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Vascular endothelial growth factor  
and age-related macular degeneration: 
from basic science to therapy
Napoleone Ferrara

It is almost intuitive that blood vessels have a 
central role in biology and medicine. Indeed, 
even though the concept of blood circula-
tion was not established until a few centuries 
ago, mankind had known for millennia that 
blood vessels are indispensable for bringing 
nourishment to organs and limbs. The con-
verse notion—that growth of blood vessels can 
promote or facilitate disease—is much more 
recent. Starting in the mid-nineteenth cen-
tury, several investigators, including Rudolf 
Virchow, noted that tumor growth is frequently 
accompanied by increased vascularity1. Major 
conceptual advances took place in the 1930s 
and 1940s, when it was hypothesized that the 
ability to induce new vessel growth through 
release of vasoproliferative factors confers a 
growth advantage on tumor cells2,3.

At about the same time, seminal obser-
vations implicating blood-vessel growth in 
intraocular disorders leading to blindness 
were made. In 1948, Isaac Michaelson pro-
posed, on the basis of his elegant embryologic 
and clinicopathological studies, that a diffus-
ible factor (named afterward ‘factor X’) could 
be responsible not only for the development 
of the normal retinal vasculature but also for 
pathological neovascularization in proliferative 
diabetic retinopathy and other disorders4.

Later on, Judah Folkman’s hypothesis that 
antiangiogenesis could be a strategy to treat 
cancer and possibly other disorders5 generated 
a great deal of enthusiasm and gave a major 
boost to the field. However, harnessing such 
therapeutic potential first required the iso-
lation, sequencing and cDNA cloning of the 

mediators of angiogenesis, a major technologi-
cal challenge in those days.

From neuroendocrinology to angiogenesis 
and vascular endothelial growth factor
I studied Medicine at the University of Catania 
Medical School, in the homonymous southern 
Italian city. It was a fortunate circumstance 
that Umberto Scapagnini had recently joined 
our medical school as chairman of pharmacol-
ogy. Attending his lectures planted the seed for 
my future career. Scapagnini had made impor-
tant contributions to neuroendocrinology 
after spending several years at the University 
of California–San Francisco (UCSF) in the lab 
of William Ganong, one of the pioneers in this 
field. While still a medical student, I joined 
Scapagnini’s group. Wishing to pursue research 
in the same field, in 1983 I began a postdoctoral 
fellowship in Richard Weiner’s laboratory in the 
Reproductive Endocrinology Center at UCSF. 

While culturing different cell types from 
bovine pituitary, I stumbled on a population 
of non–hormone-secreting cells with unusual 
characteristics6. We identified these cells as 
follicular cells. The function of follicular cells 
was poorly understood, but their cytoplasmic 
projections establish intimate contacts with 
perivascular spaces, a finding that led some 
early investigators to suggest that these cells 
have a role in regulating growth or mainte-
nance of the pituitary vasculature. I was so 
intrigued by this possibility that I tested fol-
licular cell–conditioned medium on cultured 
endothelial cells. To my delight, the medium 
strongly promoted endothelial cell growth7. 
At that time, basic fibroblast growth factor 
(bFGF) was thought to be the major endothe-
lial cell mitogen and angiogenic factor in 
pituitary and other organs. However, in 1986 
it became known that bFGF is an intracel-

lular protein, because of its lack of secretory 
signal peptide8. This finding caused several 
investigators to doubt that a protein with such 
characteristics could regulate angiogenesis, a 
process that requires diffusion in the environ-
ment and generation of gradients. I speculated 
that the endothelial cell mitogenic activity in 
the follicular cell–conditioned medium may 
be due to a secreted protein. I then pursued the 
isolation of this molecule, hoping that it would 
prove to be a key player in angiogenesis.

In 1988, I joined Genentech as a research sci-
entist. Given my background in endocrinology, 
I participated in the development of relaxin, a 
hormone thought to facilitate parturition. The 
company has a policy of allowing some time 
for discretionary research, and I took advan-
tage of this opportunity to work on my favorite 
project. I was fortunate to find at Genentech 
not only state-of-the-art technology but also 
great colleagues and collaborators, including 
Bill Henzel, David Leung and Dave Goeddel. In 
1989, we obtained the amino-terminal amino 
acid sequence of the purified endothelial mito-
gen and found that it did not match any known 
sequence in available databases. Because this 
protein had selective growth-promoting effects 
on vascular endothelial cells, I proposed the 
term ‘vascular endothelial growth factor’ 
(VEGF)9. We then isolated bovine and human 
cDNA clones encoding VEGF10. We identified 
three different human clones encoding mature 
proteins of 121, 165 and 189 amino acids, 
respectively (VEGF121, VEGF165, VEGF189)10. 
Importantly, a typical secretory signal sequence 
preceded the amino terminus, confirming that 
VEGF is a secreted protein.

After our cloning paper was accepted for 
publication10, we learned, to our surprise, 
that a group at Monsanto Company led by 
Daniel Connolly had submitted at about the 
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same time a manuscript reporting the cloning 
of vascular permeability factor (VPF)11. These 
investigators described a human clone that 
encoded a protein identical to one of the iso-
forms that we identified—VEGF189. Connolly 
and colleagues had followed up on the elegant 
early work by Harold Dvorak at Beth Israel 
Hospital in Boston, who identified VPF as a 
protein that increases vascular permeability 
in the skin12. However, because VPF had not 
been purified to homogeneity and sequenced, 
its identity remained unknown12.

Establishing the role of VEGF in 
angiogenesis
The cloning of VEGF (known also as VEGF-A 
following the discovery of several family 
members—VEGF-B, VEGF-C, VEGF-D and 
placenta growth factor) as an angiogenic and 
a permeability-enhancing factor generated 
considerable interest in the field1. However, 
much more research was needed before any-
one could conclude that VEGF is a physiologi-
cally relevant molecule, let alone a therapeutic 
target. But early studies already suggested that 
we were on the right track. The VEGF isoforms 
appeared remarkably well suited to gener-
ate biochemical gradients, a requirement for 
angiogenesis in vivo, owing to their differential 
affinity for heparan sulfate proteoglycans in 
the cell surface and extracellular matrix, which 
in turn determined their diffusibility13,14.

The identification of the VEGF receptors 
enabled important advances in the under-
standing of VEGF action. In 1992, in col-
laboration with Lewis Williams at UCSF, we 
identified the Flt-1 tyrosine kinase15 (presently 
known as VEGFR-1) as a high-affinity VEGF 
receptor16. Subsequently, a highly homologous 
tyrosine kinase was identified as VEGFR-2 by 
Bruce Terman and his colleagues at American 
Cyanamid17. It has become clear that VEGFR-

2, in spite of its lower binding affinity for 
VEGF, is the main signaling receptor, whereas 
VEGFR-1 has highly complex and context-
dependent roles18.

To elucidate the role of VEGF in vivo, we 
developed a series of pharmacological and 
genetic tools to inhibit its function. In 1993, 
we reported that administration of a VEGF-
specific monoclonal antibody substantially 
reduced growth of several human tumor cell 
lines implanted in immunodeficient mice19. 
These studies resulted in the clinical develop-
ment of a humanized variant of this VEGF-
specific antibody20 (bevacizumab), which has 
been approved for therapy of multiple tumor 
types21.

Structural and functional studies of 
VEGFR-1 led to the discovery that, of the seven 
extracellular immunoglobulin-like domains, 
domain 2 is the crucial element for high-affinity  
VEGF binding22. This finding enabled the 
design of chimeric soluble receptors (known 
also as ‘VEGF traps’) as potent inhibitors that, 
unlike many monoclonal antibodies, can 
block VEGF across species. The availability of 
these tools allowed us to establish the role of 
VEGF in angiogenesis associated with some 
crucial physiological processes such as organ 
and skeletal growth23,24 and differentiation of 
the ovarian corpus luteum25. Inactivation of 
the Vegfa gene in mice provided evidence for 
the indispensable role of this molecule in the 
development of the vasculature and revealed 
that loss of even a single Vegfa allele results in 
early embryonic lethality26,27.

VEGF is a mediator of intraocular 
neovascularization
By the early 1990s, it became clear that VEGF 
has several features consistent with those of 

factor X, including diffusibility and hypoxia 
inducibility28. So several groups converged on 
this molecule as a potential mediator of retinal 
ischemia-related neovascularization. In 1994, 
in a collaborative study with Lloyd Aiello and 
George King at the Joslin Diabetes Center in 
Boston, we found a striking correlation between 
VEGF concentrations, measured in the eye flu-
ids from 164 patients, and active proliferative 
retinopathy associated with diabetes, occlusion 
of central retinal vein or prematurity29. Tony 
Adamis and colleagues at Massachusetts Eye 
and Ear Infirmary in Boston also reported 
elevated VEGF amounts in the vitreous of indi-
viduals with diabetic retinopathy30.

Meanwhile, it became known that VEGF 
upregulation in the eye is not limited to 
ischemic retinal disorders. The localization of 
VEGF in choroidal neovascular membranes 
from individuals with neovascular (wet) age-
related macular degeneration (AMD)—the 
leading cause of irreversible severe vision loss in 
the older adult population—was reported31,32. 
Choroidal neovascularization (CNV), which 
results in vision-impairing exudation and 
hemorrhage, is a prominent feature of wet 
AMD and affects the macula, a photoreceptor-
dense area in the central portion of the retina 
that is responsible for central, high-resolution 
vision33.

Proof-of-concept studies supported 
the hypothesis that VEGF is a major 
player in intraocular neovascularization. 
Administration of chimeric soluble VEGF 
receptors markedly reduced retinal neo-
vascularization in a mouse model of retin-
opathy prematurity34. Also, in collaboration 
with Tony Adamis and Joan Miller, we tested 
the effects of human VEGF-specific mono-
clonal antibody in a primate model of iris  
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Figure 1  Structure of the VEGF-ranibizumab 
complex, showing two Fab molecules binding 
the symmetrical poles of the VEGR dimer40. 
Compared to the bevacizumab Fab, ranibizumab 
has five residue changes in the variable domains 
and one in the constant region.
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Figure 2  Mean change from baseline visual acuity score (letters) over time in the ANCHOR trial. 
Subjects with predominantly classic CNV were randomized to the indicated treatment groups: PDT 
alone or 0.3 or 0.5 mg ranibizumab. Vertical bars represent s.e.m. Note the dose response in the 
effects of ranibizumab. ETDRS, Early Treatment Diabetic Retinopathy Study (Box 1). Figure modified 
from ref. 44.
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neovascularization caused by central retinal 
vein occlusion, taking advantage of the com-
plete identity between human and simian 
VEGF proteins. The treatment resulted in a 
nearly complete inhibition of blood-vessel 
growth35. Additional VEGF pathway inhibi-
tors were also shown to inhibit intraocular 
neovascularization in a variety of models36.

Developing an anti-VEGF therapy for wet 
AMD
The primary clinical target of our VEGF-
specific antibody programs was cancer. Wet 
AMD was also an exciting indication, given 
the unmet medical need. Indeed, although 
the wet form accounts for about 10–20% of 
AMD cases, it is responsible for 80–90% of 
the severe vision loss associated with AMD37. 
About 200,000 new cases of wet AMD are 
diagnosed each year in the US. Although 
laser photocoagulation is an effective treat-
ment for proliferative diabetic retinopathy, 
few options were available at that time for 
wet AMD (Box 1).

However, developing a VEGF-specific 
antibody therapy for wet AMD presented 
considerable challenges38. It was unclear to 
what extent the animal models of CNV rep-
licated the pathogenesis of AMD. Also, the 
optimal route of administration needed to be 
established. We initially considered testing the 
intravenous administration of bevacizumab, 
but the possibility of cardiovascular adverse 
events in an elderly population, such as that 
of people with AMD, led us to conclude 
that the intraocular route of administration 

would be preferable. However, there was a 
theoretical risk that long-term injection of 
full-length antibodies in human eyes (which 
had not been previously done) might trigger 
complement-mediated or cell-dependent 
cytotoxicity caused by interaction of the anti-

body with Fc receptors in immune cells39. We 
felt that removing the Fc would be the prudent 
choice. Furthermore, a variety of studies indi-
cated that antigen-binding fragments (Fabs) 
have better tissue penetration than full-length 
antibodies38. Therefore, we engineered a Fab 
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Box 1  Key clinical features of AMD and therapeutic options before ranibizumab. 
The hallmark of AMD is the drusen—focal deposition of debris between the retinal pigment epithelium (RPE) and Bruch’s membrane. It is 
believed that damage to the RPE and chronic inflammation leads to areas of atrophy33. Depending of the number and size of drusen and 
the extent of atrophy, AMD is classified as early, intermediate and advanced33. Advanced AMD can be non-neovascular and neovascular 
(or wet). Key features of wet AMD are CNV and abnormalities such as RPE detachment, fibrovascular scarring and vitreous hemorrhages54. 
Growth of abnormal and fragile vessels (see Fig. 3) frequently results in bleeding and fluid leakage, which can in turn cause loss of central 
vision.

Visual acuity tests are the most common way to measure visual function in wet AMD and other intraocular disorders. They are typically 
based on the ability to discriminate letters layered in lines of decreasing size. A chart test widely used in clinical research was initially 
developed for the Early Treatment Diabetic Retinopathy Study54. Fluorescein angiography enabled the identification of two major CNV 
patterns, known as ‘classic’ and ‘occult’55. Classic CNV is a discrete and well-demarcated area of hyperfluorescence, especially in the early 
phases of angiogram. Occult CNV, the most frequent pattern, is characterized by less well-defined borders and leakage. Mixed patterns with 
different degrees of classic and occult components are common, and classic CNV has a more aggressive clinical course than occult CNV.

Before ranibizumab, the main therapeutic options for patients with wet AMD were laser photocoagulation or surgical resection of CNV. 
These approaches, however, had limited efficacy and could be used only in selected cases33. The advent of ocular PDT represented a 
therapeutic advance. In PDT, a laser beam focused over the macula is used to activate an intravenously administered, light-sensitive dye 
(verteporfin) that accumulates in new blood vessels, causing localized choroidal neovascular thrombosis. The safety of this treatment and 
its reduction of the risk of moderate and severe vision loss, especially in patients with predominantly classic CNV, has been documented47. 
However, PDT results in only transient improvement in visual acuity (see Fig. 2).

In 2004, the FDA approved pegaptanib sodium48 as an intravitreal treatment for wet AMD. Pegaptanib is an aptamer that interacts with 
the heparin-binding domain of VEGF. Whereas pegaptanib resulted in slowing down of vision loss, few patients experienced improvements 
in visual acuity48, perhaps as a result of the inability of this agent to bind and inhibit the action of non–heparin-binding proteolytic 
fragments of VEGF that result from the action of matrix metalloproteinase-3 or plasmin56.
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Figure 3  Role of VEGF in the progression of CNV in wet AMD. Uncontrolled VEGF expression results 
in growth of new blood vessels, which fail to mature and show a number of abnormalities including 
tortuosity and reduced numbers of pericytes49,50. These structural defects might result in fragility 
and propensity to exudatation and bleeding, which in turn cause photoreceptor damage and vision 
impairment. The direct permeabilizing effects of VEGF may augment exudation. Reflecting the role of 
VEGF as a survival factor, VEGF blockade results in rapid vessel remodeling, with regression of pericyte-
poor capillaries, reduced lumen diameter and permeability51–53. As CNV expands, the amount of 
exudation and bleeding increases, further impairing vision. Ranibizumab treatment results in complete 
suppression of CNV growth over at least a two-year period42–44.
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fragment of bevacizumab to further enhance 
its binding affinity for VEGF40 (Fig. 1). In 
spite of its monovalent binding, this affinity-
matured Fab (ranibizumab) is 10–20-fold 
more potent that bevacizumab at inhibiting 
VEGF-induced endothelial cell proliferation. 
Also, intravitreal administration of ranibi-
zumab markedly inhibited vascularization 
and leakage in a primate model of CNV41.

Ranibizumab pivotal trials
Genentech initiated clinical trials in sub-
jects with neovascular AMD in February 
2000. After encouraging data from phase 1 
and phase 2 studies, we proceeded to study 
ranibizumab in phase 3 trials. Two random-
ized, double-blind controlled trials in dif-
ferent populations of individuals with AMD 
(the MARINA trial and the ANCHOR trial) 
resulted in the approval of ranibizumab by the 
US Food and Drug Administration (FDA) in 
June 2006.

The MARINA trial randomized subjects 
with minimally classic or occult without clas-
sic subfoveal CNV to one of three treatment 
arms: monthly sham injections or monthly 
intravitreal injections of either 0.3 or 0.5 mg 
ranibizumab42. In the primary analysis at one 
year, the study met its primary endpoint, with 
95% and 96% of subjects in the 0.3-mg and 
0.5-mg ranibizumab groups, respectively, los-
ing their ability to detect <15 letters on the eye 
chart compared with 62% in the sham injection 
group (Box 1). Also, subjects treated with 0.3 
mg and 0.5 mg ranibizumab gained 6.5 letters 
and 7.2 letters, respectively, whereas subjects 
in the sham injection group lost an average of 
10.4 letters. These visual acuity benefits per-
sisted through the second year of the study.

The ANCHOR trial randomized subjects 
with predominantly classic CNV to one of 
three treatment arms: verteporfin photo
dynamic therapy (PDT) with monthly sham 
ocular injections and monthly intravitreal 
injections of either 0.3 or 0.5 mg ranibizumab 
with a sham PDT procedure43. The treatment 
effects of ranibizumab at one year were simi-
lar to those observed in the MARINA trial, 
despite the presence of an active control (PDT) 
in the ANCHOR trial and a more aggressive 
lesion type. A two-year analysis confirmed the 
persistence of the benefit (Fig. 2)44.

Subsequent phase 3 trials showed that 
ranibizumab improves visual acuity also in 
subjects with central45 and branch46 retinal 
vein occlusion (the CRUISE and BRAVO tri-
als, respectively), validating the preclinical 
data implicating VEGF in ischemic retinal 
diseases35. In July 2010, ranibizumab was 
approved by the FDA for the treatment of 
retinal vein occlusion.

Conclusions
I am extremely gratified and humbled that 
the work that I initiated 25 years ago resulted 
in a therapy for a condition as devastating as 
wet AMD. The magnitude of the benefit, par-
ticularly the visual-acuity gains, exceeded my 
expectations, considering that previous treat-
ments only slowed down the rate of vision 
loss47,48 (Fig. 2). So far, about 450,000 patients 
have been treated with ranibizumab (Lucentis) 
worldwide. An even larger number of people 
have received bevacizumab off label, although 
the degree of benefit is unclear, pending the 
outcome of controlled studies.

Figure 3 illustrates the role of VEGF in the 
progression of CNV, and the mechanisms of 
exudation and bleeding in light of recent vascu-
lar biology concepts. One aspect that remains 
less clear is the nature of the changes that lead 
to progression of early AMD into wet AMD 
and VEGF upregulation. However, several 
studies have identified mutations in a number 
of genes involved in complement activation and 
immune regulation and point to inflammation 
as one of the key events in the progression of 
AMD33. Therefore, it is conceivable that tissue 
damage, leading to hypoxia, is a major factor 
in VEGF upregulation in AMD.

What is next for wet AMD therapy? Late-
stage clinical trials are currently testing other 
VEGF inhibitors such as bevacizumab and 
VEGF-Trap. Furthermore, numerous trials 
are currently exploring a variety of therapeu-
tic agents33. This gives hope that combining 
angiogenesis inhibitors with agents that target 
additional pathways (involved, for example, 
in destructive late events such as fibrosis and 
scarring) or with neurotrophic factors may go 
beyond the benefits achieved so far from tar-
geting VEGF alone.
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