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O
ver the past decade, treatment strategies

for ocular neovascular diseases have pro-

gressed from purely ablative laser-based

procedures to the development of phar-

macological agents that target factors underlying the

pathogenesis of aberrant blood vessel growth. The

principal focus of recent research effort has been vas-

cular endothelial growth factor A (VEGF-A), which

exerts a variety of roles such as endothelial cell mito-

gen,1 survival factor2 and inducer of vascular perme-

ability,3 and is a key mediator of both physiological

and pathological vascularization.4,5

This new focus has already yielded one approved thera-

py, pegaptanib (Macugen; OSI/Eyetech, New York, NY and

Pfizer, New York, NY). This RNA aptamer, which inhibits

the 165 isoform of VEGF,6 has been proven effective in the

treatment of neovascular age-related macular degeneration

(AMD),7 and has shown promise in the treatment of dia-

betic macular edema8 and central retinal vein occlusion.

VEGF-A ALONE MIGHT NOT BE ENOUGH

Evidence from tumor angiogenesis models, however,

demonstrate that inactivation of VEGF-A alone may

not be sufficient to cause regression of mature blood

vessels.9,10 Maturity of vessels is a poorly defined state

commonly attributed to the presence of vascular

mural cells (pericytes surrounding the capillaries and

smooth muscle cells surrounding larger blood vessels).

Vascular stability and function are dependent on

mural cells and the recruitment of mural cells by

endothelial cells to envelop the developing vasculature

is activated by platelet-derived growth factor B (PDGF-

B) and signaling through the PDGF receptor beta

(PDGFR-beta). 

The role of PDGF-B and its receptor was established

with the use of transgenic mice that lack expression of

either PDGF-B or PDGFR-beta.11,12 Recruitment of

mural cells was significantly inhibited in the absence of

PDGF-B or its receptor11,12 resulting in endothelial cell

hyperplasia and abnormalities in the development and

maturation of nascent vasculature.13 

Localized secretion of VEGF by pericytes is also

known to be important for endothelial cell survival. In

addition, mural cells that surround tumor vessels have

been found to produce VEGF-A1;4,15 given their tight

apposition to the endothelial cells which they envelop,

access by anti-VEGF agents could well be impeded. 

Therefore, it is possible that the efficacy of anti-

VEGF therapy may be compromised by the presence

of mural cells, and that agents that disrupt mural cell

recruitment could potentiate the effect of VEGF-tar-

geting agents such as pegaptanib. Interference with

both VEGF-A and the signaling pathway activated by

PDGF-B may aid in the goal of inhibiting the growth

and stability of aberrant vessels in tumor or ocular

neovascular disease. 

THREE MURINE MODELS

To assess whether depleting mural cells would

enhance the effect of anti-VEGF blockade on new ves-

sels and if the blockade would remain effective over

time, we evaluated the use of VEGF-A and PDGFR-

beta antagonists in combination for the treatment of

ocular angiogenesis. This mini-review presents the lat-

est findings of our experiments in three murine mod-

els of ocular neovascularization.16

We first examined the impact of this combined

inhibition on the physiological development of reti-
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nal vasculature in neonates. It has been

established that recruitment of pericytes

in this context is prevented by inhibition

of signaling through PDGFR-beta.17 We

also used 2 models of pathological ocular

neovascularization. In one model, choroidal neovas-

cularization (CNV) is induced by laser burns to the

retina and reproduces many of the features of AMD.

The second, a model in which corneal neovasculariza-

tion is induced by injury to the corneal epithelium,

provides an especially favorable experimental system.

The induced blood vessels are easily visualized (as are

the impacts of any experimental interventions) and

do not generally regress under natural conditions. 

For experiments in the three models, PDGF-B sig-

naling was inhibited by systemic exposure to the anti-

PGDFR-beta antibody APB5 or imatinib, a small mole-

cule inhibitor of PGDFR-beta kinase activity. VEGF-A

signaling was inhibited with systemic administration

of pegaptanib (50 mg/kg), while injections of phos-

phate-buffered saline (PBS) served as control. Blood

vessel development was assessed though whole-

mount immunofluorescence. Assays were also done

to evaluate cell proliferation and apoptosis and to

quantify levels of expression of VEGF-A, PDGF-B and

PDGFR-beta. 

In all three experimental models, dual-inhibition of

VEGF-A and PDGF-B signaling was more effective in
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Figure 1. Blocking VEGF-A and PDGF-B signaling

affects retinal vascular growth and morphology.

Neonatal mice were injected daily with anti-

VEGF aptamer or APB5 or both. P3 retinal ves-

sels in each treatment group were labeled by

perfusion with concanavalin A (green) (A).

Quantification of the total vessel area in the P3

retina (B). P7 retinal vasculature was labeled

with PECAM-1 staining. Scale bar, 100 µm (C).

Analysis of P7 retinal vessel length and width.

*P<.01 compared to control or anti-VEGF

aptamer-treated mice; †P<.05 compared to

APB5-treated mice (D).

Figure 2. Combination therapy prevents vessel growth in the

corneal neovascularization model. Mice were treated daily

immediately following corneal neovascularization induction for

10 days with either APB5 or anti-VEGF aptamer or both.

Neovascularization was analyzed on day 10 following perfusion

with fluorescein isothiocyanate-concanavalin A. Scale bar, 100

µm (A). Quantitative analysis of corneal area covered with neo-

vascularization. *P<.01 compared to control or PDGF-B inhib-

itor-treated mice; †P<.05 compared to anti-VEGF aptamer-treat-

ed mice (B).
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causing vessel regression than blocking VEGF-A alone.

Here is a summary of data from these experiments and

a discussion of potential implications of these findings. 

Developing Neonatal Retinal Vasculature Model

As expected, daily administration of the anti-PDGF-

B antibody APB5 from birth prevented mural cell

recruitment to developing blood vessels and also led

to significant inhibition of retinal blood vessel growth

at postnatal day 3. In contrast, pegaptanib did not

affect blood vessel development when administered

alone, but provided a further reduction in retinal vas-

cularization when administered together with APB5,

compared with administration of APB5 alone (Figures

1A and 1B). This activity differs from that reported

with nonselective VEGF inhibitors and is likely due to

the specificity of the aptamer to a subset of VEGF iso-

forms.18 Continued administration of these agents

through P7 led to significantly enlarged vessels, in the

case of APB5 alone, in keeping with earlier findings by

other groups,13,17 and still greater vessel enlargement in

animals treated with both APB5 and pegaptanib

(Figures 1C and 1D). Further analysis indicated that

the enlargement of these vessels under the combined

treatment reflected changes in endothelial cell shape

and organization, rather than increased proliferation,

accompanied by an increase in endothelial cell apop-

tosis (data not shown). 

Corneal Neovascularization Model

In the corneal neovascularization model, blood ves-

sels grew into the injured corneal area for about a

week following epithelial debridement, after which

time further growth was minimal; by 10 days postin-

jury, the blood vessels were well-covered with mural

cells. This mural cell coverage was greatly reduced by

administration of antibody APB5 from days 1 through

10 postinjury (data not shown) but blood vessel

growth proceeded essentially unimpeded (Figure 2). In

contrast, pegaptanib administered over the same peri-

od significantly inhibited blood vessel growth, while

combined injections of pegaptanib and APB5 provided

an additional reduction over administration of pegap-

tanib alone (Figure 2). 

We also employed the corneal neovascularization

A B C

Figure 3. Combination therapy caused vessel regression over

time.Treatment of CNV started at 10 days postinjury for 10

days. Quantitative analysis of neovascular regression

expressed as the percent change in neovascularization area

at day 20 (after 10 days of treatment) compared to day 10

(before treatment; represented as 0 on the y axis). *P<.05

compared to day 20 control or PDGF-B inhibitor-treated

mice; †P<.01 compared to anti-VEGF aptamer-treated mice.

P<.01 compared to day 10 mice (before treatment) (A). In this

experiment treatment was started 14 days postinjury until

day 28 (day 14 to day 28). Quantitative analysis of regression

expressed as the percentage change in neovascularization

area as compared to day 14 (before treatment).

*P< .05 compared to day 28 control mice; †P<.01 compared

to anti-VEGF aptamer-treated mice. P<.01 compared to day

14 mice (before treatment) (B).

Figure 3 cont’d.The efficacy of the anti-VEGF aptamer diminishes

over time.Animals were treated at different times postinjury

from day 0 to day 10,day 10 to day 20,or day 20 to day 30.

Combination therapy is more effective over time than anti-VEGF

inhibition alone (C).

Further analysis indicated that the

enlargement of these vessels under the

combined treatment reflected changes

in endothelial cell shape 

and organizaton.



model to assess the impact of the inhibition of VEGF-

A and PDGF-B signaling on the integrity of more

established neovasculature. In these experiments, initi-

ation of pegaptanib and/or APB5 treatment was

delayed until either day 10 or day 14 (in some of these

experiments, imatinib was used in place of APB5, with

similar results), with treatment maintained until day

20 and day 28, respectively. As shown in Figure 3A,

pegaptanib inhibited vessel growth, compared to day

20 PBS-injected controls, although there was no signif-

icant vessel regression.

Corneal neovessels of mice treated with APB5 were

stripped of their mural cells, but total neovascular area

was similar to that of the day 20 controls, suggesting

APB5 alone did not alter vessel growth. Interestingly,

mural cells in the normal, quiescent limbal vessels were

not removed by APB5, suggesting that only neovessels

are affected. Using a combination of both APB5 and

pegaptanib led to a dramatic decrease in

new vessel growth compared with PBS-

treated controls, and significant regres-

sion of neovessels from day 10. 

When the same experiment was initiat-

ed at day 14, with injections continuing

until day 28, qualitatively similar results

were seen (Figure 3B), except that the

modest regression caused by pegaptanib

on its own was no longer observed, sug-

gesting that the maturing blood vessels

became progressively more resistant to

anti-VEGF therapy, as had been seen in

the studies of tumor vascularization.9,10

The progressive diminution in pegap-

tanib efficacy as blood vessels mature is

further demonstrated in Figure 3C; note

that at all time points there is a greater

effect of combined PDGF-B/VEGF-A inhi-

bition than is seen with VEGF-A inhibi-

tion alone. Further control experiments

confirmed that the decreased efficacy of

pegaptanib at later time points was not

the result of less pegaptanib being pres-

ent in the cornea.

CNV Model

The model used in these experiments,

in which laser injury to Bruch’s membrane

is used to initiate CNV, is commonly

employed in studies of AMD.19 We have

examined the effects of single and com-

bined inhibition of VEGF-A and PDGF-B

signaling in two contexts: prevention of

CNV development and regression of established CNV.

For the prevention study, daily injections of APB5,

pegaptanib, or both were continued for 14 days

postinjury. While APB5 had little effect on the extent

of CNV, significant reduction was observed with

pegaptanib, and still greater inhibition occurred in

mice treated with both agents (Figure 4). In the regres-

sion study, in which treatment was delayed until 7

days postinjury, the results were essentially the same. 

DISCUSSION

The principal conclusion of this series of experi-

ments involving 3 separate models of ocular vascular-

ization is that concurrent inhibition of PDGF-B and

VEGF-A signaling was superior to inhibition of the

VEGF-A pathway alone in mature vessels. The com-

bined treatment was able to induce the regression of

existing vessels, while inhibition of VEGF-A alone was
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Figure 4. Combination therapy is effective both in prevention and intervention

treatments of mouse CNV.Prevention.Animals were treated with either APB5

or anti-VEGF aptamer or both for 14 days following laser injury.Representative

images of CNV are visualized by PECAM-1 staining.Quantitative analysis of the

CNV area.*P<.01 compared to control or APB5-treated mice; †P<.05 compared

to anti-VEGF aptamer-treated mice.Combination therapy is also effective in

treating later stage CNV (A).Regression.Mice were treated with APB5 from 7

days postinjury.At day 14 postinjury,neovascularization was analyzed after

labeling vessels with PECAM-1.Quantitative analysis of CNV area.*P<.01 com-

pared to control or PDGF-B inhibitor-treated mice; †P<.05 compared to anti-

VEGF aptamer-treated mice (B).
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not. These data are of particular interest in the con-

text of developing new therapies for ocular neovascu-

lar conditions, since patients presenting with condi-

tions such as AMD generally have a mixture of

mature and nascent blood vessels in their lesions.

Interestingly, results of a subgroup analysis of patients

receiving pegaptanib therapy for treatment of AMD

suggest that earlier lesions are more susceptible to

this intervention.20 Our findings from the corneal

neovascularization model demonstrating that peri-

cytes were stripped from newly growing vessels, but

not from existing limbal vessels, suggest that the

added efficacy that is afforded by combined VEGF-

A/PDGF-B inhibition also has a temporal window, but

one which is clearly broader than that observed for

pegaptanib alone. 

As to the direct application of this work to the clin-

ic, it is clear that considerable effort is required to fur-

ther delineate the nature of the efficacy and safety of

combined inhibition. Nonetheless, it is safe to say that

intravitreous injection offers significant advantages

from the perspective of safety21 and that aptamer

technology, by generating reagents which are inherent-

ly nonimmunogenic,22 presents an especially attractive

alternative when multiple agents are being adminis-

tered. In this context, it is of particular interest that an

aptamer directed against PDGF-B has recently been

successfully employed as an intavitreous agent to

inhibit ocular neovascularization in an experimental

model system.23 There are no apparent impediments

to combining such reagents with pegaptanib for use in

the clinic. ■
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An aptamer directed against PDGF-B

has recently been successfully

employed as an intravitreous agent to

inhibit neovascularization

in an expirmental model.


