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Abstract

Purpose—To evaluate the inhibitory effects of a urokinase-derived octapeptide A6 on laser-
induced choroidal neovascularization (CNV).

Methods—In the first arm of the study, subcutaneous injection of A6 (200 mg/kg per day) into the
right eyes in 20 rats and phosphate-buffered saline in 20 control rats was started 1 day before laser
injury. Angiography was performed at week 2. To evaluate the dose response, a second arm of the
study was performed in the left eyes. Half of the treatment group was treated with 400 mg/kg per
day, and the remaining half continued to receive 200 mg/kg per day beginning on week 4. Laser
injury was made at week 5 and angiography was performed at week 7. Angiographic evaluation,
histopathologic evaluation including maximum CNV thickness and factor-VIlI-stained endothelium
counting were performed in the second arm of the study. Choroidal concentrations of A6 were
measured.

Results—In the first arm of the study, angiography showed a 40.8% reduction in CNV in the 200-
mg/kg per day treatment group, compared with the control (P = 0.0008). In the second arm of the
study, angiographic reduction in CNV was 37.9% in the 200-mg/kg per day group (P = 0.0314) and
70.0% in the 400-mg/kg per day group (P = 0.0124), compared with the control. CNV was
significantly less in the 400-mg/kg per day group than in the 200-mg/kg per day group (P = 0.0393).
Both CNV thickness and number of endothelial cells were reduced in a dose-dependent manner and
significantly less than in the control (P < 0.05). Mean choroidal concentration of A6 2 hours after
injection was 0.72 uM in the 200-mg/kg per day (100 mg/kg every 12 hours) and 1.75 uM in the
400-mg/kg per day (200 mg/kg every 12 hours) treatment groups. Levels at 11 hours after injections
were undetectable.

Conclusions—A6 demonstrated antiangiogenic properties in a rat model of CNV and may be
useful in the treatment of CNV.

Age-related macular degeneration, characterized by CNV, is the leading cause of irreversible
vision loss in the United States.! Various treatments have been attempted, including laser
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photocoagulation, photodynamic therapy, and macular translocation. However, the visual
prognosis is still poor in most patients with the disease.2~8

CNV is a result of pathologic angiogenesis. Angiogenesis is an invasion process that requires
proteolysis of the extracellular matrix and proliferation and migration of endothelial cells, with
simultaneous synthesis of new matrix components.7 Antiangiogenesis therapies have thus far
focused oninhibitors of vascular endothelial growth factor (VEGF)ll8 and proteolytic enzymes
such as matrix metalloproteinases (M MPS).9_14 As the pathogenesis of angiogenesis becomes
better understood, new drug targets are emerging.

Urokinase plasminogen activator (UPA), together with its receptor UPAR, is a pleiotropically
acting system that has been studied intensively over the past several decades, mainly in the
field of cancer, where it has become deeply implicated in several pathologic aspects of this
disease. The binding of uPA to UPAR triggers twin cascades of events, the first of which is
destruction of the extracellular matrix (ECM). The second is intracellular signaling to program
gene expression leading to cell migration, cell invasion, metastasis, and angiogenesis.~2~

Only in more recent years has the involvement of uPA/UPAR been demonstrated in ocular
disease. High levels of urokinase have been observed in neovascular membranes surgically
removed from patients with proliferative diabetic retinopathy.20 Recently, it was shown that
VEGF-induced sustained paracellular permeability in cultured retinal microvascular
endothelial cells is mediated by UPA/UPAR .21 Overexpression of the uPA/UPAR system has
been shown during retinal neovascularization, 22 in surgically excised CNV,’ and in laser-
induced CNV.” uPA/UPAR has been found to play a key role in the migration of human retinal
pigment epithelial cells through ECM-like layers in vitro.23 Enhanced levels of uPAR have
been found in surgically excised CNV and proliferative vitreoretinopathy membranes,23
Oxygen-induced retinal neovascularization is reduced in homozygous uPAR™ Fmice.22
Homozygous uPA~“mice also demonstrate decreased CNV development in a laser-induced
CNV model.”

Angiogenesis is a multistage process. It starts with a growth factor binding to dormant
endothelial cells to cause their rapid proliferation. In cancer, VEGF, insulin-like growth factor
(IGF), FGF, IL-8, hepatocyte growth factor (HGF), TGF-a, and TGF-f have been identified
in this role, and in surgically excised human CNV tissue, VEGF, 2425 FGF,26 and TGF-B.
26 A later stage of angiogenesis is the controlled migration of this expanded endothelial cell
population to form a new microcapillary, in which the uPA/UPAR system probably plays the
key role.2” Thus, one can view the uUPA/UPAR system as the final common pathway through
which angiogenesis is completed, no matter what growth factor started it. Indeed, of those three
growth factors identified in human CNV, TGF-Bupregulates mRNA for uPA in human
umbilical vein endothelial cells, a good substitute for human choroidal endothelial cells.28
VEGF induces uPA/UPAR activity in bovine retinal endothelial cells,2L and FGF is well known
to upregulate uPA/UPAR in several types of endothelial cell.29-32 Therefore, the uPA/UPAR
system could be a therapeutic target for antiangiogenic therapy for CNV.

The octapeptide A6 is derived from the non-receptor-binding region of uPA.33 It is not
antiproliferative.?""v35 The ability of A6 to inhibit endothelial cell migration in vitro,33’34
angiogenesis;,33‘35 tumor cell invasion in vitro,33:35:36 tumor growth,33-36 and tumor
metastasis33:3%:36 in models of glioblas;toma,34 breast cancer,3 35 and prostate cancer36
have all been demonstrated. A6 also inhibits hypoxia-induced retinal neovascularization.2?
The purpose of this study was to evaluate the inhibitory effect of A6 on laser-induced CNV in
the rat.
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Materials and Methods

Administration of A6 Peptide and Control

Forty Brown Norway rats weighing between 170 and 300 g were used in the study, in
accordance with the guidelines of the University of California San Diego, Office of Veterinary
Affairs, and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.

We chose two sets of study parameters, using all right eyes in the first arm of the study and all
left eyes for the second arm of the study (Fig. 1), after it was ascertained that the visual response
and behavior of the animals was not altered with bilateral laser treatment.

The purpose of the first arm of the study was to evaluate the effect of our initial dose (200 mg/
kg per day, i.e., 100 mg/kg every 12 hours). This dose was based on doses that have been shown
to inhibit tumor growth in glioblastoma?’4 and breast cancer models.33:35 In the second arm
of the study, we doubled the dose (400 mg/kg per day, i.e., 200 mg/kg every 12 hours) starting
1 week before laser-induced CNV in 10 animals, to determine the effect of a higher dose given
1 week before laser treatment,, which would potentially allow a steady state intraocular drug
level to be achieved as occurs with certain other therapeutic agents:"’7’38 and to determine
whether the higher dose is more effective.

In the first arm of the study in right eyes, 40 animals were divided into treatment and control
groups, each consisting of 20 animals. A6, a capped peptide (Acetyl-Lys-Pro-Ser-Ser-Pro-Pro-
Glu-Glu-NH,;Angstrom Pharmaceuticals, San Diego, CA) was injected twice daily
subcutaneously (200 mg/kg per day), starting 1 day before the laser treatment and continuing
to the end of the study. The control group received phosphate-buffered saline. Angiography
was performed at week 2.

The second arm of the study in left eyes was undertaken to evaluate the dose—response
relationship. Angiographic evaluation; histopathologic evaluation, including maximum CNV
thickness; and factor-VIlI-stained endothelium counting were performed in this arm. Half of
the treatment group (n = 10) was treated with 400 mg/kg per day and the remaining half (n =
10) continued to receive 200 mg/kg per day, beginning on week 4. Laser injury was made at
week 5, and angiography was performed at week 7.

Laser-Induced CNV

The rats were anesthetized for all procedures with intraperitoneal ketamine (21 mg/kg) and
xylazine (5.25 mg/kg). The pupils were dilated with 0.5% cyclopentolate, 1% tropicamide, and
0.25% phenylephrine. The fundus was visualized with a 5.4-mm rat fundus laser lens (Ocular
Instruments, Bellevue, WA) with 2.5% hydroxypropyl methyl-cellulose solution. A diode laser
(Oculight SLx; Iridex Co., Mountain View, CA) with an 810-nm wave length was used. Laser
parameters were 75-um spot size, 0.05-second exposure, and 250-mW power. A pattern of
eight lesions was concentrically placed around the optic nerve. Formation of a bubble indicated
rupture of Bruch’s membrane.

In the second arm of the study in left eyes, each laser injury was made more peripherally from
the optic nerve to avoid confluence of CNV lesions. One surgeon (HJK) performed all
procedures.

Fluorescein and Indocyanine Green Angiography

Both fluorescein and indocyanine green (ICG) angiography were performed on weeks 2 and
7 with a confocal scanning laser ophthalmoscope (Heidelberg Retinal Angiograph; Heidelberg
Engineering, Carlsbad, CA). Two milligrams of sodium fluorescein and 0.2 milligrams of ICG
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mixture in 0.15 mL were injected intravenously followed by a bolus saline flush. Both
fluorescein and ICG angiography were performed to capture the early (<2 minutes) and late
(10 minutes) fluorescein phases and the late ICG phase (50 minutes) after injection.

CNV formation was determined with fluorescein angiograms taken 2 weeks after laser injury.
Each laser lesion was classified as “leaky” or “non-or minimally Iea1ky”39‘41 by consensus
of two observers (HIK, WRF). Leaky vessels were regarded as angiographically defined CNV.
In cases of large subretinal hemorrhage that interfered with interpretation, the lesion was
excluded. In some difficult-to-interpret cases, we also used the ICG angiographic finding.41
Angiograms were read in a masked manner. Consensus was reached on all angiograms.

Histopathologic Study

In the second arm of the study, morphometric measurement of CNV thickness, and
immunostaining studies were performed in left eyes. Treated CNV lesions were compared with
the contemporaneous control lesions, which had been induced with the same pattern of laser
injury.

After final angiography, the rats were killed and eyes were enucleated and fixed in 4%
phosphate-buffered paraformaldehyde solution (pH 7.4). Globes were dissected through the
optic nerve and were processed for routine paraffin-embedded sectioning. Six-micrometer
serial sections were cut for hematoxylineosin staining or immunostaining.

For morphometric measurement of CNV thickness, five eyes were randomly selected from
each of the groups: 400 or 200 mg/kg per day and the control group. In hematoxylineosin—
stained sections, a spindle-shaped subretinal fibrovascular scar was obvious and could be
distinguished from adjacent normal structure. The maximum vertical meridian passing through
this spindle-shaped scar was measured as the thickness. All the sections of each lesion were
measured, and the highest thickness was chosen for analysis and comparison. This
measurement was made with an eyepiece reticule after calibration with a stage micrometer
with 10-um divisions (Olympus, Tokyo, Japan).

For immunostaining studies, 10 CNV lesions in each of the three groups were selected. A rabbit
polyclonal antibody against factor VI (1:750, Dako, Carpinteria, CA) was used to identify
vascular endothelium within CNV. Factor-VIl1-stained endothelial cells in CNV were counted
on the representative sections that were immediately adjacent to the thickest portion of CNV.
Rat spleen was used as a positive control. Adjacent sections were incubated without primary
antibody and served as the negative control.

Measurement of Choroidal Concentration of A6 Peptide

Twelve right eyes were randomly selected and used for the measurement of choroidal
concentrations of A6 peptide at two time points after injection at the end of a 7-week course
of twice-daily injection. For early concentration measurements, three eyes from both the 400-
mg/kg per day (200 mg/kg every 12 hours) and 200-mg/kg per day (100 mg/kg every 12 hours)
treatment groups were enucleated 2 hours after injection. For late measurements, three eyes of
each group were enucleated 11 hours after injection (1 hour before the scheduled evening
injection). Eyeballs were enucleated after death at each time point and kept on ice until deep
freezing and dissecting. The globe was submerged in —40°C 2-methyl butane in a beaker sitting
in adry ice ethanol bath for 30 seconds. The frozen globe was cut into halves through the optic
nerve and further dissected under a surgical microscope into the vitreous, retina, choroid, and
ciliary body/iris. All instruments were thoroughly cleaned between each sample collection.
The different tissues from the same eyes were separately stored in the preweighed and
prelabeled glass vials. The vials were again weighed, and the tissue weight was calculated. The
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vials were stored at —70°C until analyzed for A6 content, conducted at MicroConstants (San
Diego, CA). The choroidal tissues were homogenized with 0.5 mL of HPLC-grade water and
ultrafiltered (Centrifree; Millipore, Bedford, MA). The ultrafiltrate was analyzed for A6 by
reversed-phase chromatography (XDB-Phenyl column; Agilent, Wilmington, DE). Detection
was achieved with a tandem quadrupole mass spectrometer (Micromass, Beverly, MA). The
assay had a calibration range of 5 to 1000 ng/mL.

Statistical Analysis

Results

Mann-Whitney U tests were used to compare the incidence of angiographically defined CNV.
For analysis of CNV thickness and endothelial counts, nonparametric tests followed by
nonparametric Tukey type multiple comparisons were used. For all analyses, a computer (JMP
software ver. 4.1; SAS Inc., Cary, NC) was used, with P < 0.05 considered to be statistically
significant.

There was no difference in gains in body weight and behavioral patterns between A6-treated
and control rats. Angiography and histology showed no observable ophthalmoscopic side
effect.

Incidence of Angiographically Defined CNV

In the first arm of the study, the incidence of angiographically defined CNV was 70.9% in the
control group and 42.0% in the 200-mg/kg per day treatment group (Figs. 2, 3), corresponding
to a 40.8% reduction (P = 0.0008).

In the second arm of the study, at the 200-mg/kg per day dose, the incidence of CNV was
50.6% in the control group and 31.4% in the treatment group. This corresponded to a 37.9%
reduction (P = 0.0314). At the 400-mg/kg per day dose, the incidence of CNV was 44.7% in
the control, whereas that of treatment group was 13.4%, corresponding to a 70.0% reduction
(P =0.0124).

The incidence of CNV was significantly less in the 400-than in the 200-mg/kg per day treatment
group (P =0.0393).

Histopathology of CNV

The maximum thickness of the CNV lesions was 90.05 + 19.07 um in the control group,
whereas that in 200-mg/kg per day treatment group was 74.67 £ 22.34 um, a 17% reduction,
and that in the 400-mg/kg per day treatment group was 60.59 + 20.57 um, a 33% reduction
(Fig. 4, P < 0.05). The number of factor-VIIl-stained endothelial cells in CNV were 48.9 =
12.1 in the control group; 31.0 + 14.4 in the 200-mg/kg per day group, a 37% reduction; and
16.80 + 5.76, in the 400-mg/kg per day group, a 66% reduction (Fig. 5, P < 0.05). CNV
thickness and number of endothelial cells correlated negatively in a dose-dependent manner
(P < 0.001, Spearman rho correlation).

Choroidal Concentration of A6 Peptide

In the 400-mg/kg per day (200 mg/kg every 12 hours) group, choroidal levels 2 hours after
subcutaneous injection ranged between 774.1 ng/g (0.85 uM) and 2058.5 ng/g (2.26 pM), with
a mean of 1594.2 ng/g (1.75 uM). The calculation of micromolar values assumes a tissue
density of 1 g/mL. In the 200-mg/kg per day (100 mg/kg every 12 hours) group, 2-hour
choroidal levels ranged between 283.9 (0.31 uM) and 1241.8 ng/g (1.36 uM), with a mean of
655.7 ng/g (0.72 uM). Levels at 11 hours were undetectable in each dose group.
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Discussion

We evaluated the inhibitory effect of A6 on CNV in angiograms taken 2 weeks after laser
injury, because laser-induced CNV is known to reach its peak on day 14.40 For interpretation
of angiography, we compared early (<2 minute) and late (10 minute) frames of fluorescein
angiography for each laser lesion. ICG angiography was used to confirm the fluorescein
angiogram in difficult cases.

Recent fublications have shown overexpression of uUPA/UPAR in surgically excised human
CNV7+23 and in laser-induced CNV in mice.’ Although the laser-induced CNV model does
not completely mimic naturally occurring CNV in age-related macular degeneration,42
nonetheless, it is an appropriate model to evaluate the inhibitory effect of the A6 peptide,
because the UPA/UPAR system is present in both conditions.

We used one consistent parameter for all laser lesions made with a diode laser. In the first arm
of the study, some subretinal CNV lesions coalesced. We, therefore, put laser burns much more
peripherally to make interpretation clearer in the second arm of the study. Thus, the incidences
of CNV in the control group were different between the first and second arms of the study.

In the second arm of the study, the dose—response relationship was analyzed both by
angiography and histopathology, using the maximum thickness of CNV and number of
endothelial cells within CNV. Angiographic reduction of CNV was striking when we doubled
the dose: a 70.0% reduction in the 400-mg/kg per day treatment group and a 37.9% reduction
in the 200-mg/kg per day treatment group. Both the maximum thickness of CNV and the
number of endothelial cells within CNV were also decreased in a dose-dependent manner.

ICG angiography and histopathology revealed that some laser burns that were close to each
other coalesced, and radial and horizontal dimensions were difficult to define in those cases.
Each lesion was also very difficult to separate from the others, to measure the area in those
cases. Therefore, we measured the maximum thickness instead of the area of CNV. Both CNV
thickness and number of endothelial cells in the lesion decreased in a dose-dependent manner,
constituting direct evidence of the inhibitory effect of A6 on CNV.

Daily intravenous administration of A6 for 7 days in mice at doses up to 1500 mg/kg is known
to incur no toxicity (Meschter CA [Comparative Biosciences Inc., Mountain View, CA],
personal communication, June 2002). Thus, it was no surprise to observe that no adverse effect
orweight loss occurred in our rats in the 400-mg/kg per day group (data not shown). Continuous
infusion and twice-daily injection yielded identical activities in an antitumor study.33
Therefore, we elected to perform twice-daily subcutaneous injections.

Studies have demonstrated that the ICgq for rat and human breast cancer cell invasion is 5 to
25 uM of the pegtide and the ICsq for human dermal microvascular endothelial cell migra tion
is 25 to 50 uM. 3 Inour experiment, after 7 weeks of twice-daily treatments, a mean 2-hour
postinjection choroidal concentration of 0.72 uM was obtained with the 200-mg/kg per day
treatment (100 mg/kg every 12 hours), and 1.75 uM with 400-mg/kg per day (200 mg/kg every
12 hours) treatment. Extensive Good Laboratory Practice standard toxicokinetic studies of A6
administered daily subcutaneously in rats showed that after a 100-mg/kg dose, the 2-hour
plasma level was 24.5 uM on the 28th day, after 28 injections; the plasma half-life was 0.5
hour (Jones TR, Angstrom Pharmaceuticals, Inc., unpublished). The injection schedule in this
CNV study was every 12 hours, potentially complicating the comparison, but because the
attendant plasma half-life of A6 is so brief, it is reasonable to assume that washout is complete
before the next injection is given. With this proviso, if we compare 2-hour levels after a 100-
mg/kg subcutaneous dose, the concentration measured in the choroid is 0.72 uM and that
measured in the plasma is 24.5 uM. Assuming that peak levels in these tissue compartments
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occur synchronously, the choroidal concentration of A6 is 3% of that in the plasma. If we take
this penetration value of 3% and apply it to the peak plasma level (Cax) of approximately 207
uM, known to occur 20 minutes after a 100-mg/kg subcutaneous dose in rats (Jones TR,
Angstrom Pharmaceuticals, Inc., unpublished), a peak choroidal concentration of 6.2 uM was
derived. Because the pharmacokinetic parameters of subcutaneously injected A6 scale linearly
with dose (Jones TR, Angstrom Pharmaceuticals, Inc., unpublished), it is possible to project a
peak choroidal level of 12.4 uM in the high-dose group in this study. This is at the lower end
of the range of the in vitro 1Csq referred to above. Given these extrapolations, and taking into
consideration none of the intraocular pharmacokinetic behavior of A6, we conclude that A6
reached a therapeutic concentration only intermittently during our study. A6 must have been
at subtherapeutic concentrations for most of the 12-hour period between injections, because it
was not detected in the choroid at 11 hours. Despite this, the peptide was still therapeutic. Thus,
it is possible that even better efficacy in CNV can be obtained with higher and more sustained
concentrations of A6 in the choroid.

Many drugs have poor penetration into the eye. At steady state, after an oral dose of 750 mg
of ciprofloxacin, patients had a vitreous level 17% of that in serum.#3 After an intravenous 2-
g dose of cefepime, the peak vitreal level, 2.86 ug/mL, is 2% of the peak serum level, 140.55
ug/mL.44 The intraocular concentration of SU 10944, a VEGF inhibitor, intravenously
administered in the rat, was 6% of that in plasma (Patel N, et al. IOVS 2003;44:ARVO E-
Abstract 2903). When given orally at 5 mg/kg, there is no penetration of cyclosporine into the
aqueous humor in patients with no or mild intraocular inflammation, but in patients with severe
panuveitis (Behcet’s disease), aqueous humor and vitreous levels were 22% and 16%,
respectively, of that in the blood.4°

In this study, we demonstrated the inhibitory effect of A6 peptide on CNV in a rat model, both
angiographically and histopathologically. One advantage of A6’s inhibition of the uPA/UPAR
system is that this pathway is a common mechanism in angiogenesis induced by VEGF, FGF,
and other chemokines, such as TGF—B.24‘26 Immunocytochemical studies have shown that
UPA is widely distributed in eyes in the retinal pigment epithelium, choroid, and both the
anterior and posterior layers of the retina. 46 Among these tissues, retinal pigment epithelium
is regarded as a possible source of the uPA/UPAR system,23 although this remains unclear.

A6, derived from human uPA, was biologically active, even though its sequence (KPSSPPEE)
differs from the corresponding sequence in the rat (KPSSTVDQ).33 For application to human
age-related macular degeneration, we hypothesize that A6 will more potently inhibit the human
UPA/UPAR system, and the activity we observed in rats may underpredict that which we would
find in the clinic. Further studies to characterize the ocular pharmacokinetics and effect on
ocular tissues are under way. A local intraocular delivery system that would allow for higher
and more sustained choroidal levels of A6 should provide a more optimal method to treat CNV
in humans, and this possibility is currently being explored.
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Figure 1.

Diagram of the study design.
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Figure 2.

Representative red-free, early and late fluorescein angiography photos at 2 weeks after laser
injury. (A) Control group and (B) 200-and (C) 400-mg/kg per day A6-treated groups. There
was intense leaking in laser-induced lesions in the control group, whereas there was minimal
or no leaking in lesions in the A6-treated group.
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Figure 3.

Results of angiographic incidence of CNV in the control and A6-treated groups. Data are the
mean incidence of CNV = SEM. In both arms of the study, A6-treated groups showed
significantly less CNV than the control. In the second arm of the study, A6-treated groups
showed inhibition of CNV in a dose-dependent manner.
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Figure 4.

Hematoxylineosin stained light micrograph of CNV lesions 2 weeks after laser injury. Each
photograph shows the center of CNV lesions in (A) the control group and (B) the 200-and
(C) the 400-mg/kg per day A6-treated groups.
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Figure 5.

Typical endothelial cells immunostained with factor VIl in CNV 2 weeks after laser injury.
(A) Control group and (B) 200-and (C) 400-mg/kg per day A6-treated group. The number of
immunoreactive vascular endothelial cells in CNV lesions was smaller in A6-treated eyes.
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