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Background: Angiogenesis is a key aspect of the wet form of age-related neovascular
(AMD), the leading cause of blindness in the elderly population. Substantial evidence
indicated that vascular endothelial growth factor (VEGF)-A is a major mediator of angio-
genesis and vascular leakage in wet AMD. VEGF-A is the prototype member of a gene
family that includes also PIGF, VEGF-B, VEGF-C, VEGF-D and the orf virus-encoded
VEGF-E. Several isoforms of VEGF-A can be generated due to alternative mRNA splicing.
Various VEGF inhibitors have been clinically developed. Among these, ranibizumab is a
high affinity recombinant Fab that neutralizes all isoforms of VEGF-A. The article briefly
reviews the biology of VEGF and then focuses on the path that led to clinical development
of ranibizumab.

Results: The safety and efficacy of ranibizumab in the treatment of neovascular AMD
have been evaluated in two large phase lll, multicenter, randomized, double-masked,
controlled pivotal trials in different neovascular AMD patient populations. Combined, the
trial results indicate that ranibizumab results not only in a slowing down of vision loss but
also in a significant proportion of patients experiencing a clinically meaningful vision gain.
The visual acuity benefit over control was observed regardless of CNV lesion type.
Furthermore, the benefit was associated with a low rate of serious adverse events.

Conclusions: Ranibizumab represents a novel therapy that, for the first time, appears to
have the potential to enable many AMD patients to obtain a meaningful and sustained gain
of vision. On June 30 2006, ranibizumab was approved by the US Food and Drug
Administration for the treatment of wet AMD.
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Extensive research over the last 2 decades has tion of a series of receptors in endothelial and mural
shown that angiogenesis is a highly complex and cells by numerous ligands.'-3 In addition, several in-
coordinated process, requiring the sequential activa- hibitors of angiogenesis have been identified.* How-

ever, in spite of such complexity and potential redun-
dancy, vascular endothelial growth factor (VEGF)-A
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VEGF-A is the prototype member of a gene family
that also includes placenta growth factor, VEGF-B,
VEGF-C, VEGF-D, and the orf virus—encoded
VEGF-E.°

Diabetes mellitus, central retinal vein obstruction,
and retinopathy of prematurity can all be associated
with retinal ischemia and intraocular neovasculariza-
tion, which may result in vitreous hemorrhages, retinal
detachment, neovascular glaucoma, and blindness.”-8
As early as 1948, Michaelson® hypothesized that the
ischemic retina releases an angiogenic “factor X.”
Much research has elucidated the role of VEGF-A as
a mediator of ischemia-related intraocular neovascu-
larization.!0-12

Neovascularization and leakage are also prominent
features of the wet form of age-related macular de-
generation (AMD).® Definitive clinical trials have
demonstrated that VEGF is important in the progres-
sion of AMD. In December 2004, the US Food and
Drug Administration approved pegaptanib (Macugen;
Eyetech/OSI), an aptamer that blocks the 165-amino
acid isoform of VEGF-A, for the treatment of wet
AMD.!3-14 [n parallel, ranibizumab (Lucentis), a high-
affinity recombinant antigen binding fragment (Fab)
that neutralizes all isoforms of VEGF-A (codeveloped
by Genentech, Inc., and Novartis), has shown cfficacy
in large randomized phase 3 studies.!> Ranibizumab
was approved by the US Food and Drug Administra-
tion for the treatment of wet AMD in June 2006. The
main purposc of this article is to briefly review the
biology of VEGF and then focus on the path that led
to clinical development of ranibizumab, summarizing
carly clinical findings.

History of VEGF

Independent lines of research contributed to the
discovery of VEGF.> In 1983, Senger et al'® at Beth
Isracl Hospital in Boston reported the identification in
the supernatant of a guinea pig tumor cell line of a
permeability-enhancing protein, which was named
vascular permeability factor (VPF). However, these
cfforts did not yield the full purification of the VPF
protein. The lack of amino acid sequence information
precluded cDNA cloning and elucidation of the iden-
tity of VPF for several years.

In 1989, we reported the isolation of an endothelial
cell-specific mitogen from the supernatant of bovine
pituitary cells, which we named VEGF.!” The NH,-
terminal amino acid sequence of VEGF did not match
any known protein in available databases.!” Subse-
quently, Connolly et al'® at Monsanto Company re-
ported the isolation and sequencing of VPF. By the
end of 1989, we reported the isolation of cDNA clones
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for bovine VEGF,q, and three human VEGF iso-
forms: VEGF,,,, VEGF,qs, and VEGF, 4.1 The
Monsanto group described a human VPF clone, which
encoded a protein identical to VEGF,g,.2° These find-
ings indicated that VEGF and VPF were, surprisingly,
the same molecule.

VEGTF Isoforms

Alternative exon splicing results in the generation
of four main VEGF-A isoforms with 121, 165, 189,
and 206 amino acids after signal sequence cleavage:
VEGF,,,, VEGF, s, VEGF, g, and VEGF,, respec-
tively.2!-22 Several additional minor splice variants
also have been described.b. VEGF 45 is the predomi-
nant isoform. Similar to VEGF, s, native VEGF is a
heparin-binding homodimeric glycoprotein of 45
kd.'723 In contrast, VEGF,,, lacks heparin-binding
properties.?* VEGF, 4 and VEGF,, bind to heparin
with particularly high affinity, due to the presence of
a highly basic 24-amino acid insertion.?* Although
VEGEF,,, is a freely diffusible protein, VEGF, s, and
VEGF,, are almost completely sequestered in the
extracellular matrix. VEGF s has intermediate prop-
erties.?> The extracellular matrix—bound isoforms
may be released in a diffusible form by plasmin cleav-
age at the COOH terminus, which generates VEGF, ,,
a bioactive fragment consisting of the first 110 NH,-
terminal amino acids.?*?¢ VEGF, 45 may also undergo
a similar processing by plasmin.?#?26

More recent studies have shown that various matrix
metalloproteases (MMPs)—especially MMP-3—can
also cleave VEGF 45 to generate diffusible, non—hep-
arin-binding fragments.?” Proteolytic processing of
VEGF, 45 by MMP-3 takes place in sequential steps,
with initial cleavage occurring at residues 135, 120,
and, finally, 113.27 Thus, the final product of MMP-3
processing, VEGF, 5, is expected to be biologically
and biochemically very similar to the plasmin-gener-
ated VEGF fragment.

According to recent studies, levels of plasminogen
and MMP-3 in the vitreous of patients affected by
proliferative retinopathies are higher than those in
controls, providing evidence for a prodegradative en-
vironment that may locally generate non—heparin-
binding VEGF fragments (T.A. Ciulla, L. Yu, J.
Lowe, et al, unpublished observation, 2006). In sum-
mary, not only alternative RNA splicing but also ex-
tracellular proteolysis regulates the activity of VEGF.
Proteolytic mechanisms are known to be important
during pathologic angiogenesis,?® suggesting that
non-heparin-binding, cleaved forms of VEGF-A may
play an especially significant role.
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Biologic Roles of VEGF-A

VEGEF-A promotes growth of vascular endothelial
cells from arteries, veins, and lymphatics.?® VEGF-A
also induces angiogenesis in vivo.!%-3% Administration
of VEGEF also induces rapid increases in microvascu-
lar permeability in several experimental model sys-
tems.3! VEGF-A is essential for embryonic vasculo-
genesis and angiogenesis in the mouse such that
inactivation of a single VEGF allele results in embry-
onic lethality.3?> Recent tissue-specific gene targeting
studies have also documented the key role of VEGF-A
in the development of the choroid vasculature.33

VEGF-A is also a survival factor for vascular en-
dothelial cells.3*-3¢ VEGF prevents endothelial apo-
ptosis induced by serum starvation in a PI 3’ kinase/
Akt—dependent manner.>> In vivo, a marked VEGF
dependence has been demonstrated in endothelial cells
of newly formed vessels.3%-37 Coverage by pericytes is
one of the key events resulting in loss of VEGF-A
dependence.3® Administration of VEGF inhibitors re-
sults in changes in the normal and pathologic micro-
vasculature, and fenestrated vessels appear to be es-
pecially sensitive to VEGF withdrawal.37-3° In tumor-
associated vessels, VEGF-A blockade results in
“pruning” of excessive endothelial cells and in a series
of morphologic and functional changes (including an
increase in the proportion of endothelial cells covered
by pericytes and reduced permeability), which have
been referred to as “normalization.”*® VEGF has some
effects outside the vascular endothelium. In particular,
VEGF has been reported to have nonvascular, neuro-
trophic effects on the developing retina.*!

Much evidence indicates that VEGF-A is a media-
tor of tumor angiogenesis.® In 1993, a murine mono-
clonal antibody (Mab) targeting human VEGF-A
(Mab A.4.6.1) was shown to inhibit tumor growth in
vivo.#? Other anti-VEGF agents, including small mol-
ecule VEGF receptor tyrosine kinase inhibitors, have
also demonstrated antitumor activity.*? Clinical trials
with the humanized variant of Mab A.4.6.1,* known
as bevacizumab (Avastin; Genentech, Inc.), began in
1997.45 Being a full-length immunoglobulin G (IgG)
and thus endowed with a long systemic half-life, be-
vacizumab is usually administered every 2 weeks or 3
weeks. After a phase 3 study showing a survival
benefit,*¢ bevacizumab was approved by the US Food
and Drug Administration in 2004 as first-line treat-
ment of metastatic colorectal cancer in combination
with 5-fluorouracil-based chemotherapy regimens.4’
In 2006, bevacizumab also was approved by the US
Food and Drug Administration for the treatment of
relapsed metastatic colorectal cancer in combination
with 5-fluorouracil-based chemotherapy regimens.
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Clinical trials testing bevacizumab, as well as other
VEGF inhibitors, for treatment of several malignan-
cies are ongoing.*’

VEGF Receptors

VEGF-A binds two highly related receptor tyrosine
kinases, VEGF receptor (VEGFR)-14% and VEGFR-
24950 VEGFR-1 was the first receptor tyrosine kinase
to be identified as a VEGFR >1 decade ago,>! but the
precise function of this molecule is still object of
debate.® VEGFR-1 functions and signaling properties
appear to be different depending on the developmental
stage and the cell type (e.g., endothelial vs nonendo-
thelial cells). VEGFR-1 binds not only VEGF-A but
also placenta growth factor>?> and VEGF-B>3 and fails
to mediate a strong mitogenic signal in endothelial
cells. Nonmitogenic functions mediated by VEGFR-1
in the vascular endothelium include the release of
growth factors>* and the induction of MMP-9.55 Fur-
thermore, VEGFR-1 mediates monocyte chemotaxis
in response to VEGF-A or placenta growth factor,>®
and it is believed that VEGF-dependent recruitment of
inflammatory cells is largely mediated by VEGFR-
1'6,57

There is now agreement that VEGFR-2 is the major
mediator of the mitogenic, angiogenic, and permeabil-
ity-enhancing effects of VEGF.6-38 The importance of
VEGFR-2 signaling is underscored by lack of vascu-
logenesis and failure to develop blood islands in
VEGFR-2-null mice.>®

In addition to the two receptor tyrosine kinases,
VEGF 45 (but not VEGF,,,) binds nonsignaling co-
receptors, neuropilin 1 and neuropilin 2 (two mole-
cules previously implicated in axon guidance).50-6!
Neuropilin 1 appears to present VEGF,q5 to
VEGFR-2 in a configuration that increases the effec-
tiveness of VEGFR-2-mediated signal transduction.5?

Role of VEGF in Intraocular Neovascular
Syndromes

The expression of VEGF mRNA is spatially and
temporally correlated with neovascularization in sev-
eral animal models of retinal ischemia.3#:63.64 This
agrees with the notion that VEGF-A gene expression
is upregulated by hypoxia, via HIF-dependent tran-
scriptional activation.® In 1994, elevations of VEGF
levels in the aqueous and vitreous humor of human
eyes with proliferative retinopathy secondary to dia-
betes and other conditions were first described.56-67
Subsequently, animal studies using various VEGF in-
hibitors, including soluble VEGF receptor chimeric
proteins,®® Mabs,%® antisense oligonucleotides,’® and
small molecule VEGFR-2 kinase inhibitors,”! have
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directly demonstrated the role of VEGF as a mediator
of ischemia-induced intraocular neovascularization.

As already noted, choroidal neovascularization
(CNV) and vascular leakage are features of AMD.?
AMD is the most common cause of severe, irrevers-
ible vision loss in older adults.”> AMD is classified
into nonexudative (dry) and exudative (wet or neovas-
cular) disease. Although the exudative form accounts
for ~10% to 20% of cases, it is responsible for 80%
to 90% of the visual loss associated with AMD.”3

Early studies demonstrated the immunohistochem-
ical localization of VEGF in surgically resected cho-
roidal neovascular membranes from AMD pa-
tients.”+7>  Interestingly, transgenic mice with
increased VEGF expression in photoreceptors were
found to develop neovascularization reminiscent of
lesions seen in humans with neovascular AMD.”¢ It is
unclear whether VEGF upregulation in AMD lesions
is hypoxia related.”” Much recent evidence indicates
that inflammation plays an important role in the patho-
genesis of AMD. In particular, a polymorphism in the
gene encoding complement factor H, which normally
inhibits the alternative complement pathway, has been
identified as a significant risk factor for AMD, at least
among whites.”® Thus, complement activation, in-
flammation, and subsequent vascular damage in
drusen might contribute to increased expression of
VEGF-A. Furthermore, several proinflammatory cy-
tokines may upregulate VEGF-A in the microenviron-
ment of CNV lesions.b

Intravitreal administration of ranibizumab resulted
in marked suppression of neovascularization and leak-
age in a primate model of CNV.” In addition, the
“VEGF-trap,” a chimeric soluble VEGF receptor, has
been reported to reduce neovascularization in a mu-
rine model of CNV.30 Interestingly, these studies
show that systemic administration of the VEGF-trap
inhibits neovascularization by ~75%. However, intra-
vitreal administration of the same agent resulted in
~25% inhibition.8° This limited efficacy occurred in
spite of the high binding affinity of the VEGF-trap for
VEGF,?! and it may be due, at least in part, to the
existence of a barrier to the transretinal penetration of
large molecules such as the VEGF-trap.82

Path Toward Development of an Anti-VEGF
Therapy for AMD

In 1996, after the humanization of murine Mab
A.4.6.1 into what was later known as bevacizumab
was completed,** cancer was the primary clinical tar-
get of our anti-VEGF program. Other conditions were
also examined, and among those, neovascular AMD
received significant consideration. However, an anti-
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VEGF program for AMD would be far from straight-
forward. By 1996, inhibition studies had provided the
proof-of-concept that established the important role of
VEGF-A in tumor*? and ischemia-related retinal6%.6°
angiogenesis. In contrast, no such direct studies had
been done in the setting of CNV, and a role for
VEGF-A in AMD was suggested by its immunohis-
tochemical localization in human CNV lesions.”7>
Moreover, it was debatable whether the animal mod-
els of CNV—typically created by laser-induced injury
of Bruch membrane—replicate the pathogenesis of
human AMD. Thus, the hypothesis that VEGF is
involved in AMD had to rely to a large degree on
extrapolating from other disease models, but the mag-
nitude of the clinical problem and the unmet need
were vast.

Another key question was how to deliver the inhib-
itor in such a way that it effectively reaches CNV
lesions. We initially considered testing the intrave-
nous administration of bevacizumab. The choroidal
capillaries are fenestrated,®? and there is no apparent
barrier to the diffusion of systemically administered
macromolecules into CNV. Direct experimental evi-
dence that intravenously injected fluoresceinated bev-
acizumab or control IgG leaks from CNV in a primate
model was then obtained.®* However, the safety of
prolonged systemic exposure to an anti-VEGF agent
was a potential concern. Although toxicological stud-
ies of young adult monkeys receiving intravenously
administered bevacizumab had not revealed any major
safety signals,®3 the possibility that adverse effects
might occur in an elderly population such as AMD
patients, frequently affected by cardiovascular dis-
eases, could not be ruled out. Furthermore, initial
clinical studies of systemic administration of bevaci-
zumab in cancer patients showed hints of serious
toxicity, such as bleeding.?¢ Given these unknowns,
we concluded that, for the treatment of AMD, intraoc-
ular administration of an anti-VEGF agent would
probably be safer and thus preferable. Several years
later, it became known that systemic bevacizumab
given in combination with cytotoxic chemotherapy to
cancer patients results in a twofold increase in the
incidence of arterial thromboembolic events relative
to chemotherapy alone and that age of older than 60
years and a history of thromboembolism are risk fac-
tors.+7

There were significant hurdles to overcome in the
development of a local anti-VEGF therapy for AMD,
because there was no known precedent of long-term
administration of proteins in the human eye. There
was very limited information on the ability of intrav-
itreally injected molecules to penetrate across the ret-
inal layers and reach the choroid, but the available
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Fig. 1. Genealogy of bevacizumab and ranibizumab. The diagram
illustrates steps in the construction of each antibody, beginning with the
mouse hybridoma clone A.4.6.1. The different fill colors indicate
distinct frameworks for the two parental humanized antigen binding
fragments (Fabs) of the two lineages. Each arrow indicates one or more
recombinant DNA steps used to construct genes encoding the corre-
sponding immunoglobulin G (IgG) or Fab form of the antibody vari-
ants.*.93.949 The selection process yielded two independent affinity-
improved variants, Y0243-1 and Y0238-3. The amino acid changes
were combined and introduced in the context of Fab-12 (the Fab variant
of bevacizumab) to generate the final product, ranibizumab, as de-
scribed in the text.

evidence suggested the existence of a size-dependent
barrier.8” To address these questions, in studies con-
ducted in 1996 and earlier, we compared the abilities
of intravitreally injected '*’I-labeled full-length IgG
(molecular weight, 150 kd) and Fab (molecular
weight, 48 kd) antibodies to penetrate across the retina
of rhesus monkeys®? and rabbits (authors’ unpublished
data). At that time, the humanization of Mab A.4.6.1
had just been completed, and recombinant anti-VEGF
antibody (bevacizumab) with a level of purity suitable
for intraocular administration was not yet available.
Pilot studies had shown that the presence of even low
levels of impurities could induce a strong inflamma-
tory response in the primate eye. For primate studies,
clinical grade trastuzumab (Herceptin, Genentech, San
Francisco, CA), a humanized antibody with a frame-
work very similar to that of bevacizumab, was com-
pared with the Fab version of bevacizumab.®® In en-
gineering bevacizumab, development of the Fab
preceded assembly of the full-length IgG version*#;
therefore, the bevacizumab Fab, also known as Fab-12
(see Fig. 1 for genealogy of anti-VEGF antibodies),
was available. For the rabbit studies, full-length anti-
VEGF Mab A.4.6.1 was compared with a mouse/
human chimeric Fab. These studies showed that, un-
der the conditions tested, the Fabs were more
diffusible than the IgGs; the penetration of the Fabs
was rapid and complete, whereas most of the IgG
stopped either at the internal limiting membrane
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(monkey)3® or at the outer plexiform layer (rabbit).
These results were entirely consistent with the finding
that smaller antibody moieties such as single-chain
variable fragments and Fabs have better tissue pene-
tration than IgGs in other contexts.’° Furthermore, a
study reported several years later by Jackson et al®?
also strongly supported our earlier conclusion. In a
comparative analysis of the ability of FITC-dextrans
of different molecular weights to diffuse across hu-
man, porcine, bovine, and rabbit retinas, it was shown
that there is a retinal exclusion limit of ~76 kd for the
human retina with similar values for the retinas of the
other species examined; the inner and outer plexiform
layers were found to be the sites of highest resistance
to the diffusion of large molecules.8?

In apparent conflict with these findings, Shahar et
al? recently reported that intravitreal injection of be-
vacizumab in the rabbit eye results in penetration
throughout the retina (but not within the retinal pig-
ment epithelium or choroid), as assessed by immuno-
histochemical analysis using an anti-Fc antibody.
However, the dose of bevacizumab injected was ~100
times higher than the dose of antibodies administered
in the aforementioned primate study.®® Furthermore,
immunohistochemical analysis is a sensitive but not
quantitative technique, and thus, it is very difficult to
estimate the amount of bevacizumab that penetrated
the retina in the study by Shahar et al.®®

In addition to greater retinal penetration, a Fab
appeared preferable to a full-length IgG also on the
basis of other characteristics. For example, the ab-
sence of Fc eliminated the possibility of complement-
mediated or cell-dependent cytotoxicity that might be
triggered by interaction of the antibody with Fc recep-
tors in inflammatory or immune cells.®! Furthermore,
the systemic half-life of a Fab is a few hours, while
that of a full-length IgG is up to 3 weeks.?> Therefore,
any systemic exposure to an anti-VEGF agent would
be minimized by using a Fab.

Ranibizumab, A High-Affinity Anti-VEGF Fab

Systemic administration of antibodies (e.g., for can-
cer therapy) is usually done every week or every 2
weeks; thus, concentrations of antibody in excess to
the antigen can be easily maintained. However, in-
traocular administration presented new challenges.
The desire to minimize the frequency of invasive
intravitreal injections prompted us to strive to generate
a VEGF antagonist with the highest possible biologic
potency, ideally able to completely neutralize
VEGF-A in the microenvironment of CNV lesions
even when the ratio of inhibitor to VEGF is low.

To this end, we chose to engineer a Fab of the
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humanized anti-VEGF to further enhance its binding
affinity, taking advantage of earlier crystal structure
and mutagenesis studies of such Fab and its antigen
VEGF.”? Whereas bevacizumab was directly derived
from one humanized Fab variant, known as Fab-12 as
previously described,* ranibizumab was initially de-
rived from a different humanized anti-VEGF Fab vari-
ant, known as MB1.6,°3-%4 through a series of recom-
binant DNA and phage-display selection steps (Fig.
1). MB1.6 resulted from a parallel effort at Genentech
to humanize anti-VEGF Mab A .4.6.1., using a phage-
display approach.®* Initially, this construct was used
to produce a phagemid encoding the variant Y0101,
which contained the light-chain mutation M4L and
heavy-chain mutation T221L (using the numbering
system of Kabat et al®> compared with Fab-12).
Y0101 in turn was used in Fab phage display to derive
an improved Fab for phage expression known as
Y0192 with five light-chain (CDR [complementarity-
determining region (loops in antibody light- and
heavy-chain variable regions involved in antigen bind-
ing)]-L1) mutations.”> Y0192 was then used as a
template for a series of diversified CDR libraries,
which independently yielded two affinity-improved
variants: Y0243-1, with substitutions T28D and N31H
in the first CDR of the heavy chain, and Y0238-3, with
substitutions H97Y and S100aT in the third CDR of
the heavy chain.”¢ It is well established that several
framework residues within the variable regions are
important in supporting the appropriate conformation
of the CDR loops, even though they are rarely directly
involved in antigen binding.®” Previous studies had
suggested that the framework of Fab-12, the Fab form
of bevacizumab, had a greater degree of optimization
relative to the framework of MB1.6 in supporting the
CDRs.#+%* Thus, the four CDR changes were com-
bined with the light-chain substitution M4L and the
heavy-chain cloning site substitution T221L in the
context of a construct corresponding to Fab-12.
Hence, the final construct, Y0317, later known as
rhuFab V2 or ranibizumab, contains five variable do-
main substitutions and one constant domain substitu-
tion (at the C-terminus of the heavy chain) as com-
pared with Fab-12% (Fig. 2).

The affinity improvement of ranibizumab relative to
Fab-12 was ~100-fold. This translated into a 30- to
100-fold increased potency in bioassays measuring
human VEGF-induced endothelial cell mitogenesis.”®
Furthermore, on a molar basis, ranibizumab was 5- to
20-fold more potent than full-length bevacizumab in
the same bioassays, in spite of the fact that it had only
one antigen binding site and therefore lacked the po-
tential for avidity effects (authors’ unpublished obser-
vations). Similar to the parent antibody, ranibizumab
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Fig. 2. Ribbon diagram of the structure of ranibizumab. The five red
spheres designate the position of amino acid changes in the structure of
ranibizumab®® compared with bevacizumab Fab. A sixth amino acid
change, introduced for cloning purposes in the constant domain of the
heavy chain, is not indicated. See text for details. CDRs, complemen-
tarity-determining regions (loops in antibody light- and heavy-chain
variable regions involved in antigen binding).

neutralized the biologic activities of all human alter-
natively spliced VEGF-A isoforms, as well as the
proteolytic cleavage product VEGF,,.2+2%-% Ranibi-
zumab has a very low-affinity interaction with murine
VEGF-A%; therefore, it is not suitable to assess the
role of VEGF-A in rodent models of intraocular neo-
vascularization.

Thus, in addition to the aforementioned desirable
properties of a Fab, ranibizumab possessed a remark-
ably high level of biologic activity, including the
ability to neutralize all bioactive forms of VEGF-A.
Pharmacokinetic studies of primates showed that, af-
ter a single intravitreal administration, biologically
effective retinal concentrations of ranibizumab were
maintained for ~1 month, while serum levels were
1,000- to 2,000-fold lower than the ocular levels.!00

Ranibizumab Clinical Trials

Genentech filed an Investigational New Drug for
ranibizumab in October 1999 and initiated the first
clinical trial including patients with neovascular AMD
in February 2000. After encouraging data from phase
1 and phase 2 studies,!?1:192 Genentech proceeded to
study ranibizumab rigorously in pivotal phase 3 trials.
In an initial phase 1 study, 0.5 mg was identified as the
maximum tolerated single intravitreal dose, with in-
traocular inflammation being the dose-limiting toxic-
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ity.!101 However, in a multiple escalating dose proto-
col, up to 2-mg doses of ranibizumab could be
injected as frequently as every 2 weeks without clin-
ically significant inflammation.!93 The reasons for the
inflammation in the single-dose study and its attenu-
ation after multiple doses remain to be fully eluci-
dated. A third study demonstrated that intravitreal
injections of 0.3 mg or 0.5 mg of ranibizumab admin-
istered every 4 weeks for up to eight injections were
well tolerated and associated with a mean improve-
ment in visual acuity from baseline compared with the
usual care control group, who had a mean decline in
vision during the controlled first half of the study.!0?

The safety and efficacy of ranibizumab in the treat-
ment of neovascular AMD have been evaluated in two
large phase 3, multicenter, randomized, double-
masked, controlled pivotal trials including different
neovascular AMD patient populations. Results of one
of these 2-year studies—MARINA trial—are cur-
rently in press,!> and data from the primary analysis at
1 year for the second study—ANCHOR trial—have
been presented.

The MARINA trial’> randomized 716 subjects in
the United States who had minimally classic or occult
without classic subfoveal CNV to one of three treat-
ment arms: monthly sham injections, monthly intrav-
itreal injections of 0.3 mg of ranibizumab, or monthly
intravitreal injections of 0.5 mg of ranibizumab. In the
primary analysis at 1 year, the study met its primary
end point, with 95% and 96% of subjects in the
0.3-mg and 0.5-mg ranibizumab groups, respectively,
losing <15 letters compared with 62% in the sham
injection group (P < 0.0001 vs sham). On average at
1 year, subjects treated with 0.3 mg and 0.5 mg of
ranibizumab gained 6.5 letters and 7.2 letters, respec-
tively, while subjects in the sham injection group lost
an average of 10.4 letters (P < 0.0001 vs sham). A
significantly larger percentage of subjects treated with
ranibizumab gained =15 letters at 1 year (25% and
34% in the 0.3-mg and 0.5-mg ranibizumab groups,
respectively) than did the sham injection recipients
(5%; P < 0.0001 vs sham). These visual acuity ben-
efits persisted through the second year of the study.
Key serious ocular adverse events of uveitis and pre-
sumed endophthalmitis over the 2-year study period
were uncommon, with each occurring in =1.7% of
ranibizumab-treated subjects. The rates of key non-
ocular serious adverse events (i.e., arterial thrombolic
events as defined by the Antiplatelet Trialists” Collab-
oration'% [nonfatal myocardial infarctions, nonfatal
strokes, and vascular deaths including deaths of un-
known cause]) over the 2-year study period were
similar in the three treatment groups: 4.6% in each of
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the ranibizumab groups and 3.8% in the sham injec-
tion group.

The ANCHOR trial randomized 423 subjects in the
United States, Europe, and Australia who had predom-
inantly classic CNV to one of three treatment arms:
verteporfin photodynamic therapy with monthly sham
ocular injections, monthly intravitreal injections of 0.3
mg of ranibizumab with a sham photodynamic therapy
procedure, and monthly intravitreal injections of 0.5
mg of ranibizumab with a sham photodynamic therapy
procedure. Results of the primary analysis at 1 year
have been presented (P.K. Kaiser, presentation at
“Macula 2006;” January 14, 2006; New York, NY [A
Phase III Study of Ranibizumab (Lucentis™) versus
Verteporfin (Visudyne®) PDT in Predominantly Clas-
sic Subfoveal Neovascular AMD—Year 1 Results]).
The study met its primary and secondary visual acuity
end points. The treatment effect of ranibizumab at 1
year on the proportion of subjects losing <15 letters at
1 year (the primary end point), the mean change in
visual acuity from baseline, and the proportion of
subjects gaining =15 letters was similar to that ob-
served in the MARINA trial, despite the presence of
an active control in the ANCHOR study and a more
aggressive target lesion type. The ocular and nonocu-
lar safety profile observed in the ANCHOR trial was
similar to that observed in the MARINA trial.

Conclusions and Perspectives

Analyses of findings from two phase 3 studies (AN-
CHOR and MARINA trials) indicate that ranibizumab
results not only in a slowing down of vision loss but
also in a significant proportion of patients with clini-
cally meaningful vision gain at the primary 12-month
assessment. In the case of the MARINA study,!> these
benefits were also observed through the final 24-
month assessment. The visual acuity benefit over con-
trol was observed regardless of CNV lesion type.
Furthermore, the benefit was associated with a low
rate of serious adverse events. On June 30, 2006,
ranibizumab was approved by the US Food and Drug
Administration for the treatment of wet AMD.

It had been previously argued that a strategy aimed
at targeting a single isoform, VEGF,¢s, s sufficient to
suppress pathologic intraocular angiogenesis, while
normal vessels would be “maintained” by VEGF,,,
and other isoforms.!9%:106 However, as already dis-
cussed, various proteases known to be activated dur-
ing inflammation and angiogenesis may cleave
VEGF 45 and the longer VEGF-A isoforms to gener-
ate non—heparin-binding fragments.?*23.27 We suggest
that the ability to block these molecular forms, in
addition to intact VEGF s, is particularly important
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to account for the therapeutic effectiveness of ranibi-
zumab. In this context, it is noteworthy that tumor
studies have shown that even modest amounts of
VEGF-A, produced by stromal cells, may be sufficient
to drive tumor angiogenesis, emphasizing the impor-
tance of a complete VEGF-A blockade for maximal
tumor growth inhibition.!07.108

The expression of VEGF receptors in different cell
types in the normal retina*' and the recent emphasis
on the potential role of VEGF-A as a neurotrophic
factor!® raised the concern that chronic, complete
blockade of VEGF-A might result in detrimental ef-
fects on the neurorctina. However, the clinical benefit,
including increases in visual acuity, observed in
ranibizumab-treated AMD patients argues against this
possibility, at least within a 2-year treatment period.

Given the complexity of VEGF-A biologic activi-
ties, an important question concerns the mechanism of
the benefit brought about by anti-VEGF therapy in
AMD patients. It appears that vision improvements
correlate with reductions of the levels of intraretinal
and subretinal fluid, as assessed by optical coherence
tomography.'> What is the biologic basis for such
effects? VEGF is known to be able to promote micro-
vascular permeability.!!® However, VEGF-induced
changes in vascular permeability of preexisting ves-
sels are acute and of relatively short duration.!''! On
the other hand, there is much evidence from studies in
other contexts, especially tumors, that VEGF blockade
induces long-term changes in the functional properties
of the microvasculature—including permeability—
that cannot be dissociated from extensive remodeling
of the vessel wall, such as regression of some endo-
thelial cells and an increased percentage of capillaries
being covered by pericytes.36-3740 Therefore, it is pos-
sible that the initial reduction of intraretinal and sub-
retinal fluid elicited by anti-VEGF therapy is due to
blockade of the direct permeability-enhancing activi-
ties of the molecule. However, long-term benefits are
likely to be secondary not only to inhibition of further
CNV growth but also to a switch into a more stable
and “normal” microvascular network within CNV le-
sions, thus reflecting the role of VEGF as a mitogen
and survival factor for blood vessels. Furthermore,
VEGF-A is able to promote recruitment of inflamma-
tory cells, which may in turn release additional medi-
ators of vascular leakage and angiogenesis.>%>7 Thus,
VEGF-A blockade is expected to result in a series of
effects on the vascular endothelium—acute and long
term and direct and indirect—that may contribute to
the clinical benefit in AMD patients. Additional stud-
ics are required to clucidate and dissect the specific
contribution of these various mechanisms.

Encouraging results of phase 1 and phase 2/3 trials
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of ranibizumab followed by favorable results of pre-
liminary phase 3 clinical trials, combined with the
lack of general availability of ranibizumab due to its
investigational status, have led to growing interest in
the possibility of off-label use of bevacizumab as a
therapeutic option for the treatment of neovascular
AMD. Systemic bevacizumab was the subject of an
uncontrolled, open-label, single-center study of nine
subjects with neovascular AMD and 12-week fol-
low-up that reported encouraging signs of activity as
assessed by visual acuity and anatomical optical co-
herence tomography and fundus fluorescein angiogra-
phy evaluations!'?; however, seven of the nine sub-
jects required new or revised antihypertensive
medication during the study. The same investigators
subsequently reported a case of a patient with neovas-
cular AMD who received an intravitreal injection of
bevacizumab and, over the next 4 weeks, was ob-
served to have subsequent resolution of subretinal
fluid with no associated inflammation.!'3 This case
report attracted much interest and prompted a more
recent larger, uncontrolled, open-label series of 79
subjects with neovascular AMD and 4- to 15-week
follow-ups during which improvements in nonstand-
ardized visual acuity measurements and in retinal
anatomy as assessed by optical coherence tomography
and fundus fluorescein angiography were observed
without associated inflammation or other significant
safety issues.!!'# Although intriguing, these early find-
ings are difficult to compare with data from rigorous,
double-masked, controlled phase 3 trials of vertepor-
fin photodynamic therapy, pegaptanib, and, more re-
cently, ranibizumab. In addition, it is noteworthy that
initial, uncontrolled phase 1 or 2 studies with pe-
gaptanib!!> or verteporfin photodynamic therapy!!®
suggested a considerably greater benefit in AMD pa-
tients than that eventually demonstrated in random-
ized phase 3 studies,!3-!!7 further emphasizing the
difficulty of interpreting early clinical results.

In conclusion, >1 decade of preclinical and clinical
research has yielded a novel therapeutic that, for the
first time, appears to have the potential to enable many
AMD patients to obtain meaningful and sustained gain
of vision. Further research is needed to determine
whether the vision gain conferred by ranibizumab
extends beyond 24 months and whether additional
intraocular neovascular syndromes may benefit from
this treatment.

Key words: vascular endothelial growth factor,
monoclonal antibody, endothelium, angiogenesis,
age-related macular degeneration, retinopathy.
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