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PURPOSE. Ocular neovascularization (NV), the primary cause of
blindness, typically is treated via inhibition of VEGF-A activity.
However, besides VEGF-A, other proteins of the same family,
including VEGF-B and placental growth factor (PlGF, all
together VEGFs), have a crucial role in the angiogenesis
process. PlGF and VEGF, which form heterodimers if co-
expressed, both are required for pathologic angiogenesis. We
generated a PlGF1 variant, named PlGF1-DE, which is unable to
bind and activate VEGFR-1, but retains the ability to form
heterodimer. PlGF1-DE acts as dominant negative of VEGF-A
and PlGF1wt through heterodimerization mechanism. The
purpose of our study was to explore the therapeutic potential
of Plgf1-de gene in choroid and cornea NV context.

METHODS. In the model of laser-induced choroidal neovascu-
larization (CNV), Plgf1-de gene, and as control Plgf1wt, LacZ,
or gfp genes, were delivered using adeno-associated virus
(AAV) vector by subretinal injection 14 days before the injury.
After 7 days CNV volume was assessed. Corneal NV was
induced by scrape or suture procedures. Expression vectors
for PlGF1wt or PlGF1-DE, and as control the empty vector
pCDNA3, were injected in the mouse cornea after the
vascularization insults. NV was evaluated with CD31 and
LYVE-1 immunostaining.

RESULTS. The expression of Plgf1-de induced significant
inhibition of choroidal and corneal NV by reducing VEGF-A
homodimer production. Conversely, the delivery of Plgf1wt,
despite induced similar reduction of VEGF-A production, did
not affect NV.

CONCLUSIONS. Plgf1-de gene is a new therapeutic tool for the
inhibition of VEGFs driven ocular NV. (Invest Ophthalmol Vis

Sci. 2012;53:7989–7996) DOI:10.1167/iovs.12-10658

Ocular neovascularization (NV) is the primary cause of
blindness in a wide range of common ocular diseases,

including diabetic retinopathy (DR), retinopathy of prematuri-
ty (ROP), and age-related macular degeneration (AMD), and
various corneal diseases.1

In the normal mature ocular vascular system, angiogenic
stimulating factors and angiogenic inhibitors exist in a
homeostatic balance. In a variety of pathologic conditions,
such as hypoxia, ischemia, inflammation, infection, and
trauma, the balance between angiogenic stimulators and
inhibitors is disrupted, leading to formation of pathologic
vessels.2 Among these factors, the VEGF-A expression is
increased markedly in the diabetic retina and vitreous,
neovascular AMD lesions, and inflammation-associated corneal
neovascularization.3–6

Consequently, the VEGF-A has been the main target for new
therapeutic approaches aimed to block ocular NV. In particular,
anti–VEGF-A antibodies or derived Fab fragments are the
mainstay of treatment for CNV, which is the major cause of
blindness in AMD.7–9 More recently, several prospective
randomized studies have demonstrated that the intravitreal
delivery of anti–VEGF-A antibodies also is effective for patients
with DR.10 Although this treatment dramatically improves
vision in most patients, it requires repeated intravitreous
injections for an infinite period, and safety concerns regarding
continual blockage of VEGF-A, which is expressed constitu-
tively in the normal adult human retina, are emerging.11–13

For these reasons, a new way to target VEGF-A to avoid
repeated intravitreous injection as well as the ability to target
other pro-angiogenic factors in choroidal neovascularization
(CNV) is desired.

Besides VEGF-A, other proteins of the same family have a
pro-angiogenic activity, such as VEGF-B and placental growth
factor (PlGF). These members of the VEGF family exert their
activity through the binding and activation of two VEGF
receptors, VEGFR-1 (also known as Flt-1) recognized by all
three VEGF members, and VEGFR-2 (also known as Flk-1 in
mice and KDR in humans) specifically recognized by VEGF-A.14

Furthermore, PlGF and VEGF-A share a strict biochemical
and functional relationship because, besides having VEGFR-1
as a common receptor, they also can form heterodimer if co-
expressed in the same cell.15 The heterodimer may induce
receptor heterodimerization, like VEGF-A, or bind to VEGFR-
1.16,17 Recently we showed that the ability of VEGF and PlGF to
generate heterodimer may be used successfully to inhibit
pathologic angiogenesis associated with tumor growth.17,18 In
this perspective, we generated a PlGF1 variant, named PlGF1-
DE,19 which is unable to bind and activate VEGFR-1, but retains
the ability to form heterodimer with VEGF-A, with the idea that
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PlGF1-DE may act as a dominant negative of VEGF-A via
heterodimerization. Indeed, the intratumor delivery of Plgf1-de

by gene therapy forced the formation of PlGF1-DE/VEGF-A
heterodimer, a complex unable to signal through VEGFR-1
homodimer and VEGFR-1/VEGFR-2 heterodimer. At the same
time, a reduction of active PlGFwt homodimer, due to the
generation of PlGF1-DE/PlGFwt dimer was observed.17 As a
consequence, the concentration of active VEGF-A and PlGFwt
homodimers was lowered resulting in a strong inhibition of
pathologic neovascularization.

Therefore, the PlGF1-DE variant represents a novel
inhibitor of VEGF-driven angiogenesis acting as a dominant
negative when overexpressed in cells expressing pro-
angiogenic VEGFs.

In our study we sought to explore further the therapeutic
potential of Plgf1-de gene in the context of ocular pathologic
neovascularization evaluating its activity in the experimental
models of choroid and cornea NV, because in these ocular
compartments VEGF-A is the main driving force for NV.
Moreover, since VEGF-A has an important role also in corneal
lymphangiogenesis, which is involved in different corneal
pathologies as well as in transplant rejection,20 we also
investigated the potential role of Plgf1-de as anti-lymphatic
agent.

MATERIALS AND METHODS

Plasmids and Viral Vectors

The expression vector pCDNA3 carrying the full-length human cDNA

for PlGF1wt (pPlGF1wt), or the variant PlGF1-D72�A-E73�A

(pPlGF1-DE), were generated as described previously.19 Adeno-

associated viruses (AAV) serotype 2 or serotype 5 expressing

PlGF1-DE, PlGF1wt, and as control LacZ or GFP, were generated

using AAV Helper�Free System (Stratagene, Santa Clara, CA). The

expression of cDNAs was under the control of cytomegalovirus

(CMV) promoter. The physical titer of recombinant AAVs was

determined by quantifying vector genome copies (vgc) packaged

into viral particles, by real-time PCR against a standard curve of a

plasmid containing the vector genome. Briefly, purified viral capsids

were digested with proteinase K for 1 hour at 568C. After enzyme

inactivation at 958C for 5 minutes, the digested mixture was diluted

10-fold and subjected to real-time PCR using TaqMan technology with

primers and probe designed to recognize specifically sequences on

the CMV promoter.

Cell Culture and AAV Infection

Human tumor cell lines A2780 (ECACC cat. n. 93112519, from ovarian

carcinoma) were grown in RPMI 1640 medium containing 10% fetal

bovine serum (FBS), 2 mM glutamine, and standard concentration of

antibiotics. Then, 3 3 105 cells were plated in a 6-well multiplate. After

24 hours cells were exposed to AAV2-PlGF1-DE, AAV2-PlGF1wt, or

AAV2-pCDNA3 with a multiplicity of infection (moi) of 5 3 104 for 48

hours. The culture medium was recovered, centrifuged to eliminate

cell debris, and stored at �208C for ELISA analysis.

ELISA Assays

The sandwich ELISA to quantify PlGF and VEGF-A dimers were

performed as described previously17,19 with the following modifica-

tions. All the reagents used in ELISA were from R&D Systems

(Minneapolis, MN). To avoid the interference of the heterodimer in

the quantification of PlGF and VEGF-A homodimers, for PlGF

determination samples were pre-incubated with anti–VEGF-A anti-

body coated on ELISA plate at 1 lg/mL, while for VEGF-A

determination, samples were pre-incubated with anti-PlGF antibody,

coated at 1 lg/ml. To quantify the PlGF/VEGF-A heterodimer in the

culture medium of A2780 cells, antibody anti-PlGF was coated on

ELISA plate, while biotinylated antibody anti–VEGF-A was used in

solution. As reference, human recombinant VEGF-A, PlGF, and VEGF/

PlGF dimers were used. PlGF, VEGF-A, and PlGF/VEGF-A concentra-

tions were determined by interpolation with the relative standard

curves, using linear regression analysis. For the evaluation of the

presence of hPlGF1/mVEGF-A heterodimer in corneal extracts, anti-

hPlGF antibody was used in capture while biotinylated antibody anti–

mVEGF-A was used in solution. Due to the absence of recombinant

inter-species heterodimer, standard curves were performed on the

same ELISA plate contemporarily for mVEGF-A and hPlGF1 homodi-

mers, and the concentrations reported were calculated by interpo-

lation on the average of the two curves. For each determination, two

independent experiments were performed, in which each sample

was analyzed in triplicate.

Animals

All animal experiments were in accordance with the guidelines of the

University of Kentucky Institutional Animal Care and Use Committee,

and the Association for Research in Vision and Ophthalmology (ARVO)

Animal Statement for the Use of Animals in Ophthalmic and Vision

Research. C57Bl6/J mice were purchased from The Jackson Laboratory

(Bar Harbor, ME). For all procedures, anesthesia was performed by

intraperitoneal injection of 100 mg/kg ketamine hydrochloride (Ft.

Dodge Animal Health, Ft. Dodge, IA) and 10 mg/kg xylazine (Phoenix

Scientific, St. Joseph, MO). Pupils were dilated with topical tropic-

amide (1%; Alcon Laboratories, Inc., Fort Worth, TX).

CNV Model

Subretinal injections (1 lL) in mice were performed using a Pico-

Injector (PLI-100; Harvard Apparatus, Holliston, MA). AAV2-PlGF1-

DE, AAV2-PlGF1wt, or AAV2-LacZ were injected at 4.0 3 1011 vgc/

mL. AAV5-PlGF1-DE, AAV5-PlGF1wt, or AAV5-GFP were injected at

2.8 3 1011 vgc/ml. After 14 days CNV had been induced by laser

photocoagulation (532 nm, 200 mW, 100 ms, 75 lm; OcuLight GL;

IRIDEX Corporation, Mountain View, CA) performed on both eyes

(4 spots per eye for volumetric analyses) of each 6- to 8-week-old

male mice (N ¼ 4 per group). As further control, 2 ng of antimouse

VEGFA polyclonal antibody (R&D Systems) in 1 lL of PBS were

delivered intravitreous just after the laser injury (N ¼ 4 per group).

Seven days later CNV volumes were measured by staining with 0.5%

FITC-conjugated Griffonia simplicifolia Isolectin B4 (Vector Labo-

ratories, Burlingame, CA) RPE-choroidal flat mounts using scanning

laser confocal microscope (TCS SP; Leica, Wetzlar, Germany), as

reported previously.21,22 CNV volumes per laser lesion were

compared by hierarchical logistic regression using repeated

measures analysis.

Electroretinography (ERG) and Histology

In anesthetized 6- to 8-week-old male mice (N ¼ 4 per group) 1 lL of

AAV5-GFP, AAV5-PlGF1wt, or AAV5-PlGF1-DE preparations, and as

control PBS, were delivered intravitreous on days zero and three. On

day seven, mice were dark adapted overnight, anesthetized, and both

eyes were positioned within a ColorBurst Ganzfeld stimulator (E2;

Diagnosys, Lowell, MA). After placing corneal and ground electrodes,

Espion software (Diagnosys) was used to deliver a fully automated flash

intensity series from which retinal responses were recorded.

Thereafter, eyes were enucleated and flash-frozen in isopentane

cooled with liquid nitrogen. Sections (7–8 lm) were cut, and stained

with hematoxylin and eosin (H&E). Morphologic analysis was

performed by measurement of retinal inner and outer nuclear layers

(INL and ONL, respectively) thickness on three randomly selected

areas for each eye, using ImageJ software (National Institutes of Health

[NIH], Bethesda, MD).
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Cornea Scrape Procedure and Protein Extraction

We applied 2 lL of 0.15M NaOH to the surface of the corneas of both

eyes of 6- to 8-week-old male mice (N¼4 per group) for 1 minute and

washed with PBS. The corneal epithelium was removed on both eyes

with a corneal scraper, and 8 ng of each plasmid, pPlGF1wt, pPlGF1-

DE, or pCDNA3, in 4 lL of PBS were injected into the corneal stroma

with a 33-gauge Exmire microsyringe (Ito Corporation, Fuji, Japan).

The animals were euthanized 48 hours later, the eyes were

enucleated, and the corneas were dissected for proteins extraction.

As control, scraped and untouched corneas were dissected. Corneas

were minced with scissors, and sonicated in RIPA buffer. After

centrifugation at 14,800 revolutions per minute (rpm) for 15 minutes

at 4C8, the supernatants were recovered and protein concentration

determined by Bradford method (Bio-Rad assay; Bio-Rad Laboratories,

Hercules, CA).

Cornea Suture Procedure

In anesthetized animals, two interrupted 11-0 nylon sutures (Mani, Inc.,

Utsunomiya, Japan) were placed into the corneal stroma, midway

between the central corneal apex and the limbus (approximately 1.25

mm from the limbus), of both eyes of 6- to 8-week-old male mice (N¼
12 per group). Delivery of 5 ng of plasmids pPlGF1wt or pPlGF1-DE

versus empty vector pcDNA3 in 5 lL of PBS was done into corneal

stroma at day zero (suture placement) following injection every three

days for 14 days. Injections were performed using a 33-gauge Exmire

Microsyringe (Ito Corporation). Animals were sacrificed at day 14, the

eyes were enucleated, and the corneas were dissected for further

analyses.

Corneal Flat Mounts

After euthanasia, the corneas were isolated, washed in PBS, and fixed

in 4% paraformaldehyde for 1 hour and acetone for 20 minutes at room

temperature. Corneas were washed in 0.1% Tween-20 in PBS and

blocked in 3% BSA in PBS for 48 hours. Incubation with rabbit anti-

mouse LYVE-1 antibody (1:333; Abcam, Cambridge, MA) and rat anti-

mouse CD31 antibody (1:50; BD Biosciences, San Jose, CA) was

performed for 48 hours at 48C. The corneas were washed in 0.1%

Tween-20 in PBS and incubated for 2 hours with Alexa Fluor 488 (goat

anti-rabbit; 1:200; Invitrogen, Carlsbad, CA) and Alexa Flour 594 (goat

anti-rat; 1:200; Invitrogen). Corneal flat mounts were visualized under

fluorescent microscopy (Olympus, Tokyo, Japan). The images were

adjusted for brightness/contrast, and converted to black and white

images. Next, whole corneas were outlined using ImageJ software

(NIH). Contours of lymphatic or bloodstained vessels inside the

previously outlined area were optimized by threshold and converted to

binary images. Area fraction (%) of neovascularized cornea was

calculated compared to whole corneal surface.

Statistic Analysis

Data are expressed as mean 6 SEM, with P < 0.05 considered

statistically significant. Differences among groups were tested by one-

way ANOVA. Tukey HD test was used as a post hoc test to identify

which group differences account for the significant overall ANOVA.

All calculations were carried out using SPSS statistical package

(vers12.1; SPSS, Inc., Chicago, IL).

RESULTS

AAV-PlGF1s Transduction of VEGF-A–Producing
Cells Induced Reduction of VEGF-A Homodimer by
Heterodimer Formation

To evaluate the activity of PlGF1-DE in the model of choroid-
NV, we planned to deliver the Plgf1-de and Plgf1wt genes using

AAV as vector. To check if the transduction of AAVs carrying
Plgf genes effectively causes a decrease of VEGF-A production
by PlGF1/VEGF-A heterodimer formation, AAV2-PlGF1wt and
AAV2-PlGF1-DE viral particles were used to infect a VEGF-A–
producing/PlGF-nonproducing human tumor cell line derived
from ovarian carcinoma (A2780). As reported in the Table, the
transduction of both forms of PlGF determined a similar
decrease of VEGF-A homodimer production (0.61 and 0.71 ng/
mL for AAV2-PlGF1wt and AAV2-PlGF1-DE compared to AAV-
pCDNA3) to which corresponded the appearance of PlGF1/
VEGF-A heterodimer. As expected, the concentration of the
heterodimer (1.43 and 1.32 ng/mL for AAV2-PlGF1wt and
AAV2-PlGF1-DE, respectively) resulted in close to twice the
reduction of VEGF-A, since for each molecule of VEGF-A
homodimer subtracted, two molecules of heterodimer may be
formed.

AAV-PlGF1-DE Inhibits Laser-Induced Choroid
Neovascularization

We first evaluated the activity of PlGF1-DE in the laser-
induced choroid NV. RPE cells represent the first target
because they express a high level of VEGF-A in pathologic
conditions.5 For this reason, in the first experiment, the
delivery of therapeutic genes was achieved using AAV vector
of serotype 2, by subretinal injection of AAV2-PlGF1-DE,
AAV2-PlGF1wt, and AAV2-LacZ (4.0 3 1011 vgc/mL), or PBS,
as control. As shown in Figure 1, AAV2-PlGF1-DE was able to
inhibit choroid-NV compared to AAV2-LacZ (�35.7%, P ¼
0.0037), to AAV2-PlGF1wt (�39.9%, P ¼ 0.0144), and to the
PBS group (�33.2%, P ¼ 0.0183). Therefore, only PlGF1-DE
was able to inhibit choroid-NV while the transduction of
PlGF1wt did not interfere in new blood vessel formation and
did not induce an increase of neovascularization, compared
to the control.

Since it has been reported that AAV serotype 5 infects not
only RPE cells, but also photoreceptor (PR) cells,23 which also
express VEGF-A in pathologic context,24 new AAV5 vectors for
PlGF1-DE, PlGF1wt, and GFP as control, were generated and
injected subretinally (2.8 3 1011 vgc/mL).

TABLE. Quantification of PlGF and VEGF-A Dimers in the Culture
Medium of A2780 Cells Transduced with AAV2 Viral Vectors, and in the
Corneal Protein Extracts following Scrape Procedure and Injection in
the Corneal Stroma of Nude Plasmids

A2780 Culture

Medium hVEGF-A hVEGF-A/hPlGF hPlGF

PBS 2.32 6 0.31 ND ND

AAV2-pCDNA3 2.12 6 0.24 ND ND

AAV2-pPlGF1wt 1.51 6 0.13* 1.43 6 0.32 30.12 6 3.32

AAV2-pPlGF1-DE 1.41 6 0.12* 1.32 6 0.22 32.42 6 3.11

Corneal Extracts mVEGF-A mVEGF-A/hPlGF hPlGF

Normal cornea 0.58 6 0.04 ND ND

Scrape 1.80 6 0.11 ND ND

pCDNA3 1.72 6 0.10 ND ND

pPlGF1wt 0.92 6 0.17† 1.45 6 0.12 0.95 6 0.09

pPlGF1-DE 0.98 6 0.16† 1.37 6 0.08 0.90 6 0.04

The values, expressed as ng/mL for A2780 culture medium and ng/
mg of protein for corneal extracts, represent the average 6 SEM of two
independent experiments, in which each sample was analyzed in
triplicate.

* P < 0.05 versus AAV2-pCDNA3 and PBS.
† P < 0.003 versus pCDNA3 and scrape groups.
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We did not observe important differences between the two
serotypes. Once again only the transduction of PlGF1-DE
inhibited choroid-NV with an extent close to that observed
with serotype 2 (�29.1%, P¼0.0257 versus AAV5-GFP;�25.2%,
P ¼ 0.0491 versus AAV5-PlGF1wt; �27.9%, P ¼ 0.0455 versus
PBS) while the transduction of PlGF1wt did not change the
extent of neovascularization (Fig. 2). As positive control of
inhibition, the intravitreal injection of antibodies anti-mVEGF
induced a strong inhibition of choroid-NV (�60%, P < 0.0001
versus PBS). The slightly lower inhibition observed using AAV5
might be almost in part due to the different amounts of AAV
vgc injected, which have represented the maximum amount
for each serotype that we have been able to inject to obtain a
correct comparison with relative controls.

The injections of AAV vectors did not induce toxicity as
evidenced by ERG (Fig. 3A), as well as by morphologic
analysis performed on H&E-stained retinal sections (Fig. 3B).
Indeed, ONL thickness (lm 6 SEM, PBS 52.5 6 2.3, AAV5-
GFP 53.4 6 1.6, AAV5-PlGF1wt 52.8 6 2.6, AAV5-PlGF1-DE
49.4 6 4.8) as well as INL thickness (PBS 31.3 6 4.1, AAV5-
GFP 30.6 6 3.5, AAV5-PlGF1wt 29.3 6 3.7, AAV5-PlGF1-DE
30.2 6 3.2) did not show significant differences between the
groups analyzed.

Expression of hPlGFs Induced hPlGF1/mVEGF-A
Heterodimer Formation in the Cornea

Scrape procedure was performed to induce VEGF-A overex-
pression in corneas. To evaluate if the injection in the corneas
of nude expression vectors carrying the cDNA for human
PlGF1-DE or PlGF1wt was sufficient to induce the generation
of hPlGF1/mVEGF-A heterodimers, with consequent reduction
of mVEGF-A homodimer production, plasmids were injected

just after the scrape procedure and corneas were harvested 48
hours later for protein extraction. As control, corneas injected
with empty vector, scraped corneas, and untouched corneas
were used. The quantification of VEGF-A and PlGF1 dimers
performed by sandwich ELISAs and reported in the Table,
showed that the scrape procedure induced an increase of
mVEGF-A concentration of approximately three-times, com-
pared to untouched cornea. Similar concentration of mVEGF-A
was observed in corneas injected with empty vector.
Conversely, the extracts derived from corneas injected with
pPlGF1-DE or pPlGF1wt showed a reduction close to 50% of
mVEGF-A, compared to scraped or empty vector-injected
corneas, to which corresponded the presence of hPlGF1/
mVEGF-A heterodimer. As expected, hPlGF1 homodimers were
detected in corneal extracts.

These quantifications indicated that once injected expres-
sion plasmids for PlGF1-DE or PlGF1wt in scraped corneas,
approximately 50% of mVEGF-A was engaged to form
heterodimer with hPlGF1.

Expression of PlGF1-DE Inhibits Pathologic

Cornea NV

To evaluate the effects of PlGF1-DE expression on pathologic
cornea NV the suture-induced model was used. The plasmids
pPlGF1wt, pPlGF1-DE, or pcDNA3 were injected immediately
after the suture procedure and every three days for 14 days.
The effect of plasmids expression was evaluated calculating
the area of the new blood and lymphatic vessels. Since CD31 is
a panendothelial marker that also recognizes lymphatic vessels,
the quantification of hemangiogenesis was done subtracting
from CD31 area the corresponding LYVE-1 area.

FIGURE 1. AAV2-PlGF1-DE inhibits CNV but AAV2-PlGF1wt does not. CNV volumes were measured by confocal evaluation of Isolectin B4 staining of
RPE-choroid flat mounts (4 animals per group). Data are represented as the mean 6 SEM. *P¼ 0.0037 versus AAV2-LacZ; P¼ 0.0144 versus AAV2-
PlGF1wt. Representative pictures of CNV flat mounts. Scale bar: 100 lm.
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As shown in Figure 4, also in this pathologic model, only the
expression of PlGF1-DE significantly inhibited suture-induced
corneal NV compared to pCDNA3 (area % 6 SEM, 7.90 6 1.33
vs. 12.58 6 0.95,�37.2%, P¼ 0.0072), while the expression of
PlGF1wt did not change in a significant manner the extent of
neovascularization compared to empty vector (10.44 6 1.21
vs. 12.58 6 0.95). Interestingly, the expression of PlGF1-DE
also induced a significant inhibition of lymphangiogenesis
compared to pPlGF1wt and pcDNA3 transfected cornea (area
% 6 SEM, 6.04 6 0.84 vs. 9.92 6 0.74 and 9.06 6 0.66,
respectively, �39.1% and �33.3%, P < 0.01).

DISCUSSION

Currently, the inhibition of VEGF-A achieved by delivery of
Avastin or Lucentis has become the main therapeutic strategy
for the inhibition of ocular NV diseases.10,25 Although the
results are encouraging, two main problems must be resolved.
First, the use of these drugs requires continuous intravitreous
injections. Second, the continuous blockage of VEGF-A, which

is expressed physiologically in the normal adult human retina,

determines safety concerns.11–13 Consequently, new strategies

to avoid repeated intravitreous injection, to target VEGF-A

avoiding full block of its activity, and to block also other pro-

angiogenic factors of the family are desired.

In this perspective, we decided to evaluate if the

property of VEGF-A and PlGF to form heterodimer when

co-expressed could represent a successful strategy to

reduce VEGF-A–dependent choroid and corneal NV. This is

what we demonstrated previously in tumor context that the

variant PlGF1-DE, in which the two residues D72 and E73

essential for Flt-1 recognition and binding were changed to

alanine,19 acts as dominant negative of VEGF-A and PlGFwt

via heterodimerization mechanism.17,18 As results, a de-

crease of production of active VEGF-A and PlGFwt

homodimers was achieved. Therefore, we decided to deliver

the human Plgf1-de gene using AAV vectors in a laser-

induced CNV model, or using nude DNA in scrape- and

suture-induced cornea NV models.

FIGURE 2. AAV5-PlGF1-DE inhibits CNV but AAV5-PlGF1wt does not. CNV volumes were measured by confocal evaluation of Isolectin B4 staining of
RPE-choroid flat mounts (4 animals per group). Data are represented as the mean 6 SEM. *P¼ 0.0257 versus AAV5-GFP, P¼ 0.0491 versus AAV5-
PlGF1wt, P¼ 0.0455 versus PBS. §P < 0.0001 for antibody anti–VEGF-A versus PBS. Representative pictures of choroid-NV. Scale bar: 100 lm.
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First, we verified that the delivery of therapeutic gene
using AAV as vector or nude expression plasmid was
sufficient to induce heterodimer generation. Data reported
in the Table confirmed that transduction of a VEGF-A
producing/PlGF non-producing cell line (A2780) with AAV2
vector carrying human Plgf1-de or Plgf1wt genes, deter-
mined the appearance of PlGF1/VEGF-A heterodimer and a
significant similar reduction (approximately 35%) of VEGF-A
homodimer in the culture medium. In the same manner, the
injection of nude expression vector for PlGF1-DE or PlGF1wt
in the stroma of scraped corneas determined a significant
similar reduction (approximately 50%) of mVEGF-A homodi-
mer production, and the appearance of hPlGF1/mVEGF-A
heterodimer. In both experimental contexts, the quantity of
heterodimer measured was close to twice the reduction of
VEGF-A homodimer, as expected since for each molecule of
homodimer VEGF-A depleted, two molecules of heterodimer
may be formed.

Only the expression of Plgf1-de gene determined significant
inhibition of NV in choroid and corneal models, compared to
the expression of Plgf1wt gene or other controls. In the CNV
model, the use of AAV2 or AAV5 serotypes, both able to infect

RPE cells, the second also PR cells, gave similar inhibition
extents indicating that VEGF-A seems to be expressed mainly
by RPE cells in this pathologic context.

It is interesting to highlight that the overexpression of
Plgf1wt gene did not determine changes in CNV, compared
to AAV2-LacZ or AAV5-GFP, as well as in cornea NV, compared
to empty vector pCDNA3, despite that its expression induced
a reduction of active VEGF-A homodimer similar to that
observed overexpressing Plgf1-de gene (see Table). The
difference between the overexpression of Plgf1-de gene or
Plgf1wt gene was that in the first case two inactive dimers,
PlGF1-DE homodimer and PlGF1-DE/VEGF-A heterodimer,
were produced, whereas in the second case active PlGF1wt
homodimer and PlGF1wt/VEGF-A heterodimer were pro-
duced, which have been able to rescue the effect due to
reduction of VEGF-A homodimer. This highlights the possible
active role that these other members of the VEGF family may
have in the process of pathologic ocular NV.

Remarkably, in the corneal suture–induced NV model, we
also observed a significant decrease of lymphangiogenesis
exclusively after overexpression of Plgf1-de gene. This result is
in agreement with many recent data indicating that VEGF-A

FIGURE 3. ERG and histochemical analyses of retinas after AAV5 delivery. Intravitreous administration (4 animals per group) of AAV5-GFP, AAV5-
PlGF1wt, or AAV5-PlGF1-DE did not induce retinal damage as monitored by ERG and histochemical analysis, compared to PBS. (A) Representative
wave form and amplitude responses during scopic flash ERG. (B) Representative pictures of H&E-stained sections illustrating the normal retina
morphology. ONL thickness (expressed in lm 6 SEM), PBS 52.5 6 2.3, AAV5-GFP 53.4 6 1.6, AAV5-PlGF1wt 52.8 6 2.6, AAV5-PlGF1-DE 49.4 6
4.8. INL thickness (expressed in lm 6 SEM), PBS 31.3 6 4.1, AAV5-GFP 30.6 6 3.5, AAV5-PlGF1wt 29.3 6 3.7, AAV5-PlGF1-DE 30.2 6 3.2. Scale

bar: 50 lm.
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homodimer has an active role also in the stimulation of

neolymphatic vessels formation20 and that its block also

inhibits lymphangiogenesis.26,27

The delivery of Plgf1-de gene, in particular those with AAV

vector, fulfills all the three requirements remarked previously

in the perspective of more affordable anti–VEGF-A therapy. The

gene therapy approach avoids the repeated intravitreous

injections needed for therapeutic antibodies, while the

heterodimerization mechanism does not block VEGF-A fully

and also may act on other VEGF family members, mainly on

PlGF.

In conclusion, the Plgf1-de gene represents a new

interesting tool for anti-angiogenic therapy in the context

of ocular NV pathologic conditions. The possibility to

increase its expression in a more potent and cell specific

manner to induce further decrease of VEGF-A production

represents the next step to evaluate better its applicability

for therapeutic purpose.

FIGURE 4. PlGF1-DE inhibits cornea NV but PlGF1wt does not. Cornea NV was measured by confocal evaluation of CD31 or LYVE-1 staining of
cornea flat mounts (12 animals per group). Data are represented as the mean 6 SEM. *P¼ 0.072 versus pCDNA3. §P < 0.01 versus pPlGF1wt and
pcDNA3. Representative pictures of cornea stained with CD31 or LYVE-1 and merged images.
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