MAYO
CLINIC

Y

The Expanding Role of Vascular Endothelial
Growth Factor Inhibitors in Ophthalmology

Michael W. Stewart, MD

REVIEW

Abstract

Vascular endothelial growth factor (VEGF) plays an important role in both physiologic and pathologic angiogenesis and
contributes to increased permeability across both the blood-retinal and blood-brain barriers. After 2 decades of
extensive research into the VEGF families and receptors, specific molecules have been targeted for drug development,
and several medications have received US Food and Drug Administration approval. Bevacizumab, a full-length anti-
body against VEGF approved for the intravenous treatment of advanced carcinomas, has been used extensively in
ophthalmology for exudative age-related macular degeneration, diabetic retinopathy, retinal vein occlusions, retinop-
athy of prematurity, and other chorioretinal vascular disorders. Pegaptanib and ranibizumab have been developed
specifically for intraocular use, whereas the soon-to-be-introduced aflibercept (VEGF Trap-Eye) is moving through
clinical trials for both intraocular and systemic use. Although these drugs exhibit excellent safety profiles, ocular and
systemic complications, particularly thromboembolic events, remain a concern in patients receiving therapy. Patients
experiencing adverse events that may be related to VEGF suppression should be carefully evaluated by both the
ophthalmologist and the medical physician to reassess the need for intraocular therapy and explore the feasibility of
changing medications. For this review a search of PubMed from January 1, 1985 through April 15, 2011, was
performed using the following terms (or combination of terms): vascular endothelial growth factors, VEGF, age-related
macular degeneration, diabetic retinopathy, retina vein occlusions, retinopathy of prematurity, intravitreal injections, bevaci-
zumab, ranibizumab, and VEGF Trap. Studies were limited to those published in English. Other articles were identified

from bibliographies of retrieved articles and archives of the author.
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ngiogenesis consists of a series of highly

complex biochemical and cellular pro-

cesses requiring sequential receptor activa-
tion by several growth factors, such as acidic fibro-
blast growth factor (FGF), basic FGF, transforming
growth factor (TGF)-a, TGF-B, hepatocyte growth
factor, tumor necrosis factor-a, angiogenin, inter-
leukin (IL)-8, and the angiopoietins.'*> Whereas
physiologic angiogenesis is necessary for human
growth, development, maintenance, and repair,
pathologic angiogenesis, in response to tissue hyp-
oxia or inflammation, enables tumor growth and
causes tissue destruction.

The idea that a soluble, inducible angiogenesis
factor could be targeted to reduce tumor growth was
first popularized by Folkman in 1971.2 By 1983,
vascular permeability factor* was discovered, and
after DNA sequencing and recognition of its role in
angiogenesis, it was renamed vascular endothelial
growth factor (VEGF).” Subsequently, several lines
of investigation have identified VEGF as a critical,
rate-limiting molecule in angiogenesis.®

Angiogenesis during embryologic growth and
development requires functioning VEGF; without
it, death ensues.” Postnatal VEGF blockade re-
sults in stunted growth, increased mortality due
to renal failure, and impaired organ develop-
ment,® while experimental blockade in juvenile
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primates causes ovarian failure and stunted
growth due to chondrocyte failure within the
epiphyseal growth plates.'®

In adults, VEGF infusion stimulates microvas-
cular perfusion in patients with severe coronary ar-
tery disease and ischemic limbs.'"** Although new
blood vessel growth in response to ischemic myo-
cardium may be lifesaving,'> pathologic neovascu-
larization and hyperpermeability in other organs,
such as the eye, cause blindness from retinal detach-
ment, uncontrollable glaucoma, and untreatable ret-
inal edema.

This article discusses the importance of VEGF
biochemistry and physiology as a principal cause of
blinding chorioretinal vascular diseases, the newly
developed drug therapies that target VEGF-medi-
ated complications, and the adverse systemic effects
resulting from their use.

A literature search of PubMed from January 1,
1985 through April 15, 2011, was performed using
the following terms (or combination of terms): vas-
cular endothelial growth factors, VEGF, age-related
macular degeneration, diabetic retinopathy, retina vein
occlusions, retinopathy of prematurity, intravitreal in-
jections, bevacizumab, ranibizumab, and VEGF Trap.
Studies were limited to those published in English.
Other articles were identified from bibliographies of
retrieved articles and archives of the author.

From the Department of
Ophthalmology, Mayo Clinic,
Jacksonville, FL.
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In addition to causing breakdown of the blood-retinal barrier, vascular
endothelial growth factor (VEGF) plays an important role in both
physiologic and pathologic angiogenesis.

VEGF production is stimulated by ischemia, which stabilizes hypoxia-
inducible factor-1a, as well as several inflammatory cytokines.

Several of the most important chorioretinal vascular diseases, including
age-related macular degeneration, diabetic retinopathy, retinal vein
occlusions, and retinopathy of prematurity, cause loss of vision through
VEGF-associated neovascularization or macular edema.

Current treatment of exudative age-related macular degeneration, the
most common cause of blindness in industrialized nations, consists of
intravitreal injections of bevacizumab or ranibizumab (a humanized,
affinity-enhanced antibody fragment).

Intraocular anti-VEGF injections are becoming increasingly important
for the treatment of macular edema due to background diabetic reti-
nopathy and retinal vein occlusions, as well as pathologic neovascular-
ization due to retinopathy of prematurity.

After intraocular injections, anti-VEGF drugs reach the systemic circu-
lation in concentrations sufficient to decrease baseline VEGF levels.
Concerns regarding the ability of intravitreally administered anti-VEGF
drugs to cause thromboembolic adverse events have not been
resolved.

VEGF CHARACTERISTICS
Three decades of intense research has uncovered the
detailed biochemistry of VEGF and its receptors.
More than just a single molecule, VEGF is actually
several isomers that segregate into 5 distinct sub-
groups—VEGFA, VEGFB, VEGFC, VEGFD, and
placental growth factor—with VEGFA emerging as
the key regulator of both physiologic and patho-
logic angiogenesis.® Variable splicing of the 8 ex-
ons of the VEGFA gene results in the synthesis of
6 different human isoforms—VEGF,,,, VEGF, .5,
VEGE, s, VEGE 45, VEGE 4o, and VEGF, " *—
with VEGF 45, the most common isoform (molecu-
lar weight of 30 kD), being the most important for
angiogenesis.'”> On the basis of these isoforms and
their relative importance, distinct therapeutic strat-
egies have developed: specific blockade of VEGF 45,
pan-VEGFA blockade, and pan-VEGF blockade.
Circulating VEGF initiates a biochemical cas-
cade by activating 3 membrane-spanning tyrosine
kinases: VEGFR-1, VEGFR-2, and VEGFR-3.'*'"
Stimulation of VEGFR-1 releases tissue-specific
growth factors, recruits endothelial progenitors, and
induces matrix metalloproteinases, whereas VEGF-2
serves as the major mediator of the mitogenic, angio-
genic, permeability-enhancing, and anti-apoptotic
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effects of VEGF."'® Soluble versions of these recep-
tors have been found in the human cornea (critical
for maintaining its avascularity) and the rat retina."®
Because VEGFR-1 possesses a higher affinity for
VEGF than does VEGFR-2, its binding sequences
have been used by drug developers (VEGF
Trap-Eye).

VEGF SYNTHESIS AND PHYSIOLOGY

Vascular endothelial growth factor synthesis has
been studied in numerous tissues under a myriad of
conditions, and although several stimulating factors
have been identified, common biochemical path-
ways lead to VEGF synthesis and emanate from
VEGF production.*® Within the posterior segment
of the eye, VEGF is produced by retinal pigment
epithelial cells, neurons, glial cells, endothelial cells,
ganglion cells, Muller cells, and smooth muscle
cells.”! Although VEGF affects all cells within the
retina, its primary targets are vascular endothelial
cells.

Tissue hypoxia, due to either primary vascular
occlusive disease or anaerobic tumor metabolism, is
the most common driver of VEGF synthesis.>* Un-
der conditions with normal oxygen tension, the
cell's oxygen sensor, hypoxia-inducible factor 1le,
becomes hydroxylated,*® binds to the von Hippel-
Lindau factor,”* and is degraded via the ubiquitin-
proteasome system.>”> Under hypoxic conditions,
however, hydroxylation ceases, and stabilized hy-
poxia-inducible factor-1a binds to the hypoxia re-
sponse element in the VEGF gene, thereby initiating
VEGEF synthesis. Although hypoxia is the most com-
mon inducer of VEGF synthesis, molecules associ-
ated with intraocular inflammatory conditions (epi-
dermal growth factor, TGF-a, TGF-, keratinocyte
growth factor, insulin-like growth factor 1, FGF, IL-
la, IL-6, protein kinase C-f3, and platelet-derived
growth factor) can up-regulate VEGF messenger
RNA synthesis (Figure 1).2¢

As both a growth factor and a survival factor,
VEGF pursues several different tactics in target tis-
sues (Figure 2). By stimulating the mitosis and
swelling of arterial, venous, and lymphatic endothe-
lial cells, VEGF initiates angiogenesis.>” Vascular
endothelial growth factor causes vasodilation through
dose-dependent nitric oxide release from endothe-
lial cells.?® By increasing hydraulic conductivity,’
inducing fenestrations across cell bodies,’® and dis-
solving the tight junctions between endothelial cells
by activating matrix metalloproteinases and phos-
phorylating both vascular endothelial cell cytoskel-
etal proteins®' and the junctional proteins occludin
and ZO-1,>> VEGF breaks down the blood-retinal
barrier, thereby increasing capillary leakage into the
intercellular matrix. By modulating the phosphati-
dylinositol 3-kinase/Akt pathway, VEGF acts as a
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FIGURE 1. Under conditions of normal oxygen tension (left), HIF-1a undergoes hydroxylation, binds to the VHF, and undergoes
degradation within proteosomes. When tissues experience localized hypoxia or inflammation (right), HIF-1 e stabilizes and binds
to the promoter site of the VEGF gene, thereby increasing VEGF synthesis. EGF = epidermal growth factor; FGF = fibroblast
growth factor; HIF-1a = hypoxia-inducible factor-1e; IGF-1 = insulin-like growth factor I; IL = interleukin; KGF = keratinocyte
growth factor; O, = oxygen; PDGF = platelet-derived growth factor; PKC-B = protein kinase C-B; TGF = transforming growth
factor; VEGF = vascular endothelial growth factor; VHF = von Hippel-Lindau factor.

potent survival factor,”® and by synthesizing inter-
cellular adhesion molecule 1,?* it induces monocyte
chemotaxis and margination.

OCULAR CONDITIONS AND THERAPIES

Although cataracts remain the most common cause
of blindness worldwide, chorioretinal vascular dis-
eases (age-related macular degeneration [AMD], di-
abetic retinopathy, and retinal vein occlusions) have
become the major causes of blindness in developed
nations (Figure 3).%°

Age-Related Macular Degeneration

Age-related macular degeneration is the most com-
mon cause of blindness in patients older than 65
years, and although only 10% of patients with AMD
have exudative, or wet, AMD, this subtype affects
more than 200,000 new patients each year in the
United States and accounts for 90% of the severe
loss of vision.?® Age-related macular degeneration
risk factors, like those of coronary artery disease,
include smoking, systemic arterial hypertension,
and hyperlipidemia, as well as mutations in several
immunomodulatory proteins, including comple-
ment factor H.?” Focal ischemia of the outer retina
along with inflammation induces the growth of neo-
vascular membranes from the choriocapillaris into
either the sub-retinal pigment epithelium or sub-
photoreceptor space, which when complicated by

transudation and bleeding, causes moderate to se-
vere dysfunction of the photoreceptor-retinal pig-
ment epithelium-choriocapillaris complex.’®>°
Several factors, including VEGF detection with-
in neovascular membranes,*° the high incidence of
blindness due to exudative AMD, and aging of the
population, have made AMD the primary driver of
ocular anti-VEGF drug development. Pegaptanib,
an aptamer to VEGF, 45, became the first available
ophthalmic anti-VEGF agent in 2004. When com-
pared with sham injections, intravitreal injections of
pegaptanib every 6 weeks decrease the average 1-year
vision loss due to AMD (loss of 7 letters vs loss of 15
letters).*! In a postapproval study, pegaptanib main-
tained vision gains in patients previously treated with
the newer, more potent, antibody-based anti-VEGF
agents (bevacizumab or ranibizumab).** Since the in-
troduction of bevacizumab and ranibizumab, how-
ever, pegaptanib use has decreased substantially.
Bevacizumab, a full-length, murine-derived
antibody with 2 VEGF binding sites, received US
Food and Drug Administration (FDA) approval in
2004 for the treatment of advanced adenocarci-
noma of the colon. A small prospective study with
intravenous infusions demonstrated its effectiveness
against AMD,* but concern over adverse systemic
events halted further systemic administration for oc-
ular disease. Other systemic anti-VEGF drug use for
AMD—aflibercept in a phase 1 trial (all subsequent
ocular trials have involved intravitreal injections)
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FIGURE 2. The primary site of VEGF action is vascular endothelium. In response to VEGF, endothelial cells proliferate and migrate; locally release
nitric oxide, which causes vasodilation; and increase capillary permeability by creating cellular fenestrations and decreasing the integrity of tight
junctions by phosphorylating intracellular and extracellular proteins. ICAM- | = intercellular adhesion molecule |; No = nitric oxide; Pl = phos-
phatidylinositol; VEGF = vascular endothelial growth factor; VEGFR-2 = vascular endothelial growth factor receptor 2; ZO = zonula occludins.
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FIGURE 3. The most common indications for intraocular anti-VEGF injections include exudative age-related macular degeneration,
background and proliferative diabetic retinopathy, branch and central (shown in diagram) retinal vein occlusions, and retinopathy
of prematurity. Intraocular anti-VEGF drugs generally work through 2 mechanisms: decreasing vascular permeability, thereby
allowing the absorption of edema, and decreasing neovascularization, thereby preventing hemorrhages and tissue distortion by
fibrous proliferation. RPE = retinal pigment epithelium; VEGF = vascular endothelial growth factor.

and sorafenib, an oral tyrosine kinase inhibitor, ad-
ministered with ranibizumab as salvage treatment in
3 patients with unresponsive AMD**—has been
limited.

For several reasons, bevacizumab was not orig-
inally considered an appropriate choice for intravit-
real injections. Animal studies suggested that anti-
body fragments penetrated the retina better than
full-length antibodies. Because the murine-derived
Fc segment of the full-length antibody might pro-
mote an immune response, the safety of intraocular
injections was questioned. In 2005, however, suc-
cessful intravitreal injections of bevacizumab were
performed for patients with AMD** and central ret-
inal vein occlusion.*® Off-label intravitreal use of
bevacizumab then spread quickly among retina sur-
geons around the world. A retrospective study dem-
onstrated the effectiveness of bevacizumab in the

treatment of AMD, with average vision improving
from 20/235 to 20/172.*

To circumvent the theoretical concerns associ-
ated with the intravitreal injection of full-length an-
tibodies, bevacizumab was cleaved into a smaller
Fab fragment (48 kDa compared with the original
148 kDa)*® and was affinity-enhanced by 5- to 20-
fold* to create ranibizumab. Ranibizumab received
FDA approval in 2006 after the results of 2 multi-
center AMD trials. Patients in the Minimally Classic/
Occult Trial of the Anti-VEGF Antibody Ranibi-
zumab in the Treatment of Neovascular Age-Related
Macular Degeneration (MARINA) study gained
more letters of vision than sham injected controls
(improvement of 7.2 letters vs loss of 10.4 letters),”®
whereas patients in the Anti-VEGF Antibody for the
Treatment of Predominantly Classic Choroidal Neo-
vascularization in Age-Related Macular Degenera-
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tion (ANCHOR) study improved more than patients
treated with photodynamic therapy (10.7 letters vs
loss of 9.8 letters).”*

Despite the ranibizumab trials, however, bev-
acizumab quickly became the drug of first choice
among the majority (58%) of retina surgeons’? for 2
reasons: low cost (approximately $50/dose vs
$2029/dose for ranibizumab) and “first to market”
availability. Because a rigorously controlled trial of
bevacizumab vs ranibizumab had never been per-
formed, the National Institutes of Health funded the
Comparison of Age-Related Macular Degeneration
Treatments Trials (CATT). The drugs performed
comparably in both the monthly (ranibizumab: 8.5
letters gained; bevacizumab: 8.0 letters gained) and
as needed (ranibizumab: 6.8 letters gained; bevaci-
zumab: 5.9 letters gained) treatment arms.”>

Anti-VEGF treatment options are about to in-
crease again as aflibercept (VEGF Trap-Eye) will
likely receive FDA approval some time soon. This
engineered protein consists of VEGFR-1 and
VEGFR-2 binding sequences fused to the Fc seg-
ment of an antibody backbone,”* creating a mole-
cule with a structure similar to that of etanercept.
The VEGF Trap-Eye’s greater VEGF binding affinity
(140 times that of ranibizumab) coupled with larger
molecular size (twice that of ranibizumab) may al-
low for a less-frequent dosing schedule than with
either bevacizumab or ranibizumab.’” In phase 3
AMD trials, monthly injections of the VEGF Trap-
Eye improved vision compared with ranibizumab
(10.8 letters vs 8.1 letters), and the 2-month dos-
ing regimen (after 3 monthly loading doses) pro-
duced results similar to those with monthly
ranibizumab (J. Heier, MD, oral communication,
February 2011).

Diabetic Retinopathy

Diabetic retinopathy is the most common cause of
blindness in patients between the ages of 20 and 65
years. Prolonged elevation of blood glucose level
causes oxidative stress (formation of free radicals)
via several pathways: increased polyol pathway flux,
advanced glycation end products, activation of pro-
tein kinase C, and increased hexosamine pathway
flux. These contribute to swelling and death of
endothelial cells, basement membrane thicken-
ing, loss of vascular pericytes,’® and increased
VEGF synthesis. Vascular endothelial growth fac-
tor-mediated breakdown of the blood-retinal bar-
rier allows for diffusion of serum proteins into the
interstitial space, resulting in diabetic macular
edema (DME). Higher VEGF concentrations, as-
sociated with more severe ischemia, promote pre-
retinal neovascularization with fibrous prolifera-
tion (proliferative diabetic retinopathy), which
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can cause vitreous hemorrhages and traction ret-
inal detachments.

For 3 decades, laser photocoagulation of the
macula and peripheral retina has been the standard
treatment for both DME and proliferative diabetic
retinopathy. Two recently completed randomized
studies for the treatment of DME demonstrated that
ranibizumab injections produced more letters of vi-
sual improvement than either laser photocoagula-
tion alone or ranibizumab with laser (7.7 vs 5.1 vs
6.8;6.1 vs 0.8 vs 5.9).°"7® A large prospective trial
comparing bevacizumab injections with laser pro-
duced similar results (8.0 letters vs loss of 0.5 let-
ter).” In a phase 3 trial, oral ruboxistaurin, a pro-
tein kinase C inhibitor, decreased the probability of
diabetic macular edema progression.®°

Retinal Vein Occlusions

Branch retinal vein occlusions (BRVOs) and central
retinal vein occlusions (CRVOs) afflict 1.8% and
0.5%, respectively, of the population aged 50 years
or older.®" The pathophysiologic mechanisms lead-
ing to intravascular obstruction— occurring at arte-
riovenous crossings in BRVO and the lamina cribosa
in CRVO—can be explained by the Virchow triad:
hypercoagulability, hemodynamic changes (stasis
and turbulence), and endothelial injury.®* Impaired
venous outflow causes retinal ischemia and VEGF
synthesis with subsequent macular edema and reti-
nal or iris neovascularization.

Anti-VEGF drugs are particularly effective for
vein occlusions because these eyes contain some of
the highest vitreous VEGF concentrations.®> When
compared with sham injections for BRVO, ranibi-
zumab injections result in greater improvement in
visual acuity (18.3 letters vs 7.3 letters).®* Similar
improvements have been found for ranibizumab
compared with observation for CRVO (14.9 letters
vs 0.8 letter).”” Intravitreal bevacizumab signifi-
cantly improves visual acuity in both BRVO (20/125
baseline vs 20/55 at 6 months) and CRVO (20/270
baseline vs 20/135 at 6 months).®® In another study,
68% of bevacizumab-treated eyes gained at least 15
letters of vision.®” Bevacizumab also causes rapid
regression of iris neovascularization in patients with
neovascular glaucoma.®®

Retinopathy of Prematurity

Because the retina is not fully vascularized until 36
weeks of gestational age, premature infants may de-
velop severe retinal ischemia, leading to VEGF syn-
thesis, fibrovascular proliferation, traction retinal
detachments, and blindness. The recent Bevaci-
zumab Eliminates the Angiogenic Threat of Retinop-
athy of Prematurity (BEAT-ROP) trial determined
that intravitreal bevacizumab was superior to laser
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TABLE. Pivotal Studies of Vascular Endothelial Growth Factor Inhibitors in Ophthalmology

Reference, year

(condition) Phase Trial arms No. of patients Outcomes
MARINA®® (AMD) 3 Ranibizumab (0.3 mg) 238 +6.5 letters
Ranibizumab (0.5 mg) 240 +7.2 letters
Observation 238 — 104 letters
ANCHOR®' (AMD) 3 Ranibizumab (0.3 mg) 140 +8.5 letters
Ranibizumab (0.5 mg) 140 +11.3 letters
Photodynamic therapy 143 —9.5 letters
CATT>® (AMD) 4 Ranibizumab monthly 301 +8.5 letters
Bevacizumab monthly 286 +8.0 letters
Ranibizumab as needed 298 +6.8 letters
Bevacizumab as needed 300 +5.9 letters
READ-2°" (BDR) 3 Laser photocoagulation 34 +5.1 letters
Ranibizumab 33 +7.7 letters
Ranibizumab + laser 34 +6.8 letters
RESTORE*® (BDR) 3 Laser photocoagulation I +0.8 letters
Ranibizumab 16 +6.1 letters
Ranibizumab + laser 18 +5.8 letters
CRUISE®> (CRVO) 3 Observation 130 +0.8 letter
Ranibizumab (0.3 mg) 132 +12.7 letters
Ranibizumab (0.5 mg) 130 + 149 letters
BRAVO®* (BRVO) 3 Laser photocoagulation 132 +7.3 letters
Ranibizumab (0.3 mg) 134 +16.6 letters
Ranibizumab (0.5 mg) 131 +18.3 letters
BEAT-ROP®® (ROP) 4
Zone | Laser photocoagulation 34 42% recurrence
Bevacizumab 33 6% recurrence
Zone 2 Laser photocoagulation 41 129 recurrence
Bevacizumab 42 5% recurrence

Significance

P<.001
P<.001

P<.00
P<.00

Equivalent
Equivalent
Inconclusive

NS
NS

P<<.0001
P<<.0001

P<.0001
P<<.0001

P<.0001
P<.0001

P=.003

P=.27

AMD = age-related macular degeneration; BDR = background diabetic retinopathy; BRVO = branch retinal vein occlusion; CRVO = central retinal vein occlusion;

NS = not significant; ROP = retinopathy of prematurity.

photoablation (adverse outcomes: 4% vs 22%;
P=.003) for eyes with zone 1 disease, but not for
eyes with zone 2 disease (P= 27).%° Although these
results appear promising, the precise role of bevaci-
zumab in the management of retinopathy of prema-
turity is evolving.

Several of the previously referenced pivotal
studies have been summarized in the Table.

Other Conditions and Drugs

Anti-VEGF agents have been administered for other
retinal conditions (juxtafoveal telangiectasia, radia-
tion retinopathy), glaucoma (trabeculectomy bleb
failure, neovascular glaucoma), and ocular surface
disorders (corneal vascularization). They have been
combined with currently available (photodynamic
therapy) as well as experimental (radiation therapy,
complement and integrin inhibitors) therapies. New
anti-VEGF agents are in varying stages of develop-

ment (topical pazopanib, small molecule interfering
RNA).

SYSTEMIC CONCERNS

Normal physiologic function and maintenance of
tissue integrity require low levels of systemic VEGF
activity. Suppression of this baseline activity, seen
with intravenous bevacizumab, causes hyperten-
sion, nephrotic syndrome, thromboembolic events,
bowel perforation, and delayed wound healing. The
treatment of advanced cancer with bevacizumab,
compared with chemotherapy alone, increases the
risk of both arterial thrombotic events (3.8% vs
1.7%)7° and mortality, the most common causes
being neutropenia, gastrointestinal perforation, and
hemorrhage, by a factor of 1.46.”" Because of con-
cerns over these serious adverse events, the FDA
voted in December 2010 to remove breast cancer as
an indication for bevacizumab. The FDA cited mul-
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tistudy evidence that bevacizumab-treated patients
did not live longer and were at higher risk of gastro-
intestinal perforations, stroke, delayed wound heal-
ing, organ failure, and reversible posterior leukoen-
cephalopathy syndrome (hypertension, headaches,
confusion, seizures, vision loss).

Anti-VEGF-mediated systemic arterial hyper-
tension is believed to result from down-regulation of
nitric oxide synthase, whereas several pathophysio-
logic mechanisms may explain the association be-
tween anti-VEGF agents and thromboembolic events.
Because VEGF mediates fibrinolytic processes,
drug-mediated VEGF suppression may inactivate
enzymes in the plasminogen activator pathway and
decrease the synthesis of matrix metalloprotein-
ases,”””> thereby leading to the oversynthesis of
matrix proteins. Other possible mechanisms in-
clude the down-regulation of nitric oxide (a natural
antithrombotic algem),74 increased endothelial cell
apoptosis,”” increased erythropoietin = synthesis
(which increases blood Viscosity),76 and destabiliza-
tion of cholesterol plaques.”” Adverse events that
have been attributed to VEGF suppression are rep-
resented in Figure 4.

Of potential importance to ophthalmologists is
that these systemic complications might occur de-
spite the far lower doses of bevacizumab used for the
treatment of ocular conditions (1.25 mg per injec-
tion vs 2.5 mg/kg/per week intravenously for tu-
mors). Because of its short serum half-life (6 hours),
ranibizumab has not been detected in contralateral
eyes, and levels in the systemic circulation remain
relatively low. Bevacizumab, with a much longer se-
rum half-life (20 days), can reach concentrations of
20 ng/mL to 687 ng/mL, dwarfing those of serum
VEGF (100 pg/mL). Therefore, intraocular injec-
tions of bevacizumab can lower blood VEGF levels
by up to 117-fold within 1 day and by 4-fold up to 1
month later, changes comparable to those achieved
with intravenous therapy.”®’® These findings raise
the possibility that intravitreally administered bev-
acizumab may suppress baseline physiologic VEGF
activity. Bevacizumab has also been detected in con-
tralateral eyes after injections in rabbits and has been
associated with the regression of contralateral pro-
liferative diabetic retinopathy and iris neovascular-
ization.®° Fortunately, patients who receive simul-
taneous bilateral anti-VEGF injections every 30 days
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do not have a higher risk of adverse systemic events
than those receiving single doses.®'

Data regarding systemic complications of intra-
vitreally administered anti-VEGF drugs is con-
founded by the fact that most treated patients have
several coexisting risk factors for vascular events
(advanced age, hypertension, and hyperlipidemia).
Although current data do not conclusively associate
intravitreal anti-VEGF use with adverse systemic
events, several trends are worrisome. The phase 3
ranibizumab trials (MARINA®® and ANCHOR’!)
did not show a significantly elevated risk of throm-
boembolic events, but the Safety and Efficacy of a Flexible
Dosing Regimen of Ranibizumab in Neovascular Age-Re-
lated Macular Degeneration (SUSTAIN) trial found a
10% incidence of stroke in treated patients with a
history of preexisting cerebrovascular disease.®* A
meta-analysis of several ranibizumab trials showed a
higher incidence of stroke in treated patients com-
pared with controls (2.2% vs 0.7%; P=.045), and
an analysis using combined data showed an elevated
risk (7.8% in the ranibizumab groups vs 4.2% in the
controls) of nonocular hemorrhage (ecchymosis,
gastrointestinal hemorrhages, hematomas, vaginal
hemorrhages, and subdural hematomas).®> Fortu-
nately, no similar association was seen with myocardial
infarction.®*

Data regarding adverse events due to bevaci-
zumab must be evaluated carefully because, unlike
ranibizumab, which has had numerous such trials,
bevacizumab has not been subjected to randomized
sham-treated control groups. During the first few
years of intravitreal bevacizumab use, a voluntary
reporting site documented only rare incidences of
systemic adverse events.®” A large, prospective pan-
American study showed acute blood pressure eleva-
tion in 0.59% of patients after intravitreal injec-
tions,®® but other studies showed no definite
elevation. A Medicare analysis of 146,942 patients
discovered no difference in the rates of myocardial
infarction, stroke, bleeding, or mortality between
bevacizumab and other AMD therapies.®” Although
not powered to identify small differences in adverse
events among the treatment groups, the CATT trial
reported a higher mortality rate among patients re-
ceiving bevacizumab, compared with ranibizumab,
for reasons not previously associated with VEGF
suppression.®?

The BEAT-ROP®’ study found a slightly higher
mortality rate in bevacizumab-treated babies com-
pared to those treated with laser (6.6% vs 2.6%;
P=.44); most babies died of respiratory failure. The
study was underpowered to detect differences in ad-
verse events, but concerns over systemic safety
should be considered because VEGF plays a role in
the synthesis of pulmonary surfactant, a key com-
pound for neonatal survival

The management of intravitreally treated pa-
tients with VEGF-sensitive diseases has not been
standardized. The phase 3 AMD studies with pegap-
tanib excluded patients with myocardial infarctions
within 6 months of entry and stroke within 12
months of entry,*" and the phase 3 DME trial with
the VEGF Trap-Eye will stratify patients according
to previous myocardial infarction or cerebrovascu-
lar accident; however, neither the ranibizumab tri-
als®®?! nor the CATT trial” excluded these pa-
tients. This indicates that even clinical investigators
cannot agree on exclusionary systemic criteria for
the use of intraocular anti-VEGF agents. Because
the evidence for systemic complications has thus
far been suggestive but inconclusive, most sur-
geons do not view recent surgery or thromboem-
bolic events as exclusionary for intraocular anti-
VEGF treatments.

Because many patients receiving intravitreal in-
jections have elevated risk for thromboembolic dis-
eases, some will experience myocardial infarctions
or strokes during the course of treatment. No con-
sensus exists regarding how to proceed with ocular
therapy under these circumstances. Many physi-
cians continue anti-VEGF injections because the al-
ternative therapies are considerably less effective.
However, given the possible association between
anti-VEGF therapy and stroke, it is reasonable for
the ophthalmologist and general physician to confer
and reassess the need for further injections or, in
response to an adverse event, consider changing
drugs to theoretically minimize the risk of additional
adverse events. If vision in the treated eye cannot be
improved and the patient has good vision in the
contralateral eye, then discontinuing therapy may
be considered. If the patient has been receiving be-
vacizumab, then switching to ranibizumab, with a
more robust set of safety data and shorter systemic
half-life, may be appropriate. Finally, if the ocular
disease has responded well to bevacizumab or
ranibizumab, then switching to pegaptanib, which
some investigators claim to be theoretically safer and
has been shown to maintain previous visual gains
after pan-VEGFA blockade, may be a reasonable
alternative.

CONCLUSION

Our deepening understanding of the pathophysiol-
ogy of blood-retinal barrier breakdown and neovas-
cularization has emphasized the important role of
VEGF in both processes. In addition to its central
role in propagating tumor growth, VEGF has
emerged as a critical molecule in the pathogenesis of
our most common blinding diseases. The introduc-
tion of anti-VEGF drugs has revolutionized the
treatment of these diseases by stabilizing and, in
many cases, reversing vision loss. Although these
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drugs have low ocular and systemic complication
rates, therapy needs to be reassessed if complica-
tions possibly related to VEGF suppression are seen.
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