the tidy start knowncoagulation disordeysr

I$# clinical manifestgeneral disease

19¢¢ Treatment regime and study design

1&# The dogs were treated and examined on an outpatient basis. The eye drauhnigistered by

I' # the dog owners after a detailed instruction by the first authist). On day 0 study treatment

I( # was initiated. The study eye was treated witle drop of ®5% bevacizumab twice a day over

I) # 28days. At least 4 weeks and abotit fonths (longerm follow-up) after treatment initiation,

I* # areexamination was scheduled. In some cases, depending on the indication and disease

Il # progression, additional followp examnations were planned at the discretion of the study
"++# investigators. Each study visit included a full physical and ocular examination, a safety
"+"# assessment, and photographs of the cornea.
"+$# Ocular examination
"+0% A complete gularexamination wasarried out in dldogsby thesame investigatqt.M) under
"+&# supervision of a boaldertified ophthalmologist (BN). Each exam includedIslitp
"+'# biomicroscopy (Kowa Sl15; Kowa, Tokyo, Japan), indirect ophthalmoscopy (Keeler Vantage;
"+(# Keeler Instruments Inc, Broomall, PA)t8rmer tear test (Teststreifen, MSD,
"+)# Unterschleissheim, Germany), fluorescein staining (Fluorotouch Ophthalmic Strips, Eickemeyer,
"+*# Tuttlingen, Germanygandmeasurement of intraocular pressure using rebound tonometry
"+ # (TonoVet, Icare, Vantaa, Finland)h@ examination of the posterior eye segment was conducted
""+# after pharmacological mydriasis (Mydriaticum, Agepha, Senec, Slovakia)
""" # Photography
"$# Photographs were taken withdagital system camera (OND E-M10 Mark Ill, Olympus) in

"0# combination with a magnification macro lens (M.ZUIKO DIGITAL ED 60mm F2.8 Macro
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/120mm, Olympus) and a pineshaped macro flash lig8 T8 Macro Flash, Olympush the
same examination room by teame 2nvestigators (LM an®1B). The room was darkened by a
black shutteandonly one ceiling lignt wasturned onThe light intensity was measured with a
luxmeterto control consistent lightingonditions(Light Meter Model Nr. 4332004118, Urceri,
USA). ThelSOwas set to 200 and tltamera exposure was controlled manually. The camera
aperturevasset to8 or 10 and shutter speed 1/12000r 1/160 sec. Thautofocusvas sebn a
central point in the center of the image. The macro flash was msetiomatic exposui@TL)
mode and in some cases overruled by manual exposure compen3atomage files were
saved in RAW érmat andvere processed to TIF images underdéadzed conditions (MB)
using Adobe Photoshop and Adobe Camera Raw (Adobe Inc., UFSl&% were stored LZW
compressed (lossles3he images were cropped to fill the entire format in an aspect ratio of 1:1.
During image processing, attention was paid tdodst possible presentation of the corneal
vessels in the target file; the parameters exposure, contrasts, highlights, blacks, clarity, vibrance,
sharpness, and saturation were adjusted accordifiggysettings chosen when a patient's eye
was first captwed in Adobe Camera Rawere saved as an xmp metafile and applied to
subsequent images of that patiestiarting from this basic setting, the image was thentfined,

if necessary, by adjusting the abewentioned parameters in order to achieve a corhfgara
vessel imagéFig. 1).

Tolerability assessment

Any reportedadverseevent by thelogownersandany abnormal ocular or general finding
observediuring the study its wasrecordedPain sensabn was assessed bye same

investigator (LM)using a subjective pain scoring syst&it (Supplementalable J.
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Additionally, theownerswere asked toatethe sensation of paiaccording to a predefined pain
scoring (Supplemental Table)2

Efficacy assessment and quantification aforneal vascularization

A modifiedscoring system was used to quantify macroscopic findihgach visitduring slit-
lamp biomicosmpy ? The Pllowing variables were scored for each egerneal edema
vascularization, and pigmentatidh= <25%, 1 = 26% to 50%, 2 = 51% to 75%& >76%(area
relative to total corneal are&@onjunctivalhyperemiaconjunctival chemosis, and ocular
discharge0 = none, 1 = mild, 2 = moderate, 3 = severe.

Additionally, thevascularized corneal areas assessathd the vessels incisiofecated on a
given circle within the cornéaurface(4 circles in total, each 25% small@25-50-75-circle)
were counte@t baseline visit, 4 weeks after treatment start and attiemg follow-up visit
(Fig.2).0Only bloodilled vesselsvere included in the analysiSach measurement was
performed three timeand the mean value was used for analysislysiswere performed using
an imaging software (Fiji; opesource softwarehttps://imagej.net/Fijiand Microsoft Excel
(Microsoft Corporation, Mircosoft Excel 2016).

Data analysis

Data collection and analysiseweperformed using Microsoft Excel (Microsoft Corporation
Mircosoft Excel 2016)Quantitative data welestedas meart standard deviation.Herateand

type ofside effectsvereevaluatedn a descriptive manne$.
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"™ # RESULTS

I"$ # Animals

"0o#  Twenty eyes of 15 dogs met the eligibility criteria and were included in the study. In two cases,
1"& # the first followrup after 28 days was delayed because of personal reasons of the dog owners.
" # Two dogs died shortly before the final loteym examination andere therefore logb follow-

I$(# up, which is discussed below. Signalment and ocular diagnosis is listed in Table 1. Detailed
I$! # patient history and pretreatment information are outlined in Supplemental Table 3 and Table 4.
1$) # Tolerability assessment

1$* # One dog Q #20) showedncreased photosensitivity and ocular pafithe stuied eyeat the

I$+# final examination6 months after the last bevacizumab administra#tatording to thedog

1$" # owner, the symptom#ad been present f@nweeks the dog was rubhgtheeyedue to a

1$$# generalized pruritus, andl enedications were discontinued because meningitis was suspgected
1$9¢¢ weeks earlierThe discontinued edication includedopicalcyclosporingOptimmune” BID

1$&# OU, MSD Animal Health, Kenilworthind systemiammunosuppresge therapy forsevere

I$' # adllergic dermatitis.Ocular findings includedorneal erosion with a loose epitheliamda halo

1%(# of less intensivéluoresceinstaining at he ulcer margin®D, consistent witlthe diagnosisof

1%!# superficial chronic corneapithelial defect$CCED. The SCCED was located in the

1%)# ventronasatjuadrant. Theornealvascularizationlocated in the venttemporalquadrant, was
1%*# unchange@nd the overlying epithelium was intabiamond burr debrideme(PBD) was

1%+ performedundertopicalaneshesia(Novain 0.4% eye drops, Agepha Pharma, Bratislava,

1%"# Slovakig. Topical ofloxacin (OfloxaVision™ sine, Omnivision, Puchheim, Germany) and

1%% systemic meloxicam (0.1mg/kg SID p.o., Metacam”, Boehringer Ingelheim, Ingelagim

196% Rhein, Germany) wengrescribedA follow-up wasscheduled after 2 weeks, however dog
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I"#$ ownerreported that 10 days after the DBD #hesionprogresed into a deep ulcer and the eye
1"%$ was therefore enucleated on an emergency basis at the referring veteriafhiasiological

#&$ examinationwas performed

#!1'$ Two dogs diedfter the bevacizumab treatmdut before the final examinatio@ne dogE #6

#' $ and #7 died 45 months after the last bevacizumab administradiotnknown reasons at the age
#($ of 16 yearslt was treated asynchronous on both eyes tjtical bevacizumabThe dog

#) $ suffered from mitraéndocardiosisvhich wasregularly examined by a cardiolisy It was

I#*$  treated with systemiangiotensin converting enzyme (ACHhibitors (substance unknown).
#+$ Blood pressurand vital parametemserenormal during cardiac examinatiobsfore and during
#"' $ this study There were no signs of cardiovascular or pulmonary dysfunction at angdime

I##3$  prior andduring the studyA histopathological examination was not performi&dother dogJ
#Y% #14)died4 months é&er the last bevacizumab administratidiecording to theeferring

1%8& veterinarian, he died ofincurablepulmonary edemat the age of 12 yearEhe patient suffered
1%!$ from mitral valve insufficiencyandwas examinedegularlyby a cardiologistThe dogwas

1%'$ treated withsystemicfurosemideand benazeprand did not show any signs of cardiovascular
1%($ decompensatiopuimonary dysfunctiongr general incompatibilityeitherduringthe study

1%)$ visits nor at thecardiologicalexaminationst any timepointA histopathological examination
1%*$ was not carried out.

1%+ In all other dogs, there was no evidence of ocular or systemic intolerance or pain associated with
1%"$ brolucizumab eye drops. All clinical parameters remained within the physiological range with
1%# only clinically irrelevant minor fluctuations.

1%% No dog avnerreported any change behavior signs of painor touch esponsafter

'&&$ administration of bevacizurbaln the investigator's pain assessment, none of the dogs showed a



"% $
"$
I"%$
"&$
™ $
" $
M $
" $
"+ $
#$
WS
#$
HYS
#&$
# $
1#($
1#) $
W $
#+$
" $
# $
ms

1%$

57

change in pain perception at any time point, and pain scores remained unchanged (data not
shown).

Efficacy assessment and quantification of corneal vascularization

The extent of clinical outimes was highly variable, as reflected by the kifiation of the
minimum and maximum valueecorded for the vascularized area andcthunt ofvessel
incision(Table 2). While some cases showadnarkediecreasef cornealvascularization (Fi®
and 9, otherdogshadmore subtle signs afinical improvementsuch asncreased ocular
comfott, less conjunctivahyperemiaand chemosiglecrease of corneal edeiad
pigmentation, or decrease of corneal pigmentadimhless ocular dischar{feig.5)

The mean vascularized area was reduced by 48.8% (rarfgel@®x) after 4 weeks of
bevacizumalireatmeni{n=10)(Table2). In cass of diffuse corneaVvascularizatioror scattered
vessels distributed over the entire corneal surfmsasuementof vascularized area was not
performed

The mean score of macroscopic assessed corneal vascularization and edema @recreaged
to 10 and flom 15to 1.1, respectivelyn=20)(Fig.6).

Thecount ofvessel incisioashowed aneanreduction 0f28.0%, 31.1%, 4.6%, 16.5%r the G,
25, 50, and 75 circle, respectivelyn=17). Counting the vessahcisionswas notpossiblefor
areal cornedbleeding=or in cases ofieneralizedorneal vascularizatiohn some cases, the
number of vessel incisions of theo innermost circles (3 and 75circle) increased after
bevacizumab treatme(itable2). In these casebloodvessels bcame visible because of a
decrease of corneal edemaddfuseandblurredhemorrhageat the end of each blood vessel
developed into weltlefined fine blood vesselBi).7). Subjectivédy, we rather observed a

reduction of the vasculaaliberanda decrease of vesdmlanchingthan a shortening dflood
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vesselsFig.7-9). Some blood vessetwontainedess or no blood at adinddiffuseor blurred
corneal hemorrhages consolidated to wefined thin vessels

Long-term follow up

The clinical improvement observed in week 4 was maintained for all but one it in
thelong-termfollow up visit (Fig.9-13). Theownerhaddiscontinued the prescribed topical
cyclosporingreatmentClinical findings included relapse o$uperficialcorneal vessel®S
(studed eye), new corneal vessels Candaworsening othe quantitéive tear filmdeficiency

Oou#
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DISCUSSION

Thepresent studindicatesthat topical0.25%bevacizumalmay bean effectivetreatment option
for persistentornealvascularizationn dogs The range of response to therapy was high, which
was also observed in human medidifféne permeability of a soluble substance is affected by
the porosity, conductivity, andetsinuousness of the medium to be permeé&téBecause of

the great heterogeneity in etiology, severity, disease duration, and varying tissue scarring of the
studied dogs, the corneas may exhibit varying degrees of structural alteration, drug permeability
and bioavailabily.

The involvement of other factors in neoangiogenesish adibroblast growth factors, are not
inhibited by bevacizumab and this might be another reason for partial treatment ré8ponse.
Bevacizumalzaninhibit the proliferatiorin growing blood vessebut in nature blood vessels
already covered with pericyteshichmost likely do not require VEGRA for proliferation?°:3
ThereforeVEGF inhibitors might lead to an insufficient therapy respéh¥e.

We observedhat itwas not so much a reduction in vessel lepgtha thinning of blood vessels.
These observations are consistent with reports in human patieh$EGF is as an effective
vasodilator and increases the vascular permeatsifitfhus, VEGF inhibition lowers the blood
flow rate and narrows the blood vessel diameter, which can explain our figéifigs.

All but onepatient showed stationacprnealvascularizatioruntil atlong-term follow~up visit

This also correlates with clinical studies in hunpatients®° Anyway, patiens may have
individual needs and there are many factors¢hatnfluence the response to treatment, as
discussed earlie¥We assume that isome ases, a longer treatment duration, a second therapy

sessiopand a higher doseay be necessary.
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I"#$ In general, topical application is the preferred route for the treatment of corneal diseases

" $ animal patient8! The efficacy of topical drug administration depends on the abilipetetrate
1"%$ thecornealepithelum to reach the target tissue in a sufficlgritigh therapeutic dose

1"& $ Bevacizumab has a molecular weight of 149kD iarido large to permeate the intact corneal

" $ epithelium 8353 However, in corneas with insufficient barrier function, bevacizumab is known
I"('$ to penetraténto the corneal strom&-®

1%)$ Besides bevacizumathere are other VEGiRhibitorswith asmaller molecular size, different
1%*$ molecular charge, binding affinitand binding spectra. $51%3"These drgs shoulde

1%!$ considered in future studieBesides the topical application just discussed, anotiue of

1%+$ administratioris conceivableStudies have shown that subconjunctlvevacizumalis able to

1%# reducecornealvascularizatioreffectively.20-3

1%"$ VEGFA is not only involed in pathological vasculagtion, but also hastal functionssuch as
1%% corneal nerve regeraionand wound healing®3 Topical bevacizumabds been regrtedto

1%8& increase theisk of corneakrosionsgespecially with prolonged use or at a higtiese2°4In

1%'$ our studyone eyedeveloped a corneal erosi@months after the last bevacizumab

1%($ administrationUnfortunately, the erosion developed into a deep corneal Uleerdog suffered
1&) $ from animmune mediatelleratitis and severe allergic dermatitis. We consider it unlikely that a
1&*$ drugrelated side effect was the cause, since the last bevacizumab d&marahs ago, all

1&!'$  immunosuppressive systemic and topical medications had been discontinued shortly before the
1&+$ adverse event occurred, amthmnesticallyhe dog scratcheitheeye Nevertheless, we cannot
1&#%$ exclude acausal relationshiprith complete certaintyUnfortunately no histopathologic

1&"$ examinationwas performedConcerningpatientselectionit has to be considered, that
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I"# $ therapeutid/EGF inhibitioncancontribute to an increased risk of corneal tissue damage

" $ particularlyin patients who are prone to spontaneous epithelial efec

1"%$ In rare cases thedministration ofntravitrealbevacizumalin human patients associated with
1"& $ severe systemiadverse event$+2In our study wo dogs died4 and 4.5monthsafter the last
1%'$ bevacizumab administratiatthe age of 12 and Mears Both patients suffered from mitral
1%($ valveinsufficiencyand were examineégularlyby acardiologist. Both patieshad no signs of
1%!$ cardiovascular or pulmonary dysfunction prior or during the study examcsusarelationship
1%)$ cannot be ruled otompletely.Sincethe dogs die@long time after the last bevacizumab
1%*$ administrationthe patients showedrabnormalities in the physical examinaticlsing

1%4$ bevacizumab treatmerand the dose was very lawcausal relation is unlikelffopical 0.25%
1%# bevacizumab for 28 days is known not to alter systemic VEGF levelslthyhdags* Although
1%"$ theuptake ofbevacizumalinto the bloodstreammay be different inminflamedcorneaand

19%% conjunctivawe do not believéhatbevacizumab given for a short tiraad at a lowdose of

1%8& 0.25%would reach a therapeutic concentration high enough to cause systemic sidé®effects
1&' $ Anyway, polonged neutralization of VEGF may have unintended local or systemic

1&($ consequenceandsystemicVEGF concentrationn diseased dogsould help answer that

1&!'$ question

1&) $ Sandberg et afoundthat dogs with intraocular disderssuch as glaucoma, leirsduced

1&*$ uveitis, retinal detachment, intraocutamors and grade preiridatfibrovascular membranes
1&+$ (PIFM) had significantly higher VEGF concentrationshraqueous humor compared with
1&#$ normal eyes! Zarfoss et al. demonstrated that blood vessels and nonvascular spindle cells of
1&"$ canine PIFMs were immunohistocheally positive for VEGFS ,-./0!$12$314356$789:7227;%

1896 1<$=37$>?2@A5?:$7<;B=3751AC$BD$;127?27;$88723BDH:BUUD $2A4472=$=37=3,-./$12$7<$
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I"IHSY& () +, +$!* (Yot (#-,1*+-" (. &H Yo (YoH $* & +.-' &* (/Y(&HNS*1 &S, 1#$" ($O&P(%6#0%1 % $(2345(&*!(
+8(9*1&$(%#3$" B ever, topical bevacizumab cannot penettae normal cornea. In human
medicine, intracameral and intravitreal bevacizumab injections areasitklyto treat various
ocular digrders(off-label).354247Intraocdar administration routes are also conceivable in dogs,

but the safetyprofile is unexplored(

>1?2&.%@-,&L(A&" (1?1 +)1/(&H#(&))*+?1/(8+*($0! ($*1&S, HB(HBI*&'(.&#.1*($B)!":28 In

veterinary medicine, there is one report on an Amur tiger with a palpebral sebaceous gland
carcinoma that was treated successfully with intralesional bevacizumaladisieamt to

surgery*® At the University of Veterinary Medicine Viennafemale Appaloosauffering from
arelapsecorneal stromal invasive squamous cell carcinbambeen treated with intrastromal
bevacizumalas an adjuvanto surgical excision, topical mitomycin C, and systemic firocoxib

The horse has been relagsee forat least Imonths(K.-O. Blohm,personal correspondende

The study has several limitatiain some cases it waifficult to detect the exact margins of the
vessels, becausd corneal pigmentation or edema. It must be assumed that corneal vessels also
runindiscerniblyunder the pigmentation or edenhia someeyes it was not useful to quantify

the vascularized area because the vessels were distributed over the entirelsudatest to

focal changes, which can certainly be assessed with this approach, generalized or diffuse cornea
vascularizatiorshould be gamined with another metholrizova et al divided the corneal

surface into triangular segments of identical size and evdltrenunber of segments affected

by corneal vascularizaticrDagjerdi et al.assessethe surfacearea of the cornealoodvessels
themselves by tracing the vessels araking the nonvascular area. The remaining vascularized
area was then pixelated and meas@rdother limitation is théneterogeneityf our patient

cohort In dl but two eyes topical bevacizumab wagvenparallel to topicatyclosporineThis
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was decided from an ethical point of wieas we did not want to run the risk of worsening the
disease statust cannot be said with certainty that the effect was achieved by bevacizumab
alone.Nevertheless, the studied dogs receiwgrical cyclosporineas a longterm therapy over
monthsor yeas without further improvement of corneal vascularizatiddditionally, recent
research found that topiceyclosporinel% TID did not inhibit corneal angiogenesigats*

Based on these arguments, it can be assumed that the obseraedjmggenic effect is due to
bevacizumabAnotherlimitation is the study dégn. The study waglannedas apraspective
openlabelcase series with no control grouputurestudieswith largerpatientcohortsand a
controlled andnaskedstudy ®tting are needeld answer thipendingquestionsin this study,

due to the lack of knowledge of bevacizumab's safety profile in dogs, we opted for a low dose
over a short period of time. However, it is of great interest and the subject of future studies to
discover the clinical impact of highbevacizumabconcentratios, longer treatment duratisn

and another route of administration, such as subconjunctival or intrastromal application.
Conclusions

In conclusion the clinical improvement and reduction of the cofweacularizatiorindicates
thattopical bevacizumabanbe an effective therapy to redun@rneal vascularization in dogs.
Attention has to be paid aogswith recurrent superficial epithelial defeckurther research

with larger patientsohortsand placebaontrolled longterm studis are warranted to gain

further insights into different dosing regimenafety profile clinical impact as a monotherapy,

routes of administration, arile usdor other indicationd
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FIGURE LEGENDS

Figure 1. Example of image processing and standardization of technical shooting conditions to
achieve best possible comparability.

Figure 2. Measurement of th@) vascularized corneal area ghjithe count ofvessel incisions
including 4 circle, each 25% smallef{25-50-75-circle). The green spots on the circles show
thecountedbloodvessel incisiongc). Analysiswere performed witlan imageprocessing

program (Fiji; opersource software: https://imagej.net/Fiji).

1"#$%¢&'()Siberian Husky#15)with immune mediate#eratitis(a) before andb) after
bevacizumaltreatment for 28 daySuperficial blood vesse(blackarrow)arising from the

dorsal limbus (a) completely disappeared after bevacizumab treatment (b).

Figure 4. Chihuahug#7) with immunemediated keratiti¢éa) before andb) 1 monthafterlast
bevacizumab. In (a), ocular findings included a planar stromal hemorrhage adjabent to
ventrotemporal limbus. In (b) it consolidated into a fine vascular network.

Figure 5. French bulldog#20)with superficial corneal vascularizati¢a) beforeand (b) after
bevacizumab. After topical bevacizumabrneal blood vessels arising from teenporoventral
limbus thinned or were bloodlegBorneal pigmentatioand edemalecreased.
I"#3$%&*)-./012$/34567408%4-.;0-  $-56:/$801<0124$<5/012BA0.90-/.4-.;7@$
A04;6:?73<$:/3$7B3%$93:1$4$75>:436013C$($D33E4$:873/$>3F:-0G59:>$7/3:79317$:1<$!$9.17B4$
:873/$7B3$6:47$>3F:-0G59:>$:<901047/:70. 1@ $HR 2)3/3908:689.404%$:1<$.-56./$
<04-B:/238% none, 1 = mild2 = moderate, 3 = sevé&rneal edema, vascularization and
pigmentation(area relative to total corneal area): 0 = <25%, 1 = 26% to 50%, 2 = 51% to 75%, 3

= >76% >F:$L$>3F:-0G5%>
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I"# $ Figure 7. Maltese dog (#3) with immune mediated keratitis (a) before and (b) 4 weeks after
1"%$ treatment start with bevaciczumanb. In (b), distal vessels were thinner, fewer in number, less
" $ branched, and more sharply demarcated.

1"&$ Figure 8. Prague Rattle§#18)with supeficial keratitis(a) before andb) after bevacizumab.

I"l'$ After 4 weeks of topical bevacizumab, vessel diameter decreased, ocular discharge, eye comfort
" $ and conjunctivahyperemieand chemosis improvekl.

I"('$ Figure 9. Great Pyrenees dog (#13) with severe unidtetromal keratitis (a) before and (b) 2

") $ months after bevacizumab treatment start. In (b), blood vessels became thinner and fewer, and
I"* $ corneal edema improved, in particulathe ventral third of the corneal surface. The blood

1&+$ vessels in theentral corneal area were less branched and fewer in number.

1&#$ Figure 10. German Shepherd Ddg10 and #11yvith bilateral CSK. (a) ODand (b) OS before

1&% bevacizumab treatment. Clinical improvement was obsdordubth eyesfter 4 weeks of

1&"$ bevacizumab treatent. Atlong-termfollow-up, (c) OD and (d) OSafurther decrease of

1&&$ corneal edema and thinning of corneal blood vessels hsasved.

1&!'$ Figure 11. Boxer with persistent corneal vascularization after delayed healing of a stromal ulcer
1& $ (#9) before (a) and months after (b) bevacizumab. (b), blood vessel thinning, a decrease of
1&($ corneal inflammatory cell infiltration and edemalsserved The dog showed persistent corneal

1&) $ vascularization prior to bevacizumab start with only systemic NSAIDs; theidomt receive

1&*$ any topical medication before and after bevacizumab. Interestingly, further clinical

I+ $ improvement in the months after the last bevacizumab administration was noted.

# $ 1"#$%&'()*,-.-/0-/0$12'3$4.5-$06$.77/68$789.05888ratitis (a) before anfb) 4 months after
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" # treatment start with bevacizumab (patient was lost for-teng follow-up). In (b), the
I$ # vascularized area and corneal vessel diameter decreased, and the vessels became more sharply
1%# demarcated. Corneal cell infiltration and corneal emlénproved.

n # #
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Figure 2. Measurement of th@) vascularized corneal area dhjithe count ofvessel incisions
including 4 circle, each 25% smallef{25-50-75-circle). The green spots on the circles show
thecountedbloodvessel incisiongc). Analysiswere performed witlan imagegprocessing

program (Fiji; opersource softwarehttps://imagej.net/Fiji
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" #  "#$%&'()Siberian Husk)(15)with immune mediate#leratitis(a) before andb) after

I$ # bevacizumaltreatment for 28 daySuperficial blood vesse(blackarrow)arising from the

I # dorsal limbus (a) completely disappeared after bevacizumab treatment (b).
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1$" # Figure 4. Chihuahua (#7) with immurmediated keratitis (a) before and (b) 1 ntoafter last
1$$# bevacizumab. In (a), ocular findings included a planar stromal hemorrhage adjacent to the

1$9¢¢ ventrotemporal limbus. In (b) it consolidated into a fine vascular network.
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*0#% Figure 5. French bulldog (#20) with superficial corneal vascularization (a) before and (b) after
*%% bevacizumab. After topical bevacizumab, corneal blood vessels arising from the temporoventral

*%& limbus thinned or were bloodless. Corneal pigmentation and edema decreased
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Figure 7. Maltese dog (#3) with immune mediated keratitis (a) before landl eeks after
treatment start with bevaciczumanb. In (b), distal vessels were thinner, fewer in number, less

branched, and more sharply demarcated.



"% $
1%&
1%'$
1%($
1%)$
1%*$
1%"$
1%%
1%!$
1%-%
1%#5
& $
s
ne$
n $
g
nm"s
n%$
n s
I+ $
#$
1+&$

I+ $

96

Figure 8. Prague Rattler (#18) with superficial keratitis (a) before and (b) after bevacizumab.
After 4 weeks of topical bevacizumab, vessel diameter decreased, ocular discharge, eye comfort,

and conjunctival hyperemia and chemosis improved.
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"*+$ Figure 9.Great Pyrenees dog (#13) with severe unilateral stromal keratitis (a) before and (b) 2
"*#$ months after bevacizumab treatment start. In (b), blood vessels became thinner and fewer, and
"*%% corneal edema improved, in particuliathe ventral third of theorneal surface. The blood

"*&$ vessels in the central corneal area were less branched and fewer in number.
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Figure 10.German Shepherd Do

g (#10 and #11) with bilateral CSK. (a) OD

and (b) OS before
# $ bevacizumab treatment. Clinical improvement was observed for both eyes after 4 weeks of
N%$ bevacizumab treatment. At lortgrm follow-up, (c) OD and (d) OS, a further decrease of

N&$ corneal edema and thinning of corneal blood vessels was observed.
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ALY C\T.'
igure 11.Boxer with persistent corneal vascularization after delayed healing of a stromal ulcer

m

(#9) before (a) and 7 months after (b) bevacizumab. In (b), blood vessel thinning, a decrease of
corneal inflammatory cell infiltration and edema is observed. Thelumged persistent corneal
vascularization prior to bevacizumab start with only systemic NSAIDs; the dog did not receive
any topical medication before and after bevacizumab. Interestingly, further clinical

improvement in the months after the last bevacizuadministration was noted.
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"#$%&' !()*!-.-/0-/0$12(3$4.5—$06$.77/68$789.058[é$atitis (a) before and (b) 4 months after
treatment start with bevacizumab (patient was lost for-teng follow-up). In (b), the
vascularized area and corneal vessel diameter decreased, and the vessels became more sharply

demarcated. Corneal cell infiltration and corneal edema improved.
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4. Discussion
This PhD project aimed to investigate the potential of VEGHbitors bevacizumab and
aflibercept in animal patientd/ascularendothelial growth factos have beenintensively
studied in humans and experimental rodent and rabbit models and its role in neovascular eye
diseases is undisputé@ursiefen 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, tere is a lack of knowledgdbout VEGF and VEGHhibitory drugs in dogs, cat,
and horses.
In our firststudy, weinvestigated theinding characteristiosf antthuman VEGHevacizumhb
and aflibercepto canine, feline, and equine VEGFvitro.
The purposeof the second and thirdtudy wasto asses®evacizumaleye dropsn-vivo in
healtly dogsand in dogs witlmaturally occuringorneal vascularizatio he first step was to
establisha scientifically proven safe dose of bevacizumab in heallyviduals After
confirming a safe dose &.5 mg/ml BID, we explored the effects of bevacizumab in the
previouslystudiedregimein dogs with corneatascularization
The outcomeof this PhD projecis of great interest because persistent corneal vascularization
is frequently observeth veterinay ophthalmology ath cancausea variety ofseveresequelae
(Danaand Streilein 1996, Andrew et al. 1998, Murphy et al. 2001, Andrew 2008, &wehn
Meunier 2013, Lassaline et al. 2015, Plummer 2015, Hiretlay. 2016, Ledbetter et al. 2016,
Krecny et al. 2018)The dilemma of currerteatment optionss the lack ofdirectly targeted
inhibition of angiogenesithatmay beassociatedavith aninsufficientresponse to thera@nd
theoccurrence of side effecffolar et al. 2006, Bock et al. 2014, Dowling et al. 2016, Hindley
et al. 2016, Mirtagh et al. 2018, Rigas et al. 2020, Sebbag et al. 20B8)application b
therapieghat inhibit VEGFare not only of interest for corneal vascularizationdisfor other
indications likeocular neoplasms and PIFMsth probablecausal VEGF asstation(Zarfoss
et al. 2010, Sandberg et al. 2012his work has laid the foundation ftie future clinical

application oVEGF inhibitorsin dogs, cat,and horses.



4.11 In-vitr o analysis
Bevacizumab and aflibercept watesignedo bindspecificallyhuman VEGFA and are sed
for targeted therapies for pathological angiogenesis in cancer and eye digerdsts et al.
1997, Holash et al. 2002, Arevalo et al. 2008ydbelnik et al. 2014, Schmidirfurth et al.
2014, Olmos et al. 2016)herapeutic VEGF inhibitiorhas beenextensively studied in
experimental rodent and rabbit mod@eck et al. 2007, Dastjerdi et al. 2010a, Ozdemir et al.
2014, Sella et al. 2016, Devarajan et al. 20T8us, the studied VEGF inhibitors an@pposed
to be able to bind VEGF ahice and rabbitsHowever, there are contrary findingad the
ability of bevacizumalio bind VEGF of mice and rabbits remains controvergizdck et al.
2007, Yu et al. 2008b, Papadopoulos et al. 20kR)ogs, cats, and horsesete is no
knowledge of th&/ EGF binding properties of bevacizumab and aflibercept
Thus, air first approach was to compamino acidsequencgof human, equine, canine, and
feline VEGF using the OBasic Local Alignment Search TBalST). We found thathere is
high similarity of canine, feline, and equine VEGF to human VEGH 93 %, 92%, and 89
%, respectivelyThese findings correlate with those of other stuffseheidgger et al. 1999,
Jingjing et al. 2000)0ur analysis revealed an identical amino acid sequence between Arg 82
and Gly 91 of all tested specjaghichis considered to be the essential sequence for binding to
bevacizumal§Muller et al. 1998)
Following the comparison of amino dcsequences, we studied qualitative and quantitative
binding properties of bevacizumab and aflibercept in equine, feline, and canine VEGF using a
Westernblot analysisand an enzyménked immunosorbent assay (ELISA).
In the Westernblot, we foundimmunoreactive signals for aflibercept for canine, feline, and
equine VEGF. However, immunoreactivity of bevacizumab was only detectable for canine and
feline VEGEF but not for equine VEGF.
In order toexplore quantitative bindingcharacteristicswe condated an ELISA Different
concentrations of bevacizumab or aflibercept were incubated wakaamding concentration
series of VEGRand subsequently, unbound VEGF was measUieelanaly®s revealedhat
bevacizumab and aflibercept bind canine VEGF in sedependent manner. In contrast, the
binding of bevacizumab and aflibercept to feline VEGF was liraggesting @& unspecific
binding (Medina et al. 1999)ELISA analyses identified a dossdependent binding of

aflibercept to equine VEGF, whereasaguineVEGF binding was detected for bevacizumab.



This findingwasin line with the absence of bevacizumab bindingdaiee VEGF previously
observed in th¥/esernblot analysis

This finding was unexpectdoecauseequine and human VEGF have an identic amino acid
sequence of the bevacizumab binding regiinyway, proteinsdo notfunction as linear
polymers but as complex thre@nensional structure@Berg et al. 2017)In general, he
structure of proteins can be described on four levels, the primary, secondary, tertiary, and
guaternary structur@erg et al2017) The pimary structure refers to the amino acid sequence.
The secondargtructure corresponds to the conformation that local regions of the polypeptide
chainform, such as -helix, #-sheet#-turn,%-loops(Berg et al. 2017)The secondarstructure

is built by theformation of hydrogen bonds of peptidetNand-C=0 groups oadjacenamino

acias (Muller et al. 1998, Berg et al. 200L.7The compact, asymmetric structure to which the
polypeptidesare arranged is called the tertiary struc{deto et al. 2008Berg et al. 2017)The
function of a protein is directly relatedttus tertiary structurend theamino acid sequence of

a protein determinessitthreedimensional structur¢Berg et al. 2017)Extensiveresearch
including deep learning systerhas been conducted on how to predict the tdrexnsional
structure based on the amino acid sequesieh has proven to beery difficult (Roche et al.
2011) Furthermore, it is known thd#e tertiary structure isiot only influenced byhe amino

acid sequences that are close to each other, butaarged by interactions over larger amino
acid sequenceto (Berg et al. 2017)

In our BLAST analysisequine VEGF hda high sequeresimilarity of 89% andanidentical
sequence in thbevacizumalbinding regioncomparedto human VEGFNeverthelessywe

found thatequine VEGF hdthe highessequenceariations andvasshorter bysevenamino

acids compared to human VEGF. These differences might caasationsin the three
dimensional protein structure, thereby hiding the binding region and imparitigen
accessibily. These interspecies differense of equine VEGFmay explain thelack 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, assuminghat VEGF binding may occur via the receptor binding dontam
(Holash et al. 2002)Therefore, one would have to assume that just like bevacizumab,
aflibercept is also unable tanol equine VEGF. Anyway, looking at how aflibercept and

bevacizumab bind their targetsay explain the lack of bevacizumab and the capability of
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aflibercept bindingo equine VEGF. MacDonald et al. found thairling of bevacizumako
VEGFA ;sscan resultn large, multimericomplexesnediated by surfaeeaptured heparin and
NP-1 (MacDonald et al. 2016)hey alsostatedthat, n contrast to bevacizumab, aflibercept
binding to uman VEGFA s formedmonomericl:1 complexeswhichdid not bind epithelial
or endothelial cells to a greater extent than unbound aflibeareptspeculated that the
formation of this complexes hide the heparinding region of VEGF. Thus, these findings
underscore@dn exceptionarappingmechanism of aflibercepEGF bindingthat differsfrom
classical antibodyigand mechanism@vlacDonald et al. 2016)herefore,we assumedhat
this differentbindingmannerof VEGFtrap afliberceptmay be the reason for our observation.
In conclusion, the results of thiswitro experimentndicatel that bevacizumab and aflibercept
bind VEGF with speciespecific differences. The resutlemonstratethat bevacizumab and
afliberceptarecapable tdind canine VEGFand represent trernerstondor the futureclinical
applicability of VEGFinhibitors in this species. This is of great interes$ novel targeted
strategiedike VEGF inhibition are needefbr a variety of neovasculapotentially blinding

ocular diseasds animals.

4.21 In-vivo analysis

The second part of this PhD project aimed to investigate topical bevacizuviab both in
healthy dogs and dogswith corneal vascularizatiorBased onprevious humarstudies, we
selected a dose of 2mdg/mIBID over afour week periodKrizovaet al. 2014)Bevacizumab
eyedrops were asepticallygparedrom commerciabevacizumab solution for intravenous use
(Avastin, Roche, Basel, Switzerland) by the institute's pharmassording togood
manufacturing practiceSterile 0.9% saline served as the solvékim et al. 2008, Koenig et
al. 2009)

4.2.1! Topical bevacizumab in healthy dogs
There is no knowledge about topical and systemic s&oyving bevacizumaleye dropsn
dogs.Our first in vivo study aimed to evaluate the tolerabilityagficalbevacizumab in healthy
dogs,particularlyin terms ofcorneal epithelial losandocularhypersensitivity reaction’et
another question of interest was #féect of topical bevacizumab on systemrW&EGF values

andblood andcoagulation parameters.
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Ocular safety was assessed by biomicroscopic eye examiaatidoy using predefined pain
scaing systemAdditionally, conjunctival hyperemia and chemosis, ocular discharge, corneal
edema, and corneal vascularization was determined by using predefined séoygsserved
clinical abnormality was recordeBull physical examinationsystemic blood pressyrand
completeblood count including hematolog, serum coagulation parameters, aatimVEGF
values were performed.

There was no evidence of ocular and systemic intoleraxicelinical valuesstayedwithin
normal physiologic limits with onlyninor, clinically irrelevant changes. Topical bevacizumab
had no effect on blood countsoagulation parametemdserumVEGF values At this point

it should be mentioned that it would chdeen interesting to investigate an ascending
concentration of becizumab Anyway, due to ethicatonsiderationgnd of special caution,

we decided to use a scientifically proven safe dose ahg/miBID.

4.2.2! Topical bevacizumab in dogs with corneal vascularization
After verifying the safe applicabilityof topical bevacizumab in healthy dogs, assessed
bevacizumabwith the same treatment regime dogs with naturally occurring corneal
vascularizatiomefractory to standard therapyhe study was designed as a prospective planned
case series involvingdult, clientowned dogswhich were presented to the ophthalmology
ambulatory service of thaniversity ofVeterinaryMedicineof Vienna.
After confirming study eligibility, adose of 2.5mg/ml BID bevacizumab dissolved in 0%
sterile saline and filled in single dosentainerswas administered over a periodfofir weeks
by the dog ownersRe-examinations were schedulédur weeks after study starwith a
minimum follow-up of six months.
Full physical and ocular examinat®were performedat each study visi A predefined pain
scoing was conducted by the same study investig&tdditionally,the dog owneraiereasked
to estimate their dogOs sensation of adording trespecifiedpain scoresit certain points
of time. The prameters hyperemia, ocular discharge, corneal edema, pigmengattn
vascularization were determinbd using a prespecified grading syst&tandardized corneal
photographs were taken to determine the size of the vascularized corneal areaanttteec

blood vesseihcisions on a specific circle on the corneal surface. Vessel morphatetding
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vessekaliberand blood filling distal vessediortuosityand branching, was assessed subjectively

during the clinical examination and recorded in a descriptive manner.

Twenty eyes ofifteen adult dogs were included, all of which were pretreated with systemic
and/or topical antinflammatory agents with a lkof improvement of corneal vascularization.
Brachycephalic breeds were overrepresemtaulir study. Overall, the patient population was
very inhomogeneous, with a wide rangkeage and weighta large variety of underlying
diseases and pretreatmensmd various degrees of disease severity and corneal scarring
Clinical appearancearied fromsubepithelialto deep stromal vessels, and fisgperficial
vascularized networks to planar stromal hemorrhafes.most common underlying diseases

of corneal vasdarization were immunenediated keratitis, qualitative tear film deficienapd

the state after poorly healing corneal ulcerative keratitis, such as melting ulcers and

complications afteDBD.

4.2.2.11 Safety
In this study, gemaleFrenchbulldog developed a SCCED at the study @y¢he treatment
free interval six months after the last bevacizunadministration. The SCCEprogressethto
a deep corneal ulceandthe eye wagnucleatedby the refering veterinarianUnfortunately, a
histopathological examination was neglected.
The dog suffered from bilaterahmunemediated keratitis and allergic dermatitis that flared
up repeatedly in severe episodes and was controlled under systemic immunosuppression.
Shortly bebrethe SCCEDoccurred immunosuppressive therapy had testmppedecause of
suspectedneningitis Thus, acausal relation tchedrug discontinuation is conceivable.
In the literature, lte occurrence otorneal epithelial defects and nerve fiber regatnen
following topical bevacizumab is disputéBock et al. 2007, Yoeruek et al. 2008, Kim et al.
2009)Yoeruek et al. 2008, Bock et al. 2009, Kim et al. 200®)»someanimal studies with
experimentainducedcorneal erosiongppical bevacizumab did not delay wound healing and
did not chang@erve fiber density oepithelial cell morpholog (Yoeruek et al. 2008, Bock et
al. 2009) However,VEGF is essentially required for corneal wowand nerveepair(Amano
et al. 1998, Emin@nd Krieg 2006, Yu et al. 2008aJhus, onflicting findings indicateda

delayedcornealwound closure in rabbits following topical and an impaired nerve fiber



regeneration after intrastromal or subconjunctb@&lacizumal{Kim et al. 2009, Dong et al.
2017) In humanstopical bevacizumabas been reported pmtentiallycausecorneal erosions,
delay wound healing, angromotea corneal tmning (Kim et al. 2008, Koenig et al. 2009,
Krizova et al. 2014)The occurrence afornealepitheliopathiesppeas to correlate with the
dose and duration of therafigim et al. 2008)A singletwo to threeweek treatment duration
at a dose of 2..1g-10 mg/ml two to fourtimesa day is described to be topically safe and
effective(Dastjerdi etal. 2009, Krizova et al. 2014)hus, the use of bevacizumab as a single
treatment rather than continuous therapy for months should be congdasgdrdi et al. 2009,
Krizovaet al. 2014)

Cornealsensory nerves and neurotransmitters have important corneal tfopbions and
VEGEF is known to mediate corneal nerve regenergtitakamura et al. 1997, MYller et al.
2003, Yu et al. 2008a)Abnormal corneal innervation is pgakted to be causal in the
development of SCCEOMurphy et al. 2001)Additionally, brachycephalic breeds are known
to have an impaired nerve fiber density and morpho{&gyarnik et al. 2008)Unfortunately,
brachycephalic breeds particular have avery high prevalence of persistent corneal
vascularizationPlummer 2015and VEGF inhibitory therapies would be of great intenest
these breedd his is reflected by the fact thaB %of our study populatiosuffered fromocular
brachycephalic syndrom¥&nfortunately, we did not assessrneal sensitivity in our study, for
example by using Coch&onnetesthesiometryMurphy et al. 2001)Therefore, wevere not
able toconcludewith certainty that ther&as nacausal relationship between th@achycephalic
breed predispositignaltered and/or preexistingcorneal sensitivit, the drug, and the
development of the SCCEMWe considezd a causal drug relationshipnlikely becauseve
chose a low dose, thast bevacizumab dose was administesigdnonthsbeforethe adverse
event occurred, anthere were no signs of epithelial thinning, ulceration, or pain during the
study visits.Instead, thealiscontinuation othe immunosuppressive theraplyat resulted in a
relapse of immunenediated keratitis, dermatitis, asdlf mutilation mayhavecontributed 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 dis@darst al. 2008, Yu et al.
2008a, Dong et al. 2017)
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In our study, wo Chihuahuasliedfour and a halnd fourmonths after the last bevacizumab
administration at the age tfelve andsixteenyears, respectively. Both dogs had a history of
well-controlled mitral valve insufficiencyand were monitored regularlyby a veterinarian
cardiologis. In either case, ther@as no sign of cardiovascular or pulmonaiysfunction
during the cardilmgical examinationgnd studyvisits. Vascularendothelialgrowth factor Ais
involved in physiological processes, suchhasregulation of blood pressure, hemostaaisj
vasculogengis(Shalaby et al. 1995, Carmeliet et al. 1999, Ruhrberg et al. 2002, Gerhardt et al.
2003, Maes et al. 2004, Edelman et al. 200Bus, aprolonged systemic neutralization of
VEGF may lead to unintendexystemic complicationéShima et al. 2008, Wu et al. 2008)
Following intravitreal administration of VEGF inhibitor®# humans, bevacizumab and
afliberceptcausea decrease of systemic VEGHRIlues (Zehetner et al. 2013, 2015)hus,
systemic effects after intravitreal administration are pladesibdthromboembolic eventsnd
systemic hypertension have been reported in rare ¢abana et al. 2008, Wu et al. 2008)
After topical administraon, systematic bevacizumab concentratgsignificantly lower than
after intravitreal or subconjunctivapplicationand there are no reportssdveresystemic side
effects using the topical administration ro(i@enig et al. 2009, Nomoto et al. 200Fhis
correlates well with our finding that bevacizumaidb ot altersystemic blood pressure ahds

no effect ondifferential blood count, coagulation parameters, sadimVEGF values in
healthy dogsHowever, it isvell known that corneal permeabilignd drug bioavailability may
be different in vascularized cornea®mpared tocorneas withan intact barrier function
(Yoeruek et al. 2008, Dastjerdi et al. 2011, Sella et al. 20k8)erthelessye administereda
very low dose in our studgssuminghat this dose is not high enough to cause systemic side
effects. In addition, botdogsdied months after the last bevacizumab administratiwimg the
treatmentfree phaseand showed no signs of cardiovasculapeimonary dysfunction before
or during the treatment period, making a causal drug relationship unlikely.

In future studies, measurement of systemic VE@bes, antidrug antibodies, andrug levels

in dogs with corneal vascularizatiomy beconsidered.

Patients with preexisting cardiovascutiisordes or any risk of embolic eventshould be

carefully selectefor VEGF inhibiting therapies.



4.2.2.2! Efficacy
To quantifythe effect orcorneal vascularization, photographs of the cornea were taken at each
study visit. The major challenge was to take photos as standardszaubksible, otherwise the
image evaluation could be distortékhis included not onhkeepingthe dogs still for a few
minutes and getting the right angle of view and franfiagalso technical conditionsuch as
theidenticallight conditionsmeasured with a luxmeter for consistgraptimalcamera settings
like white balance ISO sensitivity,exposure time, and cameegperture and working on a
calibrated monitor. In advance, we thoroughly considered whether we would be able to shoot
without flash, as this would cause reflecBobnfortunately, this was not possible, but we
decided against theund flash and for a forceps shaped flash, because the reflected images
appeared much smalléFhe photographs were analyzed usamjmage processing software
(Fiji; opensource softwarepy measuring the vascularized area agdcounting of vessel
incisions Forthelatter, we divided the corneal surface ifbar circles, each 2% smaller than
the respective outer one, and counted the number of vessel incisions on each circle.
The resultsindicated that topical bevacizumab has the potential remluce corneal
vascularizationWe found that itvas not so much a complete disappearance or shortening of
blood vessels but rather a reduction in vessel thiclaredtbe formation oEharpedlemarcated
blood vesselsout of diffuseandarealhemorrhagesrhis observations in line with those of
other studieg¢Dastjerdiet al. 2009and is plausibleconsidering that VEGF increases vascular
permeability vessel tortuosity, andasodibataton (Edelman et al. 2005)
Clinically, we foundthatthe tortuosity and breeching of the vessel endings decreasethbly,
which is reported in retinal blood vessels following bevacizumab administratio(;e¢og et
al. 2014) This was particularly impressivwe a maleGreatPyreneeslog.The dog had unilateral
stromal vascularizatioaccupying the complete corneal surface. It wadablycaused by @
infectiouskeratitis following an untreatecbrnealcat scratch. The dog was treated for years
with various ducocorticoids and cyclosporine without improving visual acuity or
vascularizationEven though the vascularized area did not decrdeese@pical bevacizumab,
distal vessel branchintprtuosity vessel diameter, and corneal edema decreasdadly The
dog owner reported that the disghow able tanove moreconfidentlyon the ipsilateral side of

the body through the obstacle course during agility training.
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Additionally, we observed amarked reduction in inflammatory intracorneal infiltrates
following topical bevacizumatwhich is plausibleas orneal inflammatiorand VEGFdriven
angiogenesiare intelinked (Cursiefen et ak004a, Chung et al. 2008ndin inflamed corneas,
VEGF-A is stronglyexpressed on variou®rnealcells, such as vascular endothelial cells, T
lymphocytesandmacrophagegCursiefen et al. 2000)

Particularly in a German shepherd dog with CSK,abserved marked decrease of corneal
inflammatory infiltrations The dog's vision was severely impaired the corneal opacity
extended over more than two thirds of the corneal surface. Despite topical combined
dexamethasone andaosporire therapy there was no clinical improvemernt this dog,
clinical improvement after bevacizumab treatment was mathigracterized bymarked
reduction of inflammatorycell infiltration and edemaresulting ina significant increase of
corneal clarity.Stromal thick blood vessels remained. However, thin and superficial blood
vessels became bloodless and were visible ast glesselsA recent study indicated that VEGF
might be involved inthe etiopathogenesis 65K (Balicki and SobczyskaRak 2014)Forthe

first time, we showedthat bevacizumalmay have aeneficial effect on angiogenesis and
inflammationin CSK.

In our studypopulation, here was a highncidence of preexisting qualitative tear film
deficiencies which might have contributechusallyto corneal vascularization in these dogs.
Interestingly, we found that the tefdm-breakup time (TFBT), a measure that determines the
tear film quality, hcreasedduring bevacizumab treatment. This finding correlates with the
report of significant improvement of TBUT in humans with meibomian gland dysfunction
following intraameibomian gland injection of bevacizum@hlang et al. 2018)t remains the
subject of future studies, to investigate therapeuiG¥ inhibition in qualitative KCS in dogs.
Nevertheless, tear film disorders are accompanied by a deterioration of the ocular surface and
corneal epitheliunmealthandVEGF is required for normal wound repétmano et al. 1998,
Eming and Krieg 2006) Thus, inhibition of VEGF should be used with caution in this
indication.

We observed a high varietf treatmentesponse to therap@verall, the meanascularized
corneal area was reduced by 488with a hgh range of 4.9 100 %. This wasreportedin
human studiegpo (Dastjerdi et al. 2009, Koenig et al. 2008herearevarious explanations

for this finding. In our studythe dogsdisplayeda highly variabledegree oftorneal scarring



111

and depth of blood vesselithin the corneaThe ability of a substance to penetrate a tissue
depends on the porosity, conductivitydatortuosity of the tissufBearand Bachmat 1967,
Stewart et al. 2009Reduced tissue permeability in porcine corneas with an increased corneal
crosslink content following corneal crosslinking is repori@tewart et al. 2009%uggesting

that more heavily scarred corneaisless permeabl Some of the stuelddogs showed massive
corneal fibrosis and pigmentation prior to the study, whereas other ones hathianly
subepithelial blood vessels without any sign of tissue scatnrfgture research studies with
larger patient cohorts, patites 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 afirug efficacy. In addition, a variety of other prand antiangiogenic factors

are involved in corneal angiogenesis, suctNB&FC, VEGFD, MMPs, FGF,andintegrins
(Gualandris tal. 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)
Bevacizumalsolely binds VEGFA and is not capable to inhibit othfrctors that may promote
angiogenesistoo (Papadopoulos et al. 2012)hus, the selective inhibition of only VEGK

may lead to the impartial response to ther&uythermorethe duration and progssionof a
disease influensghetemporaloccurrence of angiogenic factors. For example, in DED animal
models, VEGF expression incredsearliest, whereas VEGE and VEGFA expression
occurredater in the courséGoyal et al. 2010)Furthermore, it is postulated that bevacizumab
can only suppress proliferation of growing blood vessels and VA@GHrobably not needed

for proliferation of mature blood vesséBenjamin et al. 1999, Cursiefen et al. 2003, Koenig

et al. 2009) Besides this, humanized therapeutic monaalantibodies are reported to be
immunogenic in animals and might induce immune responses that result in the production of
antidrug antiboges (ADA) (Van Meer et al. 2013Anti-drug antibodiesire directed against
elements of the drug and can léatlypersensitivity responsesfaster drug clearancesduced
effectiveness, and an elevated interindividual variability of treatment resf@mseule et al.

2012) We studied a very lowlose,andonemight assumeéhat this dose is not high enough to
cause an ADA inductionHowever, studiesndicated that lower rathehan initially higher

doses are associated with the occurrence of aAfBomerfield et al. 2010)Thus, ADAs

potentially contributed tothe variable interindividual treatment responsssserved in our



study. Future researchmay considerdetermining ADA status before, during, and after
bevacizumab treatment dogs.

In our study, all but one dog maintained clalicnprovement until longerm follow-up, which
correlates well with studies in human patigiiastjerdi et al. 2009, Koenig et al. 2008hus,

a therapy episodef four weekseverysix months with intermittent theragyee periods could
be conceivablelhis would be of particular importance in veterinary me@ibecausenultiple
daily drug therapy is not always possible due to lack of patiempliance, long travel distances
to the stables, or possible side effects under othertbmng ophthalmic medicationEurther
studies are needed to investigate dpéimal duration of therapy and therafnge intervals,
required timing of followup examimtions and the benefit afinglesubconjunctival injections
Moreover theeffect of bevacizumab in other indicatiogsich a®IFMs, ERU EK, andocular
tumors remainsunknown In our study, we did not have any dog wottularneoplasiawhich

is also due to the fact that primary corneal neoplasms are rdnis specis (Haeussler et al.
2011, Leis etal. 2017) However, corneal neoplasmsccur occasionallyin horses,with
squamouscell carcinomagSSC)beingthe most frequentumor typeof the ocula surfa@
(Lassaline et al. 2015A heritable basis iHaflinger horses, widespreadreed in Austria, is
postulated(Lassaline et al. 2015nd a causal relationship to ultraviolet light is suspected
(Bellone et al. 2017)n cats there is a high need for new targeted therapiefeloe palpebral
neoplasmgNewkirk and Rohrbach 2009 hese neofasmstend to bamalignart and even with
aggressivesurgical excision and extensivepalpebral lidreconstructionscan run lethaly
(Newkirk and Rohrbach 2009)here is aly one published case report in animal medicine,
dealing with an Amur tiger with a palpebral sebaceous carcinoma rétepaas successfully
treated with intralesiondbevacizumab as an adjuvant therapy to surgedelmann et al.
2013) Taken together,herapeuticVEGF inhibition may represent a promising approach to
combat ocular surfageeoplasman animals However, our invitro results indicated that feline
and equine VEGF may not be bound by aflibercept and bevacizumadyanteractonly in a
nonspecific mannett would be of great interest to investigateer VEGF inhibitorssuch as
ranibzumah brolucizumaband the bispecific antibody faricimabatinhibits bothVEGF-A
and angiopoietit (Stevenson et al. 2012, Dugel et al. 2020, Sahni et al. 2020)

Besides the usage of VEGF inhibitors in cancer diseasesgl treatment strategidsr the

treatment of PIFMareneededPfeiffer et al. 199Q)in our studywe solely assessed the effect



of bevacizumab on the ocular surface and the penetration through the intact cornelepit

into the anterior chamber uslikely (Dastjerdi et al. 2011, Moisseiev et al. 2Q1#) date, the
safety and efficacy of intravitreal or subconjunctival bevacizumab administiatault dogs

is unknown However, there areglies investigated intravitreal VEGF inhibitors in animal
models of experimentally induced choroidald retinalvascularization in monkeys and in
newborn doggqLutty et al. 2011, Nork et al. 2011Yhese studiesndicated that VEGF
inhibition is effective in repression of pathological vascularization with no or only mild adverse
eventslt may be the topic of future research, to investigate the safety and efficacy of intraocular

administeredevacizumalto treat intaocularor retinaldisorders in dogs.

There are several limitations of this study. In our study, we included doggefi#ictory

corneal vascularization despite the use of topical/and or systemic medications, such as topical
cyclosporine, dexamethasorand systemic NSAIDs and cyclosporirido dogwas treated

with topical or systemic glucocorticoids during the stpdyiod However, almost all dogs were
pretreated with topical cyclosporine amgre maintained on tha@rug duringthe study We

decided against discontinuing cyclosporine for ethical reasons, because we did not want to take
the risk for deterioration of the sfabcondition 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 supporte by the finding that topical cyclosporidel not inhibit corneal vascularization

in rats (Bock et al. 2014, Villar et al. 2020future studies are needed, to investigate
bevacizumab as a singleatment option.

Another limitation was the way we quantified the blood vessalgliscussed earlier. It has to

be mentioned that even3@-fold magnificationwith biomicroscopic slit lamp examination and
high-quality photographs, not all corneal blood vessels are visible, in particular when corneal
edema, pigmentation, and scarriguge present. To assess each vessel as comprehensively as
possible, further imaging techniguesich asultrahigh-resolution OCT ,indocyanne green
angiography or fluorescein angiographyanbe considere@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 gorospectivey plannedcase series. We did not have a control group, thereby we could solely
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investigate the effect before and after treatmEunture studies with larger patient cohorts in a

placebecontrolled,maskedstudy setting are of interest.
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5.1 Conclusion

In summary, this PhD projealemonstraté that antthuman VEGF bevacizumab and
afliberceptwereable to bind canine VEGF in a dedependent manner-vitro. However,our
resultsindicated that feline VEGF is bound by aflibercept and bevacizumab solely in a
nonspecific manner. In horséksgrewasalack of VEGF binding to bevacizumalBflibercept
bound equine VEGF in a linear manmgssuminga nonspecific binding.

Moreover this studyshowedthat bevacizumabye drops artopically and systemically safe in
healthy dogs andidinot cause changes in vital signs, blood counts, blood pressurssrana
VEGF valuesin healthy dogs. Furthermore, our resultdicatal that topical bevacizumabay

be beneficial for the treatment of corneal vascularization in dégaever, a high range of
response to treatmewmias notecandthe angioregressive effegtascharacterized rather by a
reduction of blood vessalaliber and branching, then by @mplde disappearance of the
vascularized area. In all cases affected by corneal edema or inflammatory cell infilaation,
clinical improvement and increase of corneal clarity was achieved.

Topical bevacizumab may be used with caution in dogs prone to corneal erosions and
neurotrophiccorneal disrders andin the presence of pmxisting systemic cardiovascular
disease, systemic hypertension, or risk for embolic events.

Finally, this PhD project isn important step to improve the understanding and knowledge of
VEGFin dogs, cats, and horsésmight pavethe waydor novel therapies for neovascuérd

cancerdiseases in animals thaaybe addressed in future research.
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