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Abstract

Hypoxia-inducible factor-1 (HIF-1) plays an important role in retinal and subretinal

neovascularization (NV). Increased levels of HIF-1 cause increased expression of vascular

endothelial growth factor (VEGF-A) and current therapies for ocular NV focus on neutralizing

VEGF-A, but there is mounting evidence that other HIF-1-responsive gene products may also

participate. In this study, we tested the effect of a designed ankyrin repeat protein (DARPin) that

selectively binds and antagonizes the hypoxia-regulated gene product PDGF-BB in three models

of subretinal NV (relevant to neovascular age-related macular degeneration) and compared its

effects to a DARPin that selectively antagonizes VEGF-A. Daily intraperitoneal injections of 10

mg/kg of the anti-PDGF-BB DARPin or 1 mg/kg of the anti-VEGF DARPin significantly

suppressed subretinal NV from laser-induced rupture of Bruch's membrane. Injections of 1

mg/kg/day of the anti-PDGF-BB DARPin had no significant effect, but when combined with 1

mg/kg/day of the anti-VEGF-A DARPin there was greater suppression than injection of the anti-

VEGF-A DARPin alone. In Vldlr−/− mice which spontaneously develop subretinal NV,

intraocular injection of 1.85 μg of anti-PDGF-BB or anti-VEGF-A DARPin caused significant

suppression of NV and when combined there was greater suppression than with either alone. The

two DARPins also showed an additive effect in Tet/opsin/VEGF double transgenic mice, a

particularly severe model of subretinal NV and exudative retinal detachment. In addition,

intraocular injection of 1.85 μg of anti-PDGF-BB DARPin strongly suppressed ischemia-induced

retinal NV, which is relevant to proliferative diabetic retinopathy and retinopathy of prematurity.

These data demonstrate that PDGF-BB is another hypoxia-regulated gene product that along with

VEGF-A contributes to ocular NV and suppression of both provides an additive effect.
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Introduction

Subretinal NV occurs in age-related macular degeneration (AMD) and other diseases of the

Bruch's membrane/retinal pigmented epithelial cell complex. Subretinal NV refers to new

vessels growing beneath the retina in the subretinal space regardless of the location from

which the vessels originated. There are two types of subretinal NV based upon origin of the

vessels, retinal angiomatous proliferation (RAP) which originates from the deep capillary

bed of the retina and grows through the photoreceptor layer to reach the subretinal space [1]
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and choroidal NV which sprouts from choroidal vessels and extends through Bruch's

membrane and the RPE to reach the subretinal space. Subretinal NV is a highly prevalent

cause of visual loss.

Considerable progress has been made elucidating the pathogenesis of subretinal NV (for

recent review see [2]). Studies in mouse and monkey models suggested that vascular

endothelial growth factor-A (VEGF-A) plays a major role [3–5] and this has been confirmed

in patients with neovascular AMD [6, 7]. Mice in which the hypoxia response element

(HRE) was removed from the Vegf promoter developed markedly less subretinal NV at

Bruch's membrane rupture sites than wild type mice, suggesting that hypoxia-inducible

factor-1 (HIF-1) is involved [8]. This was also suggested by the strong suppression of

subretinal NV by digoxin [9], which blocks HIF-1 transcriptional activation [10].

The implication of HIF-1 in the pathogenesis of subretinal NV suggests that other hypoxia-

regulated gene products may also participate. Stromal derived factor-1 (SDF-1) and its

receptor, CXCR4, are both induced by HIF-1, and have been shown to contribute to retinal

and subretinal NV [11]. Platelet-derived growth factor-B (PDGF-B) and PDGF receptor-β,

which is activated by PDGF-BB homodimers, are also hypoxia regulated and in this study,

we sought to explore the role of PDGF-BB in ocular NV.

Antibodies can be generated as selective protein antagonists that are useful tools for

determining if that protein participates in a disease process and can also be developed into

therapeutic agents. Other agents that specifically bind to target proteins can serve a similar

role. Designed ankyrin repeat proteins (DARPins) are recombinant proteins that are made up

of ankyrin repeats with conserved and variable amino acid stretches. The conserved part

forms a tightly packed core and the variable part lines the surface that binds the target

protein. Libraries have been constructed to produce DARPins with random surface that can

be screened for binding to target proteins [12, 13]. A DARPin that selectively binds VEGF-

A with a Kd of 2 pM has been characterized and when injected into the vitreous cavity of

rabbits, it suppresses VEGF-induced leakage [14]. It also suppresses laser-induced choroidal

NV in rats after topical administration to the cornea. To gain further insights into the role of

PDGF-BB, we studied the effect of a DARPin that selectively binds PDGF-BB in mouse

models of ocular NV and compared its effects to those of the previously described anti-

VEGF-A DARPin.

Results

Generation and characterization of DARPins that specifically bind PDGF-BB

Using ribosome-display selections from naïve DARPin libraries, putative PDGF-BB binding

DARPins were generated [15] and individual DARPins were screened for binding to PDGF-

BB by ELISA. An anti-PDGF-BB DARPin was selected, and further characterized. The

affinity of the anti-PDGF-BB DARPin to biotinylated PDGF-BB immobilized onto

neutravidin coated chips was determined to be <500 pM (data not shown). No binding was

detected to VEGF-A (data not shown). The apparent potency of the anti-PDGF-BB DARPin

in a PDGF-BB receptor competition assay revealed an IC50 of about 100 pM (Fig. 1a). In a

cellular assay, anti-PDGF-BB DARPin suppressed PDGF-BB-induced proliferation of
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NIH-3T3 cells with an IC50 of 1.9 nM, which reflects the limit of sensitivity of the assay

(Fig. 1b).

Anti-PDGF-BB DARPin suppresses choroidal NV and has an additive effect with an anti-
VEGF-A DARPin

After laser-induced rupture of Bruch's membrane in each eye, 6-week old female C57BL/6

mice were treated with daily intraperitoneal injections of anti-PDGF-BB DARPin, anti-

VEGF-A DARPin, both, or PBS as control. Compared to PBS-injected mice which showed

large areas of choroidal NV at Bruch's membrane rupture sites (Fig. 2a), the mean area of

choroidal NV was significantly less in mice that had been treated with 10 mg/kg/day of the

anti-PDGF-BB DARPin (Fig. 2b and h), but not those treated with 1 mg/kg (Fig. 2c and h).

There was also a significant reduction in mean area of choroidal NV compared to controls in

mice that had been treated with 10 or 1 mg/kg/day of anti-VEGF-A DARPin (Fig. 2d, e, h),

but not 0.1 mg/kg/day (Fig. 2f). Combination of 1 mg/kg/day of anti-PDGF-BB DARPin

and 1 mg/kg/day of anti-VEGF-A DARPin caused a profound reduction in NV resulting in a

mean area of choroidal NV (Fig. 2g) that was significantly less than that seen after treatment

with 1 mg/kg/day of either alone (Fig. 2h).

Intraocular injection of an anti-PDGF-BB DARPin suppresses subretinal NV in Vldlr−/− mice
and has an additive effect with an anti-VEGF-A DARPin

Very low density lipoprotein receptor knockout (Vldlr−/−) mice spontaneously develop NV

that sprouts from the deep capillary bed of the retina and grows through the photo-receptors

into the subretinal space and hence provides a model of RAP [16]. Sprouting of NV is seen

around postnatal day (P) 14 and by P21 the vessels have invaded the subretinal space and

retinal pigmented epithelium (RPE). The phenotype is very similar to that in rho/VEGF

transgenic mice [17, 18], but due to stronger association of new vessels with the RPE in

Vldlr−/− mice, portions of vessels remain adherent to the eyecup when it is separated from

the retina making quantification of total amount of NV more challenging. One solution is to

measure the amount of NV on both retinal and choroidal flat mounts. At P13, Vldlr−/− mice

were given an intraocular injection of 1.85 μg of anti-PDGF-BB DARPin, 1.85 μg of anti-

VEGF-A DARPin, or 1.85 μg of each in one eye and vehicle in the fellow eye (control). At

P21, compared to fellow eye controls, the area of NV on choroidal and retinal flat mounts

was significantly less in eyes injected with anti-PDGF-BB DARPin (Fig. 3a–d, m, n), anti-

VEGF-A DARPin (Fig. 3e–h, m, n), or both together (Fig. 3i–l, m, n). The combination

resulted in significantly less NV than either DARPin alone (Fig. 3m, n). These data

confirmed that blocking PDGF-BB suppresses subretinal NV and showed that combined

blockade of PDGF-BB and VEGF-A provides greater suppression than blockade of either

alone.

Additive effect of anti-PDGF-BB and anti-VEGF-A DARPins in prevention of retinal
detachment in Tet/opsin/VEGF mice

Double transgenic mice with doxycycline-inducible expression of VEGF-A (Tet/opsin/

VEGF mice) in photoreceptors develop severe subretinal NV and exudative retinal

detachments when treated with doxycycline [19]. This is a particularly severe model in
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which an intraocular injection of 25 μg of bevacizumab prevents retinal detachment in about

50 % of eyes and injection of 10 μg of ranibizumab is less effective [20]. We hypothesized

that the anti-PDGF-BB DARPin would have no effect in this model that is driven by over-

expression of VEGF-A in photoreceptors. Tet/opsin/VEGF mice were treated with 50 mg/kg

of doxycycline for 4 days and also received intraperitoneal injections of PBS, 1 mg/kg of

anti-PDGF-BB DARPin, 1 mg/kg of anti-VEGF-A DARPin, or both. Compared to PBS-

treated mice (Fig. 4a, b), the incidence and severity of retinal detachment was the same in

mice treated with anti-PDGF-BB DARPin alone confirming our hypothesis (Fig. 4c, d, o).

Ocular sections showed total retinal detachments (Fig. 4i) and staining with a vascular

marker showed vessels throughout the outer as well as inner retina indicating severe NV

(Fig. 4j). Compared to controls, Tet/opsin/mice treated with anti-VEGF-A DARPin had

significantly less frequent and less severe detachments (Fig. 4e, f). Ocular sections showed

partial retinal detachments in most eyes (Fig. 4k) and staining with a vascular marker

showed most NV limited to the region of the deep capillary bed of the retina with only a

small amount in the outer retina and subretinal space (Fig. 4l). Surprisingly, mice treated

with the anti-PDGF-BB + the anti-VEGF-A DARPin had less frequent and less severe

retinal detachments than those treated with either alone (Fig. 4g, h, o). Ocular sections

showed no detachment in most eyes (Fig. 4m) and staining with a vascular marker showed

normal vessels limited to the inner retina (Fig. 4n). To explore the role of PDGF-BB in this

model, Tet/opsin/VEGF double transgenic mice were treated with doxycycline or left

untreated (control) for 3 days and the level of Pdgfb mRNA was measured in the retina.

There was a dramatic increase in Pdgfb mRNA in the retina 3 days after the onset of VEGF

expression which explains why targeting both VEGF-A and PDGF-BB provides greater

benefits than targeting VEGF-A alone.

Intraocular injection of an anti-PDGF-BB DARPin suppresses ischemia-induced retinal NV

While our study focused primarily on subretinal NV which is relevant to AMD and other

diseases of the Bruch's membrane/retinal pigmented epithelial cell complex, the

unexpectedly strong effects of PDGF-BB antagonism alone, raised the question of whether

antagonism of PDGFBB would have any effect on a different type of ocular NV, ischemia-

induced retinal NV, which is relevant to proliferative diabetic retinopathy. Mice with

oxygen-induced ischemic retinopathy were given an intraocular injection of PBS or PBS

containing 1.85 μg of anti-PDGF-BB DARPin or 1.85 μg of anti-VEGF-A DARPin at P12.

At P17, compared to eyes injected with PBS, the mean area of retinal NV on the surface of

the retina was dramatically reduced in eyes injected with either anti-PDGF-BB DARPin or

anti-VEGF-A DARPin (Fig. 5).

Discussion

VEGF-A plays an important role in the pathogenesis of subretinal NV and several

antagonists of VEGF have been demonstrated to provide benefit in patients with subretinal

NV due to AMD including ranibizumab [6], bevacizumab [21], and aflibercept [7]. A

VEGF-A antagonistic DARPin that selectively binds VEGF-A with an apparent IC50 of 10

pM has been shown to suppress suture-induced corneal NV in rabbits and laser-induced

choroidal NV in rats after topical administration [14]. In the current study, we have extended
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those findings to show that systemic administration of an anti-VEGF-A DARPin reduces

laser-induced choroidal NV in mice and reduces the incidence and severity of exudative

retinal detachments in a particularly severe model, Tet/opsin/VEGF double transgenic mice.

Intraocular injection of an anti-VEGF DARPin significantly reduced subretinal NV in

Vldlr−/− mice. These data demonstrate that an anti-VEGF DARPin suppresses sub-retinal

NV in several different models. In a phase I/II study in patients with diabetic macular edema

(DME), 4 patients who had an intraocular injection of 0.4 mg of the currently clinically

investigated anti-VEGF DARPin, MP0112, had detectable drug levels in the aqueous humor

12 weeks after the injection, and 3 of the 4 showed persistent neutralization of intraocular

VEGF at 12 weeks [22]. If future studies confirm such a long duration effect for MP0112, it

could reduce treatment burden for patients with neovascular AMD, DME, or macular edema

secondary to retinal vein occlusion.

Another strategy to improve upon current treatments for neovascular AMD is to address

other stimulators that participate in addition to VEGF-A. Like VEGF-A, PDGF-B is

upregulated by HIF-1 and inducible expression of PDGF-B in photoreceptors results in NV

and retinal detachment very similar to that seen in mice with inducible expression of VEGF-

A in photoreceptors [19, 23]. In this study, we demonstrated that a potent PDGF-B-binding

DARPin is able to suppress laser-induced choroidal NV in wild type mice and subretinal NV

in Vldlr−/− knockout mice. This provides the first demonstration that blocking PDGF-BB by

itself has anti-angiogenic activity in the eye. A previous report showed that daily injections

of 5 mg/kg of an aptamer that binds PDGF-BB had no effect on laser-induced choroidal NV

in mice, but significantly enhanced the effect of an anti-VEGF-A aptamer [24]. This

difference may be because of the difference in dose, differences in pharmacokinetics, and/or

some other difference between the agents that allowed for more complete blockade of

PDGF-BB signaling by daily IP injections of 10 mg/kg of the anti-PDGF-BB DARPin

versus daily IP injections of 5 mg/kg of the anti-PDGF-BB aptamer. Whatever the reason for

the difference in findings in rodent models of laser-induced choroidal NV, the observation

that the anti-PDGF-BB DARPin has anti-angiogenic activity is supported by the finding that

intraocular injection of the anti-PDGF-BB DARPin suppressed subretinal NV in Vldlr−/−

knockout mice. The anti-VEGF-A DARPin had a suppressive effect on choroidal NV at a

10-fold lower dose than the anti-PDGF-BB DARPin suggesting that blockade of VEGF

signaling may be more effective than blockade of PDGF-BB signaling in this model. In

contrast to these two models, the anti-PDGF-BB DARPin had no significant effect in Tet/

opsin/VEGF mice when used alone.

In mice with laser-induced choroidal NV or Vldlr−/− mice, administration of both the anti-

VEGF-A and anti-PDGF-BB DARPins was significantly more effective than either alone

which is consistent with the findings of Jo et al. [24]. Surprisingly, the combination was also

more effective than the anti-VEGF-A DARPin alone in Tet/opsin/VEGF mice. This finding

caused us to measure PDGF-BB expression in Tet/opsin/VEGF mice and it was found that

Pdgfb mRNA was significantly elevated 3 days after initiation of VEGF expression. At this

time point, there is substantial subretinal NV which is the likely source of the increased

production of PDGF-BB. The increased levels of PDGF-BB must contribute to disease
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progression, and that is why combined blockade of PDGF-BB and VEGF-A reduces

progression to retinal detachment.

The suppression of subretinal NV by antagonism of PDGF-BB raised the question of

whether it would also suppress ischemia-induced retinal NV. Intraocular injection of 1.85 μg

of anti-VEGF DARPin caused almost complete suppression of retinal NV, but injection of

1.85 μg of anti-PDGF-BB DARPin also caused very strong suppression. These data suggest

that both VEGF-A and PDGF-BB contribute to ischemia-induced retinal NV, which adds to

our knowledge of the molecular mechanism of retinal NV, but the dramatic effectiveness of

blocking VEGF-A alone raises doubt as to whether a PDGF-BB antagonist will have clinical

utility for treatment of retinal NV.

Thus, we have shown in 3 different models that combined antagonism of VEGF-A and

PDGF-BB provides greater suppression of subretinal NV than either alone. These findings

are consistent with recent clinical trials indicating that combined suppression of VEGF-A

and PDGF-BB may be superior to suppression of VEGF-A alone in treatment of NVAMD

[25]. Taken together, all of these data suggest that PDGF-BB is a second validated

molecular target for treatment of ocular NV.

Materials and methods

Ribosome display and binder screening, production, and purification

Ribosome-display selections were performed using the N2C and N3C DARPin libraries as

previously described [15, 26]. Briefly, four standard selection rounds were performed on

biotinylated PDGF-BB captured in an alternating manner onto Neutravidin or Streptavidin

coated beads (Seradyn, resp. Invitrogen). The enriched DARPin library pools were subjected

to two off-rate selection rounds using decreasing concentrations of biotinylated PDGF-BB

(1–0.1 nM) in combination with up to 1 μM non-biotinylated PDGF-BB for competition.

After every off-rate selection, binders were enriched using one additional standard selection

round. The resulting pools of DARPins were PCR amplified and ligated in pMPAG6 [27].

Escherichia coli XL1-Blue was transformed with the resulting plasmid pool. Individual

colonies were picked and grown overnight in 96-deep-well plates at 37 °C, and the resulting

over-night cultures were used to inoculate expression cultures in deep-well plates, and to

isolate the plasmid DNA, as has been described [26]. Expression cultures were harvested by

centrifugation, lysed, the crude extracts were applied to biotinylated PDGF-BB captured

onto Neutravidin-coated Maxisorp plates, and binding DARPins were detected using an

anti-RGSHis antibody (Qiagen, Hilden, Germany)/Anti-mouse IgG-AP conjugate (Sigma,

St. Louis, MO, USA) detection system in combination with a 4-NPP (Sigma) detection

system as described [26]. The DNA sequences of DARPins giving a crude extract ELISA

signal were determined by standard DNA sequencing. Once suitable DARPins were

identified, they were expressed and purified at larger scale [15, 28]. The purified proteins

were dialyzed (Mw cut off 3 kDa) and protein concentration was determined using the

theoretical extinction coefficient of the respective DARPin at 280 nm. The purified

DARPins were further characterized by SDS-PAGE and size exclusion chromatography

(Superdex 200, GE Healthcare, Switzerland).
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Assessment of DARPin binding to PDGF-BB

Purified DARPins (25, 12.5, 6.25, 3.12, and 1.56 nM) were first tested for binding to

biotinylated PDGF-BB or VEGF-A immobilized on a neutravidin-coated chip in a ProteOn

XPR36 instrument (BioRad). Suitable DARPins were selected for ELISA competition

assays using a PDGF-BB Quantikine kit (R&D Systems, UK). Briefly, competition samples

were prepared by mixing 60 μl 2× concentrated DARPin dilution series in PBS/0.2 %BSA

with 60 μl of 40 pM hPDGF-BB (standard from the kit; diluted in RD5 K) and they were

incubated overnight at 4 °C. The pre-coated wells of the ELISA plate were reconstituted

with 100 μl RD1X and 100 μl of competition samples were added to wells. Plates were

incubated for 2 h at RT and spun at 600 rpm. Wells were washed 4 times with wash buffer

and 200 μl of conjugate was added. Plates were incubated for 2 h at RT and spun at 600 rpm.

Wells were washed 4 times with wash buffer and 200 μl of substrate was added. Plates were

incubated 30 min at RT and absorbance measured at 450 nm (reference: 620 nm). Data were

fitted using Graphpad Prism (Graphpad, USA).

Inhibition of PDGF-BB-induced proliferation of NIH3T3 cells

NIH3T3 cells were seeded at 2,000 cells/well in a 96-well plate in growth medium (DMEM

complete medium, 10 % calf serum) and incubated overnight at 37 °C/5 % CO2. The

following day, the growth medium was replaced by starving medium (DMEM complete

media without red phenol, 0.5 % calf serum) for 7–8 h. After discarding the starving

medium, the prepared cells were supplemented with assay medium (RPMI with red phenol,

0.5 % FCS) containing constant amount of hPDGF-BB (20 or 10 ng/mL) and a serial

dilution of DARPins (200–0.05 nM). As a control, samples were prepared containing only

hPDGF-BB. Cells were incubated for 48 h at 37 °C/5 % CO2, developed by addition of

WST-1, and after 1-4 h absorbance was measured at OD450-620 nm. IC50 values were

determined using the fitting program Graph Pad Prism and a non-linear fitting algorithim

[log(inhibitor) vs. response with variable slope].

Mouse model of laser-induced choroidal NV

Mice were treated in accordance with the Association for Research in Vision and

Ophthalmology guideline for the use of animals in research. 6-week-old C57BL/6 female

mice had laser-induced rupture of Bruch's membrane at three locations in each eye as

previously described [29]. Briefly, mice were anesthesized and pupils were dilated with 1 %

tropicamide. Diode laser (532 nm wavelength, 75 μm spot size, 0.1 s duration and 120 mW)

with a slit lamp delivery system (OcuLight GL, Iridex, Mountain View, CA, USA) using a

handheld cover slip as a contact lens to view the retina. Production of a bubble at the time of

laser, which indicates rupture of Bruch's membrane, is an important factor in obtaining

choroidal NV, and only burns in which a bubble was produced were included in the study.

Mice were randomly divided into 8 study groups, 6 that received daily intraperitoneal

injections of 0.1, 1.0 or 10.0 mg/kg of anti-PDGF-BB DARPin or anti-VEGF-A DARPin,

one that received a combination of 1.0 mg/kg of each, and one that received vehicle. 14 days

after rupture of Bruch's membrane, mice were anesthetized and perfused with 1 ml of PBS

containing 50 ng/ml of fluorescein-labeled dextran (Sigma-Aldrich, St. Louis, MO, USA).

Choroidal flat mounts were prepared as previously described [30]. Flat-mounts were
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examined by fluorescence microscopy (Axioskop; Carl Zeiss Meditec, Thornwood, NY,

USA). Image-analysis software (Image-Pro Plus; Media Cybernetics, Silver Spring, MD,

USA) was used to measure the area of each CNV lesion with the investigator masked with

respect to treatment group.

Assessments in Vldlr−/− mice

Breeding pairs of mice homozygous for a loss-of-function mutation in the very low density

lipoprotein receptor (Vldlr) gene (B6;129S7-Vldlrtm1Her/J; Vldlr−/−) were obtained from

the Jackson Laboratory (Bar Harbor, ME, USA). At P13, Vldlr−/− mice were given an

intraocular injection of 1 μl of PBS in one eye and in the fellow eye received 1.85 μg of anti-

PDGF-BB DARPin, 1.85 μg of anti-VEGF-A DARPin, or 1.85 μg of each. At P21, the mice

were euthanized and choroid and retina were dissected and stained with FITC-conjugated

GSA lectin and choroidal and retinal flat mounts were examined by fluorescence

microscopy. The total area of NV on the outer surface of the retina on retinal flat mounts as

well as that adherent to the RPE on choroidal flat mounts was measured by image analysis

with the observer masked with respect to treatment group.

Assessments in Tet/opsin/VEGF double transgenic mice

Adult Tet/opsin/VEGF double transgenic mice [19] were given daily subcutaneously

injections of 50 mg/kg of doxycycline and daily intraperitoneal injections of PBS as control,

1 mg/kg of anti-PDGF-BB DARPin, 1 mg/kg of anti-VEGF-A DARPin, or 1 mg/kg of each.

After 3 days, fundus photographs and fluorescein angiography were done with Micron III

retinal imaging microscope (Phoenix Research Laboratories, Pleasanton, CA). For

fluorescein angiography, mice were given an intraperitoneal injection of 12 μl/g of body

weight of 1 % fluorescein sodium (Alcon, Fort Worth, TX, USA) and after 1 min, images

were captured of the left eye and then the right eye within 30 s. Images were graded by two

independent observers masked with respect to treatment group using the following grading

scale: 0 = no retinal detachment and normal retinal vessels, 1 = no retinal detachment, no

dilated retinal vessels, minimal fluorescein leakage, 2 = no retinal detachment, dilated retinal

vessels, fluorescein leakage, 3 = partial retinal detachment, 4 = shallow total retinal

detachment, 5 = severe bullous retinal detachment. Immediately after fluorescein

angiography, mice were euthanized, eyes were flash frozen, and frozen sections were cut.

Sections were counterstained with Hoechst (1:1,200), examined by fluorescence

microscopy, and graded for retinal detachment with the observer masked with respect to

treatment group.

Assessments in mice with oxygen-induced ischemic retinopathy

Oxygen-induced ischemic retinopathy [31] was induced by placing litters of C57BL/6 mice

in 75 % oxygen at P7. At P12, the mice were returned to room air and given an intraocular

injection of PBS or PBS containing 1.85 μg of anti-PDGF-BB DARPin or 1.85 μg of anti-

VEGF-A DARPin. At P17, retinas were dissected and stained with FITC-conjugated GSA

lectin and retinal flat mounts were examined by fluorescence microscopy. The total area of

retinal NV on the surface of the retina was measured by image analysis with the investigator

masked with regard to treatment group.

Dong et al. Page 9

Angiogenesis. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Quantitative real-time RT-PCR

Tet/opsin/VEGF and C57BL/6 mice were given a subcutaneous injection of 50 mg/kg of

doxycycline for 3 days, euthanized, and retinas were dissected. Total retinal RNA was

extracted using the RNeasy Mini kit (Qiagen, Hilden, Germany) according to manufacturer's

protocol. Reverse transcriptase (SuperScript II, Life Technologies, Gaithersburg, MD, USA)

was used to synthesize cDNA from 1 μg of total RNA. Real time PCR was done using

SYBRGreen as fluorescent dye (Qiagen) in Rotor-Gene Q system (Qiagen) with primers

specific for Pdgfb: 5′-CGG AGT CGG CAT GAA TCG-3′ (forward) and 5′-AAG GAG

CGG ATG GAG TGG-3′ (reverse) and Cyclophilin A: 5′-CAG ACG CCA CTG TCG CTT

T-3′ (forward) and 5′-TGT CTT TGG AAC TTT GTC TGC AA-3′ (reverse). Cyclophilin A

mRNA was used to normalize the amount of Pdgfb mRNA.
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Fig. 1.
Anti-PDGF DARPin strongly binds PDGF-BB and inhibits PDGF-BB-induced proliferation

of NIH3T3 cells. a Triplicate samples consisting of 2 pM up to 8 nM of purified anti-PDGF

DARPin were incubated overnight at 4 °C with 40 pM hPDGF-BB and then free PDGF-BB

was assayed by ELISA. b Triplicate wells of starved NIH3T3 cells were incubated with a

constant amount of hPDGF-BB (20 or 10 ng/mL) and a serial dilution of PDGF DARPin

ranging from 200 to 0.05 nM. Control wells were incubated with hPDGF-BB alone. Cells

were incubated for 48 h at 37 °C/5 % CO2, developed by addition of WST-1, and after 1–4 h

absorbance was measured at OD450-620 nm. IC50 values were determined using the Graph

Pad Prism fitting program and a non-linear fitting algorithim [log(inhibitor) vs. response

with variable slope]
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Fig. 2.
Anti-PDGF-BB DARPin suppresses choroidal neovascularization (NV) and has an additive

effect when combined with anti-VEGF-A DARPin. Female C57BL/6 mice had rupture of

Bruch's membrane with laser photocoagulation at 3 locations in each eye followed by daily

intraperitoneal injections of: a PBS as control, b 10 mg/kg anti-PDGFBB DARPin, c 1

mg/kg of anti-PDGF-BB DARPin, d 10 mg/kg of anti-VEGF-A DARPin, e 1 mg/kg of anti-

VEGF-A DARPin, f 0.1 mg/kg of anti-VEGF-A DARPin, or g 1 mg/kg of anti-PDGF-BB

DARPin + 1 mg/kg of anti-VEGF-A DARPin. After 14 days, choroidal flat mounts from

fluorescein-labeled dextran-perfused mice showed that compared to PBS-treated controls

which had large areas of choroidal NV (a), there was a significant reduction in mean area of

choroidal NV in mice treated with 10 mg/kg of anti-PDGF-BB DARPin (b, h, †p = 0.04) but

not those treated with 1 mg/kg of anti-PDGF-B DARPin (c, h). There was also significant

reduction in mean area of choroidal NV compared to PBS controls in mice treated with 10

mg/kg (d, h, xp < 0.0001) or 1 mg/kg of anti-VEGF-A DARPin (e, h, xp < 0.0001), but not

those treated with 0.1 mg/kg (f, h). Compared to mice treated with 1 mg/kg of anti-PDGF-

BB DARP or 1 mg/kg of anti-VEGF-A DARPin, the mean area of choroidal NV was

significantly reduced by combining both (g, h, *p < 0.0001, **p = 0.02). Statistical

comparisons were made by ANOVA with Dunnett's correction for multiple comparisons
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Fig. 3.
Anti-PDGF-BB DARPin suppresses subretinal neovascularization (NV) in Vldlr−/− mice

and has an additive effect when combined with anti-VEGF-A DARPin. At P13, Vldlr−/−

mice (n = 5 for each group) were given intraocular injections of PBS in one eye and 1.85 μg

of anti-PDGF-BB DARPin, or anti-VEGF-A DARPin, or combination of anti-PDGF-BB

DARPin + anti-VEGF DARPin in the fellow eye. At P21, choroidal and retinal flat mounts

were stained with the vascular stain FITC-Griffonia simplicifolia lectin to visualize NV.

Compared to fellow eye controls (a, c), choroidal (b, n) and retinal flat mounts (d, n) from

eyes treated with the anti-PDGF-BB DARPin showed significantly less NV. Compared to

choroidal (e) and retinal flat mounts (g) from fellow eye controls, those from eyes injected

with anti-VEGF-A DARPin also showed less NV (f, h, m, n). Choroidal (j) and retinal (l)
flat mounts from eyes treated with both DARPins showed very little NV that was

significantly less than that seen in fellow eyes (i, k) or in eyes treated with either DARPin
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alone (m, n). *p < 0.0001, xp = 0.0226, †p = 0.0499 by ANOVA with Dunnett's correction

for multiple comparisons
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Fig. 4.
Prevention of retinal detachment in Tet/opsin/VEGF double transgenic mice is greater with

both anti-PDGF-BB DARPin and anti-VEGF-A DARPin than either alone. Adult male Tet/

opsin/VEGF double transgenic mice were given daily subcutanous injections of 50 mg/kg of

doxcycline and intraperitoneal injections of PBS as control (a, b), 1 mg/kg anti-PDGF-BB

DARPin (c, d), 1 mg/kg anti-VEGF-A DARPin (e, f), or 1 mg/kg of both DARPins (g, h).

After 4 days, fundus photographs and fluorescein angiograms showed total bullous retinal

detachments in eyes of mice treated with PBS (a, b) or anti-PDGF-BB DARPin (c, d),

partial retinal detachments in eyes of mice treated with anti-VEGF-A DARPin (e, f), and

little or no retinal detachment in eyes of mice treated with both DARPins (g, h). Ocular

sections stained with Hoechst or FITC-Griffonia simplicifolia lectin confirmed total retinal

detachments (i) and extensive NV thoughout the outer retina (j) in eyes of mice treated with

anti-PDGF-BB DARPin, partial retinal detachments (k) and dilated vessels with NV

extending from deep capillaries (l) in eyes of mice treated with anti-VEGF-A DARPin, and

no retinal detachments (m) and normal vessels with little or no NV (n) in eyes of mice
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treated with both DARPins. Grading of the incidence and severity of leakage or retinal

detachments (o) showed that eyes from mice treated with both DARPins had significantly

less severe grades than those seen in eyes of mice treated with anti-VEGF-A DARPin (xp =

0.0329) or anti-PDGF-BB DARPin (†p = 0.0098) by Wilcoxin test. p Tet/Opsin/VEGF mice

and C57BL/6 mice (n = 5 for each) were treated with doxycycline and after 3 days, the

relative of expression of Pdgfb mRNA normalized to cyclophilin A mRNA was significantly

greater in Tet/Opsin/VEGF mice (p = 0.0002 by unpaired t test)
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Fig. 5.
Anti-PDGF-BB DARPin suppresses ischemia-induced retinal neovascularization (NV). At

P12, mice with oxygen-induced ischemic retinopathy were given an intraocular injection of

PBS (n = 13) or PBS containing 1.85 μg of anti-PDGF-BB DARPin (n = 5) or 1.85 μg of

anti-VEGF-A DARPin (n = 5) in one eye. At P17, compared to PBS injected eyes which

showed substantial retinal NV (a), there was little retinal NV seen in anti-PDGF-BB

DARPin-injected eyes (b) and almost none in anti-VEGF-A DARPin injected eyes (c). The

mean area of retinal NV was significantly reduced by anti-PDGF-BB DARPin or anti-

VEGF-A DARPin (d, *p < 0.0001 by ANOVA with Dunnett's correction for multiple

comparisons)
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