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Doxorubicin (DXR) and daunorubicin (DNR) inhibit hypoxia-inducible factor-1 (HIF-1)
transcriptional activity by blocking its binding to DNA. Intraocular injections of DXR or DNR
suppressed choroidal and retinal neovascularization (NV), but also perturbed retinal function as
demonstrated by electroretinograms (ERGs). DXR was conjugated to novel copolymers of
branched polyethylene glycol and poly(sebacic acid) (DXR-PSA-PEG3) and formulated into
nanoparticles that when placed in aqueous buffer, slowly released small DXR-conjugates.
Intraocular injection of DXR-PSA-PEG3 nanoparticles (1 or 10 ug DXR content) reduced HIF-1-
responsive gene products, strongly suppressed choroidal and retinal NV, and did not cause retinal
toxicity. In transgenic mice that express VEGF in photoreceptors, intraocular injection of DXR-
PSA-PEG3; nanoparticles (10 ng DXR content) suppressed NV for at least 35 days. Intraocular
injection of DXR-PSA-PEG3 nanoparticles (2.7 mg DXR content) in rabbits resulted in sustained
DXR-conjugate release with detectable levels in aqueous humor and vitreous for at least 105 days.
This study demonstrates a hovel HIF-1-inhibitor-polymer conjugate formulated into controlled-
release particles that maximizes efficacy and duration of activity, minimizes toxicity, and provides
a promising new chemical entity for treatment of ocular NV.
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1. Introduction

Angiogenesis plays an important role in several disease processes including tumor growth,
rheumatoid arthritis, corneal transplant rejection, neovascular age-related macular
degeneration (NVAMD), and proliferative diabetic retinopathy (PDR). Vascular endothelial
growth factor (VEGF) is an important stimulator of new vessel growth in each of these
disease processes, and the development of specific inhibitors of VEGF has provided
substantial benefits in patients with tumors (1, 2) or NVAMD (3). One strategy to achieve
additional benefits is to use combination therapy to block other proangiogenic factors in
addition to VEGF. Other well-validated stimulators of tumor and ocular neovascularization
(NV) include platelet-derived growth factor-BB (PDGF-BB) (4, 5), stromal-derived factor-1
(SDF-1) (6-8), and angiopoietin-2 (ANGPT2) (9-12). Compared to selective blockade of
VEGF, combined blockade of VEGF and PDGF provides greater benefits in models of
tumor or ocular NV (13-16). Thus, one can envision the development of combination
therapies in which specific inhibitors for several proangiogenic factors are used together to
achieve improved efficacy.

The promoters for the genes encoding these proangiogenic factors contain a hypoxia
response element (HRE) and they are transcriptionally activated by hypoxia-inducible
factor-1 (HIF-1) (17,18). Thus, an alternative strategy to achieve “combination therapy” for
neovascular diseases is to develop inhibitors of HIF-1. To achieve this goal, a cell-based
reporter assay was developed to screen for drugs that inhibit HIF-1 transcriptional activity.
This screen identified digoxin and other cardiac glycosides and the anthracycline
chemotherapeutic agents doxorubicin (DXR) and daunorubicin (DNR) as potent inhibitors
of HIF-1-mediated gene transcription (19,20). Digoxin acts by reducing HIF-1 levels, while
DXR and DNR have no effect on levels and exert their effect by blocking the binding of
HIF-1 to DNA. In tumor xenograft models, DXR and DNR suppressed the expression of
multiple angiogenic factors and reduced tumor angiogenesis and tumor growth. This
provides an explanation for the previous clinical observation that low-dose anthracyclines
inhibit tumor angiogenesis, the basis for metronomic therapy (21). We previously
demonstrated that digoxin prevents upregulation of several proangiogenic factors in
ischemic retina and suppresses retinal and choroidal NV (22). In this study, we investigated
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the effects of DXR and DNR in models of ocular NV, including a nanoparticle-based
controlled release strategy for delivery of DXR-polymer conjugates.

2. Methods

2.1. Animals

Pathogen-free C57BL/6 mice (Charles River, Wilmington, MA) and Dutch belted rabbits
(Robhinson Services Inc, Mocksville, NC) were treated in accordance with the Association
for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic
and Vision Research and the guidelines of the Johns Hopkins University Animal Care and
Use Committee.

2.2. Synthesis of PSA-PEG3; polymer

Poly[(sebacic acid)-co-(polyethylene glycol)s] (PSA-PEG3) was synthesized by melt
polycondensation. Briefly, sebacic acid (Sigma-Aldrich, St. Louis, MO) was refluxed in
acetic anhydride (Sigma-Aldrich, St. Louis, MO) to form sebacic acid prepolymer (Acyl-
SA). Citric-polyethylene glycol (PEG3) was prepared as previously described (41) using
methoxy-poly(ethylene glycol)-amine (CH30-PEG-NH; ) M, 5,000 (Rapp Polymere
GmbH, Tubingen, Germany). CH30-PEG-NH; 2.0 g, citric acid (Sigma-Aldrich, St. Louis,
MO), 26 mg, dicyclohexylcarbodiimide (DCC, Acros Organics, Geel, Belgium), 83 mg, and
4-(dimethylamino)pyridine (DMAP; Acros Organics, Geel, Belgium), 4.0 mg, were added to
10 mL dichloromethane (DCM) (Fisher, Pittsburgh, PA), stirred overnight at room
temperature, then precipitated and washed with anhydrous ether (Fisher, Pittsburgh, PA) and
dried under vacuum. Next, Acyl-SA (90% w/w) and PEG3 (10% w/w) were placed into a
flask under a nitrogen gas blanket and melted (180°C) and high vacuum was applied.
Nitrogen gas was swept into the flask after 15 minutes. The reaction was allowed to proceed
for 30 minutes. Polymers were cooled to ambient temperature, dissolved in chloroform
(Sigma-Aldrich, St. Louis, MO), and precipitated into excess petroleum ether (Fisher,
Pittsburgh, PA). The precipitate was collected by filtration and dried under vacuum to
constant weight. Polymer structure was verified by TH nuclear magnetic resonance (NMR)
spectroscopy in CDCl3 (Bruker Avance 400 MHz FT-NMR, Madison, WI). The weight
percentage of PEG estimated by 1H NMR was 10.5%. The PSA-PEG3 polymer was
characterized by gel permeation chromatography (GPC) (JASCO, Easton, MD). The weight-
average molecular weight (Mw) of the polymer was 26.7 kDa with a polydispersity index of
2.10.

2.3. Preparation of DXR-polymer particles

DXR-PSA-PEG3; particles were prepared using an oil-in-water emulsion method. First PSA-
PEG3 and DXR (NetQem, Durham, NC) were dissolved in DCM (Fisher, Pittsburgh, PA) at
defined ratios and concentrations. For nanoparticles, 80 mg PSA-PEG3 and 20 mg DXR
were dissolved in 6 mL DCM and 2 mL dimethyl sulfoxide (DMSO) (Fisher, Pittsburg, PA).
For microparticles, 200 mg PSA-PEG3 and 40 mg DXR were dissolved in 3 mL DCM and
1.5 mL DMSO. The mixture was incubated at 50°C for 2 hours before homogenizing
(L4RT, Silverson Machines, East Longmeadow, MA) in 100 mL of an aqueous solution of 1
% polyvinyl alcohol (25 kDa, Polysciences, Warrington, PA). The speed and duration of
homogenization for the synthesis of nanoparticles and microparticles were 8,000 rpm for 3
minutes and 3,000 rpm for 1 minute, respectively. Particles were hardened by allowing
DCM to evaporate at room temperature while stirring for 2 hours. Nanoparticles and
microparticles were collected by centrifugation at 4°C for 20 minutes at 20,000 x g and
9,000 x g, respectively, followed by washing thrice with cell culture grade/endotoxin-free
water (HyClone, Fisher, Pittsburgh, PA).
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The size of nanoparticles (0.65 pum) was determined by dynamic light scattering using a
ZetaSizer Nano ZS (Malvern Instruments, Southborough, MA) at 25°C at a scattering angle
of 90°. A Coulter MultiSizer 4 (Beckman Coulter, Inc., Miami, FL) was used to determine
the size of the microparticles (23.0 pm). Particles were lyophilized and stored at —20°C until
use. Particle morphology was characterized by cold cathode field emission scanning electron
microscopy (SEM) (JEOL JSM-6700F, Peabody, MA).

The conjugation of DXR to PSA-PEG3 polymer within the particles was verified by GPC
with a UV-visible light detector to measure DXR absorbance at 490 nm. No free DXR was
dectected in the particles. To determine the drug loading, particles were dissolved in DCM/
DMSO (1:1) and the total drug content in particles was calculated by measuring the UV
absorbance at 490 nm and comparing to a calibration curve. Drug loading of the
nanoparticles and microparticles was 23.6% and 17.2%, respectively, presented as DXR
content by weight/particle weight x100%.

2.4. DXR release from particles

Particles were suspended in phosphate buffered saline (PBS, pH 7.4) at 2 mg/mL and
incubated at 37°C on a rotating platform (140 RPM). At selected time points, supernatant
was collected by centrifugation (13,500 x g for 5 minutes) and particles were resuspended in
fresh PBS. DXR-conjugate content was measured by absorbance at 490 nm. HPLC analyses
of released drug demonstrated that the DXR-PSA drug conjugate was released from the
particles. No free DXR was detected, demonstrating both that free DXR was not present in
the particles and that free DXR was not released from the particles.

2.5. Intraocular injections

Murine intraocular injections were done under a dissecting microscope with a Harvard
Pump Microinjection System and pulled glass micropipettes as previously described (42). In
various models described below, mice received an intraocular injection of 1 pl of PBS or
PBS containing 10 ug, 1 pg or 0.1 pg of free DNR or DXR, or DXR-PSA-PEG3
nanoparticles (10 pg, 1 pg or 0.1 pg DXR content).

2.6. Mouse model of laser-induced choroidal NV

Choroidal NV was induced by laser photocoagulation-induced rupture of Bruch’s membrane
as previously described (23). Immediately after laser-induced rupture of Bruch’s membrane,
mice were randomized to various treatment groups for intraocular injections. At 1, 4, 7 and
14 days after injection, fundus photographs were taken with a Micron 111 camera (Phoenix
Research Laboratories, Inc., Pleasanton, CA). After 14 days, the mice were perfused with 1
ml of PBS containing 25 mg/ml of fluorescein-labeled dextran (2,000 kDa average
molecular weight) (Sigma-Aldrich, St. Louis, MO) and choroidal flat mounts were
examined by fluorescence microscopy. Images were captured with a Nikon Digital Still
Camera DXM1200 (Nikon Instruments Inc., New York, NY). Image analysis software
(Image-Pro Plus; Media Cybernetics, Silver Spring, MD) was used to measure the total area
of choroidal NV at each rupture site with the investigator masked with respect to treatment

group.

2.7. Oxygen-induced ischemic retinopathy

C57BL/6 mice placed in 75% oxygen at postnatal day (P) 7 and at P12 were returned to
room air and given an intraocular injection of 1 pl of PBS or PBS containing DNR, DXR, or
DXR-PSA-PEG3 nanoparticles. At P17, the area of retinal NV on the surface of the retina
was measured as previously described (22,26). Briefly, mice were given an intraocular
injection of 1 pl of rat anti-mouse platelet endothelial cell adhesion molecule-1 (PECAM-1)
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antibody (Pharmingen, San Jose, CA) and after 12 hours they were euthanized and eyes
were fixed in phosphate-buffered formalin for 5 hours at 26°C. Retinas were dissected,
washed, and incubated with goat-anti rat polyclonal antibody conjugated with Alexa 488
(Invitrogen, Carlsbad, CA) at 1:500 dilution at 26°C for 45 minutes and flat mounted. An
observer masked with respect to treatment group measured the area of NV per retina by
image analysis.

2.8. Measurement of VEGF, PDGF-BB, and SDF-1

Mice with ischemic retinopathy were given an intraocular injection of DXR-PSA-PEG3
nanoparticles or PBS at P12 and at P17 mice were euthanized, retinas were homogenized in
lysis buffer (10 mM Tris-HCI, pH 7.2, 50 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, with
proteinase inhibitor cocktail (Roche, Indianapolis, IN), and centrifuged at 6000 g for 10
minutes, 4°C. Supernatants were assayed for VEGF, PDGF-BB, and SDF-1 using ELISA
kits following the manufacturer’s instructions (R&D Systems, Inc., Minneapolis, MN). Total
protein concentrations were measured with a protein assay kit (BioRad, Hercules, CA).

2.9. Assessment of effects of nanoparticles on VEGF-induced retinal NV

Hemizygous rhodopsin/VEGF transgenic mice (P14) that express VEGF in photoreceptors
(27, 28) were given an intraocular injection of 1 pl of PBS or PBS containing DNR, DXR,
or DXR-PSA-PEG3 nanoparticles. At several time points after injection, mice were
anesthetized, perfused with fluorescein-labeled dextran and retinal flat mounts were
examined by fluorescence microscopy at 400X magnification, which provides a narrow
depth of field, so that when NV along the outer edge of the retina is brought into focus, the
remainder of the retinal vessels are out of focus, allowing easy delineation and
quantification of the NV. Images were digitized with a three-color charge-coupled device
video camera (Cool SNAPTM-Pro; Media Cybernetics, Silver Spring, MD) and a frame
grabber. Image analysis software (Image-Pro Plus 5.0) was set to recognize fluorescently
stained NV and used to calculate the total area of NV per retina. The investigator performing
image analysis was masked with respect to treatment group.

2.10. Recording of electroretinograms (ERGSs)

Scotopic and photopic ERGs were recorded using an Espion ERG Diagnosys machine
(Diagnosys LLC, Littleton, MA) as previously described (43, 44). For scotopic recordings,
mice were dark adapted overnight, and for photopic recordings, mice were adapted for 10
minutes to background white light at an intensity of 30 cd/m2. Recordings for both eyes
were made simultaneously with electrical impedance balanced. Scotopic ERGs were
recorded at 11 intensity levels of white light ranging from —3.00 to 1.40 log cd-s/mZ2. Six
measurements were averaged for each flash intensity. Photopic ERGs were recorded at three
intensity levels of white light ranging from 0.60 t01.40 log(cd-s/m?2) with a 30 cd/m?
background. Five measurements were averaged for each flash intensity.

2.11. Measurement of outer nuclear layer (ONL) thickness

ONL thickness was measured as previously described (45). Mice were euthanized, a mark
was placed at 12:00 at the corneal limbus, and eyes were removed and embedded in optimal
cutting temperature compound. Ten micrometer frozen sections were cut parallel to the
12:00 or 9:00 meridian through the optic nerve and fixed in 4% paraformaldehyde. The
sections were stained with hematoxylin and eosin, examined with an Axioskop microscope
(Zeiss, Thornwood, NY), and images were digitized using a three charge-coupled device
(CCD) color video camera (IK-TU40A;Toshiba, Tokyo, Japan) and a frame grabber. Image-
Pro Plus software was used to outline the ONL. With the observer masked with respect to
treatment group, ONL thickness was measured at six locations, 25% (S1), 50% (S2), and
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75% (S3) of the distance between the superior pole and the optic nerve and 25% (11), 50%
(12), and 75%(13) of the distance between the inferior pole the optic nerve.

2.12. Pharmacokinetic studies in rabbits

Five Dutch-belted rabbits were anesthetized with an intramuscular injection of 25 mg/kg
ketamine and 2.5 mg/kg xylazine and pupils were dilated with 1% tropicamide. After
instillation of 0.5% proparacaine hydrochloride, 100 pL of DXR-PSA-PEGg; particles (2.7
mg DXR content) was injected in one eye and 100 p.L of saline was injected in the fellow
eye. On 1, 8, 18, 33, 57, 97, and 105 days after injection, the rabbits were anesthetized and a
30 gauge needle was inserted into the anterior chamber and 100 pL of aqueous was
removed. On day 105, rabbits were euthanized, eyes were removed and a vitreous sample
was obtained. Samples were stored at —80°C until assayed for drug concentration.

2.13. Quantitation of released drug conjugate

A total of 100 pL of aqueous humor sample or vitreous sample was mixed with 200 pL of
methanol (Fisher, Pittsburgh, PA) and incubated at 4°C for 3 hr. After centrifugation
(15,000 xg, 10 minutes) and filtration through a 0.2 um PTFE filter, 150 pL of the filtrate
was injected into a Waters HPLC system equipped with a c18 reverse phase column (5 pm,
4.6x250 mm; Grace, Deerfield IL). Released drug conjugate was eluted by an isocratic
mobile phase containing water and acetonitrile (60%:40%, v/v; Fisher, Pittsburgh, PA) at 1
mL/minute and detected using a fluorescence detector (excitation wavelength: 500 nm,
emission wavelength: 551 nm). The estimated limit of detection was 10 ng/mL (17 nM). A
series of DXR aqueous solutions at different concentrations were used as calibration
standards. The data were analyzed using Empower 3 chromatography data software (Waters
Corporation, Milford MA).

3. Results

3.1. Anthracyclines suppress choroidal and retinal NV

In a mouse model of choroidal NV (23) that is predictive of drug effects in patients with
neovascular AMD (24, 25), intraocular injection of 10 pg of DXR suppressed choroidal NV,
while injection of 1 or 0.1 pg had no significant effect (Figure 1A-C). In neonatal mice with
oxygen-induced ischemic retinopathy, a model predictive of effects in PDR, intraocular
injection of 1 ng of DXR, but not 0.1 or 0.01 pg, significantly reduced the area of retinal NV
(Figure 1D-F). The NV is visualized on retinal flat mounts after in vivo immunofluorescent
staining with anti-PECAM1, a technique that selectively stains NV and hyaloid vessels
(larger vessels are hyaloid vessels and everything else stained green is NV (26)). The mean
area of choroidal or retinal NV in fellow eyes was not significantly different from that in
eyes of mice in which both eyes were injected with vehicle indicating that there was no
systemic effect from intraocular injections of DXR. Another HIF-1 inhibitor, DNR, had
similar effects to those of DXR (Supplemental Figure 1).

Five days after injection of 1 ug of DXR (Figure 1D, arrowheads) or DNR (Supplemental
Figure 1D, arrowheads) precipitated drug was visualized on the surface of the retina. Due to
this observation and because DXR and DNR are antimetabolites as well as HIF-1 inhibitors,
we performed electroretinograms (ERGS) to assess retinal function. Fourteen days after
intraocular injections of 1 ug of DXR (Figure 1G, H) or DNR (Supplemental Figure 1G, H)
there was a significant reduction in mean scotopic and photopic b-wave amplitudes, while
injections of 0.1 g had no deleterious effect on retinal function (data not shown). These
data indicate that while DXR and DNR strongly suppress ocular NV, bolus injections of 1
ug or more of free drug can cause retinal toxicity.
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3.2. Conjugation of DXR to polymer and preparation of nanoparticles

Sustained release formulations provide a potential strategy to minimize risk when using
drugs with a narrow therapeutic window. In addition, prolonging the duration of effect after
intraocular injections is a major goal in the development of new treatments for ocular NV.
To ensure reliable, slow release from an inaccessible depot, DXR was conjugated to PSA-
PEG3; (Supplemental Figure 2A) to generate 0.65 um particles containing 23.6% DXR.
Particle morphology, chemical composition of the DXR-PSA-PEG3; polymer-drug
conjugate, and conjugation of DXR to the PSA-PEG3 polymer, were verified by SEM, NMR
(Supplemental Figure 2, B-E), and GPC analyses (data not shown). DXR was released as a
conjugate with sebacic acid in a steady fashion for over seven days under infinite sink
conditions in PBS at 37°C in vitro (Supplemental Figure 2F) with no initial rapid drug
release phase (i.e., no “burst effect”). Free DXR was not detected in vitro, indicating both
that no free DXR was contained in the nanoparticles and that all released DXR was
conjugated to sebacic acid (DXR-PSA). Larger (23.0 pm) particles containing 17.2% DXR
displayed more sustained in vitro drug-conjugate release, for over 30 days under sink
conditions (Supplemental Figure 2G), demonstrating that the duration of drug release can be
extended simply by increasing particle size.

3.3. Effect of DXR-polymer nanoparticles on ocular NV

The effect of intraocular injection of DXR nanoparticles was first tested in mice with
choroidal NV due to laser-induced rupture of Bruch’s membrane. After rupture of Bruch’s
membrane, C57BL/6 mice had intraocular injection of DXR-PSA-PEG3 nanoparticles (1 pg
DXR content). Fundus photos showed a large orange aggregate of nanoparticles overlying
the posterior retina 1 day after injection (Figure 2A, arrows) that decreased slowly over time
and was still visible on days 7 and 14 (Figure 2B,C, arrows). In mice perfused with
fluorescein-labeled dextran to visualize choroidal NV by fluorescence microscopy at day 14,
the area of choroidal NV appeared smaller in eyes given an intraocular injection of DXR-
PSA-PEG3; nanoparticles (Figure 2D) compared to fellow eyes injected with PBS (Figure
2E). Image analysis confirmed that compared to eyes injected with PBS, the mean area of
choroidal NV was significantly less in eyes injected with DXR-PSA-PEG3 nanoparticles
(10, 1.0, or 0.1 pg DXR content; Figure 2F). In mice with oxygen-induced ischemic
retinopathy, intraocular injections of DXR-PSA-PEG3; nanoparticles (1 pg DXR content) at
postnatal day 12 (P12) significantly reduced the mean area of retinal NV compared to PBS-
injected fellow eyes at P17 (Figure 2G-I).

3.4. DXR-polymer nanoparticles inhibit key HIF-1-regulated angiogenic effectors and
mediate regression of preexisting choroidal NV

The levels of three key HIF-1-regulated pro-angiogenic factors, VEGF, PDGF-BB, and
SDF-1, were measured at P17 in the retinas of mice with ischemic retinopathy that had been
given an intraocular injection of DXR-PSA-PEG3 nanoparticles (1 jug DXR content) or PBS
at P12. DXR-PSA-PEGg3 significantly reduced levels of each of the pro-angiogenic factors
confirming its ability to suppress HIF-1 transcriptional activity in the retina (Figure 3, A-C).
In contrast to treatment with a VEGF antagonist alone, combination treatment with a VEGF
antagonist and a PDGF-BB antagonist (15) or treatment with a kinase inhibitor that blocks
both VEGF and PDGF receptors (16) cause regression of established choroidal NV. Since
DXR-PSA-PEG3 nanoparticles suppress both VEGF and PDGF-BB, we tested their effect
on established choroidal NV. The area of choroidal NV was measured in a cohort of mice 7
days after rupture of Bruch’s membrane to provide the baseline area and DXR-PSA-PEG3
nanoparticles (1 pg DXR content) or PBS were injected in the eyes of the remainder of the
mice. After an additional 7 days, eyes treated with DXR-PSA-PEG3 nanoparticles had a
mean area of choroidal NV that was significantly less than the baseline area or that seen in
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control eyes injected with PBS (Figure 3D). These data demonstrate that DXR-PSA-PEG3
nanoparticles cause regression of established choroidal NV.

3.5. Intraocular injection of DXR nanoparticles did not cause toxicity as measured by ONL
thickness or ERG amplitudes

The appearance of the retina was normal 14 days after intraocular injection of DXR-PSA-
PEG3 (10 pg DXR content; Figure 4A) and was similar to that in eyes injected with PBS
(Figure 4B). Compared to eyes injected with PBS, those injected with DXR-PSA-PEG3
showed no difference in mean outer nuclear layer thickness at several locations in the retina
(Figure 4C) indicating that there was no reduction in photoreceptors in DXR-PSA-PEG3; —
injected eyes. There was also no reduction in scotopic or photopic ERG b-wave amplitudes
14 days after intraocular injection of DXR-PSA-PEG3 nanoparticles (10 pg DXR content;
Figure 4D, E) compared to eyes injected with PBS.

3.6. Prolonged suppression of NV in rho/VEGF transgenic mice and sustained release in

rabbits

Rho/VEGF transgenic mice, in which the rhodopsin promoter drives expression of VEGF in
photoreceptors, have sustained expression of VEGF starting at P7 and provide an excellent
model to test the duration of activity of a therapeutic agent (27,28). At P14, hemizygous rho/
VEGF mice were given an intraocular injection of DXR-PSA-PEG3 nanoparticles (10 pg
DXR content) in one eye and PBS in the fellow eye. At 4 (Figure 5A-C) or 5 weeks (Figure
5D-F), but not 6 weeks (Figure 5G-I) after injection, the mean area of subretinal NV was
significantly less in DXR-PSA-PEG3 nanoparticle-injected eyes than vehicle-injected fellow
eyes. This suggests that therapeutic levels were present for at least 5 weeks after injection.

To assess pharmacokinetics in an eye closer in size to a human eye than a mouse eye, DXR-
PSA-PEG3; nanoparticles (2.7 mg DXR content) were injected into the vitreous cavity of
rabbits and DXR-conjugate was assayed in aqueous humor samples at several time points
(Figure 5J), and in the vitreous at study termination, Day 105 (Figure 5K). This dose was
chosen, because considering the vitreous volumes of mice (0.0053 ml) versus rabbits (1.5
ml), it should provide a comparable post-injection drug-conjugate concentration of 1.8 mg/
ml. One day after injection, mean aqueous level of the DXR-conjugate was 11.91 + 4.13
M. At Day 105 the aqueous level was 0.23 = 0.31 M, while the vitreous concentration
was considerably higher at 11.91 + 10.45 pM. Thus, following administration of DXR-PSA-
PEG3; nanoparticles in the rabbit eye, DXR-conjugate release was sustained for well over
three months.

4. Discussion

The two major types of ocular NV are choroidal NV and retinal NV. Choroidal NV occurs
in diseases of the retinal pigmented epithelium/Bruch’s membrane complex, such as AMD,
the most common cause of moderate and severe vision loss in individuals older than 60 (29).
Retinal NV occurs in ischemic retinopathies, including diabetic retinopathy, retinopathy of
prematurity, and retinal vein occlusions, which form a group of highly prevalent causes of
severe vision loss. In fact, diabetic retinopathy is the most common cause of moderate and
severe loss of vision in working aged Americans (30). Thus diseases complicated by retinal
and choroidal NV are major public health problems.

VEGEF is a key stimulator of choroidal (31) and retinal NV (32-34). Monthly intraocular
injections of ranibizumab (Lucentis®, an antibody fragment that binds all isoforms of
VEGF-A), causes improvement in visual acuity of 3 or more lines on a standardized eye
chart (a doubling of the visual angle which is considered a substantial improvement) in 34—
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40% of patients with choroidal NV due to AMD (3,35). Injections of bevacizumab
(Avastin®), a full length humanized monoclonal antibody that binds all isoforms of VEGF-
A provides similar benefit (36). Injections of bevacizumab have also shown benefit in PDR
and a severe complication of ischemic retinopathies, NV glaucoma (37,38). While VEGF
antagonists have revolutionized the treatment of NV ocular diseases, there is still substantial
room for improvement. In animal models, combined blockade of VEGF and PDGF-B may
provide greater benefit than blockade of VEGF alone (15,16). Selective VEGF antagonists
prevent growth of choroidal NV, but do not cause it to regress, whereas combined blockade
of VEGF and PDGF causes regression (15,16). An early phase clinical trial confirmed that
regression of choroidal NV commonly occurred with combined injections of VEGF-A and
PDGF-BB antagonists, but not with the VEGF-A antagonist alone (39). It is likely that
combination treatment with antagonists of many proangiogenic factors will be tested in the
future.

Since HIF-1 upregulates many proangiogenic factors, including VEGF-A, PDGF-BB, and
SDF-1 (18), suppression of HIF-1 is comparable to combination therapy with multiple
specific inhibitors. In this study we found that DXR-PSA-PEG3 nanoparticles significantly
reduce VEGF-A, PDGF-BB, and SDF-1 in ischemic retina. This confirms that the
mechanism by which they work is by antagonism of HIF-1 and explains the strong efficacy
and the ability to cause regression.

While the targeting of multiple gene products with HIF-1 antagonists has advantages with
regard to efficacy for treatment of ocular NV, there may be potential hazards. Both DXR
and DNR have poor aqueous solubility and form precipitates on the retinal surface after
intraocular injection (Figure 1 and Supplemental Figure 1) which is likely to cause high
local concentrations. This is associated with reduction in ERG amplitudes indicating
reduced retinal function.

To stringently control DXR levels in the eye, DXR was covalently linked to PSA-PEG3 and
the drug-polymer conjugate was formulated into nanoparticles. This novel approach allows
for sustained delivery of low doses of released DXR-PSA conjugate to the retina with no
substantial fluctuation in levels other than gradual reduction over the course of several
months. There was no reduction in ERG amplitudes after intraocular injection of DXR-PSA-
PEG3 (1 or 10 pg DXR content) and a single injection completely suppressed NV in
transgenic mice with VEGF expression in photoreceptors for at least 35 days. To put this
finding in perspective, in this same model, intraocular injection of 10 ug of ranibizumab or
up to 25 pg of bevacizumab caused significant suppression of NV 14 days after injection,
but the effect was completely lost by 21 days (40). Since strong efficacy was seen after
intraocular injection of DXR nanoparticles (1 pg DXR content) and no toxicity was seen
after injection of DXR nanoparticles (10 g DXR content), there is a good therapeutic
window. In rabbits, DXR-conjugate was present in aqueous humor and vitreous for at least 3
months after intraocular injection of nanoparticles (2.7 mg DXR content). Vitreous DXR-
conjugate levels were 50-fold higher than those measured in the aqueous humor at Day 105
and well above the 200 nM DXR concentration shown to strongly inhibit HIF-1 activity in
vitro (20).

Notably, the in vitro drug conjugate release rate greatly underestimated the duration of drug
release in the eye. Under infinite sink conditions, in vitro drug release duration from the
nanoparticles was seven days (Supplemental Figure 2F), while it was over 100 days in the
rabbit eye (Figure 5J), and efficacy was sustained in mice for at least five weeks (Figure
5D,E). These data are consistent with other recent reports where it was observed that in vitro
release into PBS was significantly faster than in vivo release in the vitreous of living animals
(46-48). As the DXR-PSA released drug conjugate has a solubility approximately 300-fold
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lower than that of free DXR, the reduced solubility combined with the likelihood that
infinite sink conditions do not exist in the eye, results in further hindrance of drug release in
vivo. Therefore, drug-conjugate release in the eye displays a slower, more sustained release
rate compared to in vitro release under infinite sink conditions.

Thus, this drug-conjugate nanoparticle approach provides a means to take advantage of the
strong antiangiogenic activity of this small molecule HIF-1 inhibitor, prolong its duration of
action, and prevent high intraocular levels which exceed the threshold for toxic effects. A
sustained-release, small molecule-based HIF-1 inhibitory approach has considerable
advantages compared to a biologic therapy, as proteins are ineffective against intracellular
targets such as HIF-1. Furthermore, a single-agent that targets multiple pro-angiogenic
effectors is expected to have substantial benefits from a clinical perspective and could
provide a major step forward in the treatment of highly prevalent neovascular diseases of the
eye.

5. Conclusions

Doxorubicin (DXR) is a HIF-1 inhibitor with potent antiangiogenic properties [20]. To
improve its therapeutic window for the treatment of ocular neovascular diseases, a novel,
sustained-released, fully biodegradable, nanoparticle formulation, DXR-PSA-PEG3, was
developed. When delivered intraocularly to mice, DXR-PSA-PEG3 slowly released DXR-
conjugates that significantly reduced HIF-1-responsive gene products and mediated both
regression and long-term suppression of ocular NV without causing toxicity. Thus, DXR-
PSA-PEG3; represents a promising small molecule-based HIF-1 inhibitory approach that
simultaneously targets multiple pro-angiogenic effectors for the development of an
improved therapy for neovascular eye diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Doxorubicin suppressed choroidal and retinal NV but also had toxicity.

Fourteen days after laser-induced rupture of Bruch’s membrane and intraocular injection of
10 pg of doxorubicin (DXR) or PBS, the area of choroidal NV was much smaller in DXR-
injected eyes (A) compared to PBS-injected eyes (B). The mean area of choroidal NV was
significantly less in eyes injected with 10 g, but not those injected with 1.0 or 0.1 pg (C).
In mice with oxygen-induced ischemic retinopathy, at P17, five days after intraocular
injection of 1 pug of DXR, there was almost complete elimination of retinal NV with only
hyaloid vessels and some precipitated DXR (arrowheads) seen on retinal flat mounts (D).
Doses of 0.1 or 0.01 pg of DXR did not significantly reduce retinal NV (F). C57BL/6 mice
(n = 15 for each dose level) were given an intraocular injection of 1 ug of DXR or PBS.
Scotopic and photopic ERGs were done 14 days after injection and mean b-wave amplitudes
were plotted against log flash intensity. There were significant reductions in scotopic and
photopic b-wave amplitudes at all flash intensities in DXR-treated eyes (G, H, respectively).
Statistical comparisons were made by unpaired t-test; *p<0.05.
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Fig. 2.

DXR-PSA-PEG3 nanoparticles inhibit choroidal and retinal NV.

After laser-induced rupture of Bruch’s membrane in 3 locations, C57BL/6 mice received
DXR-PSA-PEG3 0.65 um particles (1 pg DXR content) via an intravitreal injection.
Between 1 and 14 days after injection the nanoparticles were seen as orange aggregates (A,
Day 1, B, Day 7, C, Day 14, arrows) in the posterior vitreous in front of the optic nerve
(ON). Areas of laser photocoagulation are also visible (white arrowheads). The area of
choroidal NV at Bruch’s membrane rupture sites appeared smaller in eyes injected with
DXR-PSA- PEG3 nanoparticles (D) compared to those injected with PBS (E) and image
analysis showed a significant reduction in mean area of choroidal NV in eyes injected with
DXR-PSA- PEG3 nanoparticles (0.1, 1.0, or 10 pg DXR content) compared to fellow eyes
injected with PBS (F). At P12, mice with oxygen-induced ischemic retinopathy received
DXR-PSA-PEG3 nanoparticles (1 pg DXR content) in one eye and PBS in the fellow eye
and at P17, there was a significant reduction in retinal NV in the former (G-I).
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DXR-PSA-PEG3 nanoparticles inhibit HIF-1- regulated proangiogenic factors and mediate
regression of preexisting ocular NV.

P12 mice with ischemic retinopathy received DXR-PSA-PEG3 nanoparticles (1 pg DXR
content) in one eye and PBS in the fellow eye. Five days later (P17) protein was isolated
from the retinas and analyzed by ELISA for the levels of HIF-1-regulated proteins, VEGF,
PDGF-BB, and SDF-1, and compared to protein levels of normal, nonischemic retinas. A
significant reduction in VEGF (A), PDGF-BB (B), and SDF-1 (C) was observed in particle-
treated ischemic eyes compared to PBS-treated ischemic eyes. To evaluate regression of
choroidal NV the mean area of choroidal NV was measured in a cohort of mice 7 days after
rupture of Bruch’s membrane (baseline). The remaining mice were treated with DXR-PSA-
PEG3 nanoparticles (10 pg DXR content) in one eye and PBS in the fellow eye. Seven days
later, the mean area of choroidal NV was significantly less in nanoparticle-injected eyes than
fellow eyes and also less than the baseline area of NV indicating regression of NV (D).
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Fig. 4.

DXR-PSA-PEG3 nanoparticles do not cause retinal toxicity.

Two weeks following intraocular injection of DXR-PSA-PEG3 nanoparticles (10 pg DXR
content) (A) or PBS (B) retinas appeared normal and there was no difference in outer
nuclear layer (ONL) thickness at several locations in the retina (C). Electroretinograms
(ERGS) 2 weeks after injection showed no difference in mean scotopic or photopic b-wave
amplitudes over a range of stimulus intensities in eyes injected with DXR-PSA-PEG3
nanoparticles (10 ng DXR content) compared to those injected with PBS (D,E,
respectively). Statistical comparisons were made by unpaired t-test.
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Fig. 5.

Prolonged suppression of NV in rho/VEGF transgenic mice and sustained release in rabbits.
At P14 hemizygous rho/VEGF mice were given an intraocular injection of DXR-PSA-PEG3
nanoparticles (10 png DXR content) in one eye and PBS in the fellow eye. At 4 (A-C) or 5
weeks (D-F), but not 6 weeks (G-I) after injection, nanoparticle-injected eyes had
significantly less subretinal NV than fellow eyes injected with PBS. Aqueous samples
obtained from 5 rabbits injected with DXR-PSA-PEG3 (2.7 mg DXR content) showed mean
levels of DXR-conjugate that were well above the limit of detection (17 nM) for over 3
months (J). Rabbits were euthanized at day 105 and DXR-conjugate was still detectable in
aqueous and much higher in vitreous (K). Scale bar = 100 pm.
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