Topical Pazopanib Blocks VEGF-Induced Vascular Leakage
and Neovascularization in the Mouse Retina but Is

Ineffective in the Rabbit
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Purrose. To test the effect of pazopanib, a tyrosine kinase
inhibitor that blocks VEGF and platelet-derived growth factor
(PDGF) receptors and c-Kit, on vascular leakage and neovas-
cularization (NV) in the retina.

MEertHODS. Pazopanib was tested to determine its effect on
VEGF-induced vascular permeability via measurement of
[*H]mannitol retina to lung (RLLR) and retina to renal leakage
ratios (RRLR) and in rho/VEGF mice with subretinal NV. In
rabbits, the effect of intravitreal, topical, and systemic
pazopanib on VEGF-induced leakage was tested by vitreous
fluorophotometry.

Resurts. In mice, oral pazopanib (40 mg/kg twice a day [bid])
reduced RLLR (0.84 to 0.58, P = 0.0014) and RRLR (0.55 to
0.30, P = 0.0018) in VEGF-injected eyes. After intraocular
injection of VEGF into both eyes, topical pazopanib (10 mg/mL
three times a day [tid] for 14 days) reduced RLLR (0.85 vs. 0.56,
P = 0.001), RRLR (0.44 vs. 0.28, P = 0.0075), and
immunoreactive albumin in the retina compared to values in
fellow eye controls. Treatment of one eye of rho/VEGF mice
with 10 mg/mL, but not 5 mg/mlL, pazopanib tid reduced the
mean area of subretinal NV compared to that in fellow eyes
(0.0055 vs. 0.0025 mm?, P = 0.020). In rabbits, intravitreal
pazopanib suppressed VEGF-induced fluorescein leakage, but
topical (10 mg/mL four times a day [qid] or 12 mg/mL bid) had
no significant effect. Systemic administration of pazopanib by
osmotic pump with or without 10 mg/mL drops tid also failed
to suppress VEGF-induced leakage.

Concrusions. Administration of pazopanib topically or system-
ically suppressed retinal vascular leakage in mice, but not
rabbits. These data suggest differences in the blood-retinal
barrier (BRB) of mice and rabbits and indicate that penetration
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through the outer BRB may be needed for topically adminis-
tered drugs to exert effects in the retina. (Invest Ophthalmol
Vis Sci. 2013;54:503-511) DOI:10.1167/iovs.12-10473

iabetic retinopathy is the most common cause of severe
Dand moderate vision loss in working-aged Americans.!-?
Advanced retinopathy complicated by retinal neovasculariza-
tion (NV) and traction retinal detachment is responsible for
most severe loss of vision in diabetics, but diabetic macular
edema (DME) is the most prevalent cause of moderate vision
loss.

Poor glycemic control is associated with progression of
retinopathy,? indicating that hyperglycemia is a critical insult
leading to hemorrhages, microaneurysms, and capillary clo-
sure. Capillary closure causes retinal hypoxia, which has long
been known to be associated with retinal NV,* but more
recently it has also been linked to DME.> Hypoxic retina
produces high levels of vascular endothelial growth factor
(VEGF), which can stimulate retinal NV,>7 but also causes
leakiness of retinal vessels when injected into the vitreous
cavity of mice and macular edema when provided by sustained
release in the vitreous of primates.®° This combination of
observations in patients and animal models led to the
hypothesis that VEGF plays an important role in the
pathogenesis of DME.

An orally active nonselective blocker of VEGF receptors was
found to significantly reduce DME, which recurred when the
drug was stopped, providing the first suggestion that VEGF
antagonists could potentially provide benefit in patients with
DME.!® The development of selective antagonists of VEGF
allowed for more definitive testing of the hypothesis.
Ranibizumab is a Fab fragment of a humanized monoclonal
antibody that binds all isoforms of VEGF-A with high affinity. In
a small open-label study in DME patients, it was found that four
intraocular injections of 0.5 mg ranibizumab over the span of 7
months resulted in a mean reduction in excess foveal
thickening of 85% and an average improvement in visual
acuity greater than two lines.!! This led to controlled clinical
trials that have confirmed that intraocular injections of
ranibizumab provide substantial benefit in patients with
DME.12_14

A potential impediment to the use of ranibizumab is the
chronic nature of DME, which requires frequent injections for
many years. Antagonists of VEGF that can be delivered by
routes other than intraocular injection would be a substantial
advance. Pazopanib is a small-molecule kinase inhibitor that
blocks VEGE platelet-derived growth factor (PDGF), and c-
Kit.!> Systemic administration of pazopanib causes strong
suppression and regression of choroidal NV,'® and topical
administration of 5 mg/mL eye drops also significantly
suppressed choroidal NV.!”7 A 5 mg/mL solution of pazopanib
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was tested in patients with neovascular age-related macular
degeneration (NVAMD) and showed evidence of activity,
particularly in patients with a high-risk complement factor H
allele (M. McLaughlin, GlaxoSmithKline, personal communica-
tion). In this study, we sought to determine if topical
pazopanib can suppress VEGF-induced leakage or NV in the
retina.

MATERIALS AND METHODS

Animals

Wild-type 4- to 6-week-old C57BL/6 mice (Jackson Laboratories, Bar
Harbor, ME), rho/VEGF transgenic mice, and 11- to 12-week old GD79b
pigmented rabbits (Grimaud Freres, Roussay, France) were treated in
accordance with the European Convention on Animal Protection for
Scientific Experimentation and the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Mice and rabbits were
maintained in a 12-hour light/dark cycle.

Treatment of C57BL/6 Mice with Pazopanib

Female C57BL/6 mice weighing 15 to 20 g were given pazopanib (40
mg/mL) or vehicle gavage twice a day (bid) for 2 days before
intraocular injection of 1 pL 10~° M human recombinant VEGFgs
(VEGF; R&D Systems, Minneapolis, MN) into one eye with a Harvard
pump microinjection apparatus and pulled glass micropipettes as
previously described.'® Alternatively, mice were dosed topically via
delivery of a single 10 pL drop three times a day (tid) for 2 weeks. In
some experiments, both eyes were treated with either 5 or 10 mg/
mL pazopanib, and these mice were compared with littermates in
which both eyes were treated with vehicle. In other experiments,
one eye was treated with 5 or 10 mg/mL pazopanib and the fellow
eye with vehicle, and 1 pL 107 M human VEGF was injected into
both eyes.

Measurement of Blood—Retinal Barrier (BRB)

Breakdown Using [PH]Mannitol as Tracer

Retinal vascular leakage was measured with [*H]mannitol by a
previously described technique.' The technique compares [*H]man-
nitol leakage into the retina to leakage into the lung, providing the
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retina to lung leakage ratio (RLLR), or into the kidney (retina to renal
leakage ratio, RRLR), giving internal controls for the amount of
[*H]mannitol injected into each mouse. Briefly, 6 hours after
intraocular injection of VEGE mice were given an intraperitoneal
injection of 1 mCi/g body weight [*H]mannitol (Perkin Elmer,
Waltham, MA). After 1 hour, mice were euthanized, eyes were
removed, the cornea and lens were removed, and the entire retina
was carefully dissected from the eye cup and placed in preweighed
scintillation vials. The thoracic cavity was opened, and the left superior
lobe of the lung was removed and placed in another preweighed
scintillation vial. A left dorsal incision was made, and the retroperito-
neal space was entered without entrance into the peritoneal cavity.
The renal vessels were clamped with a forceps, and the left kidney was
removed, cleaned of all fat, and placed into a preweighed scintillation
vial. All liquid was removed from the vials, and remaining droplets
were allowed to evaporate over 20 minutes. The vials were weighed
and the tissue weights recorded. One milliliter NCSII solubilizing
solution (GE Healthcare, Piscataway, NJ) was added to each vial, and
the vials were incubated overnight in a 50°C water bath. The
solubilized tissue was decolorized with 20% benzoyl peroxide in
toluene, and 5 mL Scintiverse II (Fisher Scientific, Pittsburgh, PA) and
30 mL glacial acetic acid were added to each vial. The vials were stored
for several hours in darkness at 4°C to eliminate chemiluminescence.
Radioactivity was counted with a Wallac 1409 Liquid Scintillation
Counter (model 1409; Wallac, Gaithersburg, MD).

Assessment of BRB Breakdown by
Immunohistochemical Staining for Albumin

Immunohistochemical staining for albumin was done on 10 pm frozen
sections from 4% paraformaldehyde-fixed eyes as previously de-
scribed.® Slides were rinsed in PBS for 10 minutes and blocked with
1% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO) in PBS
for 1 hour in a humidified chamber. Excess fluid was removed, and the
sections were incubated overnight at 4°C with a 1:200 dilution of goat
anti-mouse albumin antiserum (Bethyl Laboratories, Montgomery, TX)
and 1% BSA in PBS. Sections were rinsed three times with PBS and
subsequently incubated with a 1:500 dilution of FITC-GSA lectin
(Vector Labs, Burlingame, CA), a 1:500 dilution of rabbit anti-goat Alexa
Fluor 594 (Jackson ImmunoResearch Laboratories, West Grove, PA),
and 1% BSA in PBS for 2 hours at room temperature. After three rinses
with PBS, the sections were mounted with Vecta Shield (Vector Labs),
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Effect of orally administered pazopanib on VEGF-induced retinal vascular leakage. Mice were treated bid by gavage with vehicle or

vehicle containing 40 mg/kg pazopanib bid for 2 days and then given an intravitreous injection of 1 pL. 10~° M VEGF in one eye. Six hours after
injection, an intraperitoneal injection of 1 mCi/g body weight [*H]mannitol was given; after 1 hour, the RLLR and RRLR were measured as described
in Methods. Eyes injected with VEGF from mice treated with pazopanib had a significant reduction (unpaired #-test) in RLLR (A) and RRLR (B).
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Ficure 2. Effect of topical administration of pazopanib on VEGF-induced retinal vascular leakage. Mice were given 10 pL drops of 5 mg/mL (A, B)
or 10 mg/mL (C, D) pazopanib tid for 2 weeks or vehicle in both eyes, and then 1 pL 10-° M VEGF was injected into one eye. In another group of
mice, one eye was treated with 10 mg/mL pazopanib, the fellow eye was treated with vehicle, and 1 uL 10-° M VEGF was injected into both eyes (E,
F). Six hours after injections, the RLLR and RRLR were measured as described in Methods. In eyes injected with VEGE those treated with 5 mg/mL
pazopanib showed no significant difference in RLLR (A) or RRLR (B), but those treated with 10 mg/mL pazopanib had significant reductions in RLLR
(O) and RRLR (D). In mice given bilateral injections of VEGE eyes treated with 10 mg/mL pazopanib had a significant reduction in RLLR (E) and
RRLR (F) compared to fellow eyes treated with vehicle. Statistical comparisons by unpaired #test.
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Ficure 3. Topical pazopanib reduces immunoreactive albumin in the retina of eyes injected with VEGE Adult C57BL/6 mice were given no
injection (A) or a 1 pL intraocular injection of 10~® M VEGF (B, ©), and after 6 hours they were perfused with PBS. Frozen ocular sections were
stained with Griffonia simplicifolia (GSA) lectin, which stains blood vessels (green), and immunohistochemically stained for albumin (orange). A
section from an uninjected eye shows some staining for albumin in the choroid, but none in the retina (A), while a section from a VEGF-injected eye
shows albumin staining in the choroid and in the retina adjacent to retinal vessels (B). There was no staining when the primary antibody was
eliminated (C). Another group of mice were given 10 mg/mL pazopanib eye drops in one eye and vehicle eye drops in the other eye tid for 14 days,
and then given an intraocular injection of 1 uL 10~° M VEGF in each eye. Six hours after injection, sections from pazopanib-treated eyes showed
staining for albumin in the choroid, but none in the retina (D), while vehicle-treated eyes showed staining for albumin around retinal blood vessels
(E). High magnification shows albumin in the wall of vessels and in surrounding retina (F).

examined with a Nikon microscope, and captured as digital files with
the Nikon Digital Still Camera DXM1200 (Nikon Instruments, Inc., New
York, NY).

Assessment of Effects of Pazopanib on
VEGF-Induced Retinal NV

Hemizygous rhodopsin/VEGF transgenic mice that express VEGF in
photoreceptors?®-2! had topical application of 10 pL 5 or 10 mg/mL
pazopanib drops in one eye and vehicle in the fellow eye tid between
postnatal day (P)7 and P21. At P21, the mice were anesthetized and
perfused with fluorescein-labeled dextran (2 X 10¢ average molecular
weight; Sigma-Aldrich), and retinal flat mounts were examined by
fluorescence microscopy (Axioskop 2 Plus; Zeiss, Thornwood, NY) at
400X magnification. This 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 (CoolSNAP-Pro; Media
Cybernetics, Silver Spring, MD) and a frame grabber. Image analysis
software (Image-Pro Plus 5.0; Media Cybernetics) 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.

Treatment of Rabbits with Pazopanib

Rabbits were anesthetized with intramuscular ketamine/zylazine, and
three 2ML1 Alzet osmotic pumps (Durect Corporation, Cupertino, CA)
containing a 10 mg/mL pazopanib formulation (GlaxoSmithKline,
Upper Providence, PA) were implanted subcutaneously between the
scapulae with the flow moderator pointing away from the skin
incision. Other rabbits were anesthetized; pupils were dilated; the
conjunctiva was cleaned with povidone-iodine; and 50 pL pazopanib,
vehicle, or 4% triamcinolone acetonide (Bristol-Myers Squibb, New
York, NY) was injected into the center of the vitreous cavity with a 30-
gauge (pazopanib and vehicle) or 27-gauge (triamcinolone) needle. For
topical administration, a micropipette was used to deliver 30 pL
pazopanib or vehicle to the eye.

Induction and Measurement of Retinal Vascular
Leakage in Rabbits

Retinal vascular leakage was induced by intravitreal injection of 500
ng human recombinant VEGF;¢s in 50 pL PBS with carrier protein.



IOVS, January 2013, Vol. 54, No. 1 Species Differences for Topical Pazopanib 507

Pazopanib 10 mg/ml

Vehicle C 0.008 P=0.021

0.007
0.006
0.005
0.004
0.003 T
0.002
0.001

0
Pazopanib (mg/mi) 10 0

n 11 11

Area of NV per retina (mm*)

0.006
0.005

0.004 T

0.003

0.002

0.001

Area of NV per retina (mm?)

0

Pazopanib ml
paoid e 1o 10

Ficure 4. Topical pazopanib suppresses VEGF-induced subretinal neovascularization (NV) in rhodopsin promoter/VEGF (rho/VEGF) transgenic
mice. Hemizygous rho/VEGF mice were given 10 mg/mL or 5 mg/mL pazopanib eye drops tid in one eye and vehicle in the fellow eye between
postnatal day (P)7 and P21. At P21, the mice were perfused with fluorescein-labeled dextran, and retinal flat mounts were examined by
fluorescence microscopy. Retinas from eyes treated with 10 mg/mL pazopanib drops (A) showed many fewer tufts of NV than fellow eyes (B).
Retinas from eyes treated with 5 mg/mL (C) also appeared to show some reduction in number of NV lesions compared to fellow eyes (D). Image
analysis with the investigator masked with respect to treatment group showed that in comparison to fellow eyes, the mean (=SEM) area of NV per
retina was significantly less for eyes treated with 10 mg/mL pazopanib but not for those treated with 5 mg/mL (E). Statistical comparisons were

made by unpaired #test.

The left eye served as untreated control. After 48 hours, vitreous
fluorophotometry was done on both eyes with an FM-2 Fluorotron
Master (OcuMetrics, Mountain View, CA). One hour prior to vitreous
fluorophotometry, 50 mg/kg sodium fluorescein was injected
intravenously. Rabbits were anesthetized, pupils were dilated, and a
series of scans was performed; these consisted of measurements of
fluorescence every 0.25 mm from the surface of the retina to the
cornea along the visual axis. Quantification of vascular leakage with
the Fluorotron (OcuMetrics) was accomplished with a 148-step series
of scans (0.25 mm step size) from the retina to the cornea along the
optical axis. Each complete scan revealed two distinct peaks for
cornea/aqueous humor and retina/vitreous separated by a distinct
valley (lens). The area under the curve (AUC) of the entire posterior
peak (vitreoretinal compartment) was determined using the trape-
zoidal rule (Excel macro function; Microsoft, Redmond, WA) and
expressed in arbitrary units of fluorescence times the number of scan
steps (distance). The ratio of AUCs between the VEGF-injected right
eye and the uninjected left eye was used to control for background
fluorescence. Statistical analysis was carried out using analysis of
covariance (ANCOVA); right eye log10(AUC) was analyzed with left
eye logl0(AUC) serving as a continuous covariate.

Measurement of Pazopanib in Plasma

At the appropriate time point, approximately 2 mL blood was sampled
from the jugular vein using K2EDTA as the anticoagulant. Plasma was
obtained from blood via centrifugation and stored at —80°C or on dry
ice prior to analysis. Pazopanib was extracted from 50 mL plasma by
protein precipitation and analyzed using high-performance liquid
chromatography tandem mass spectrometry (LC/MS/MS) with a
Turbolonspray interface and positive-ion, multiple-reaction monitoring

(AB Sciex, Foster City, CA). The lower limit of quantitation for
pazopanib was 1.0 ng/ml.

RESULTS

Systemic Pazopanib Suppresses VEGF-Induced BRB
Breakdown in Mice

Intraocular injection of VEGF causes retinal vascular leakage
like that seen in DME, and the amount of leakage can be
quantified by comparing how much [*H]mannitol leaks into
the retina versus the lung (RLLR) or the kidney (RRLR).!® In
eyes injected with VEGE oral administration of 40 mg/kg
pazopanib bid for 2 days caused a significant reduction in the
RLLR and RRILR, to 0.58 and 0.31 compared to 0.90 and 0.55 in
eyes injected with vehicle (Fig. 1; P = 0.001 and P = 0.002
respectively).

Topical Pazopanib (10 mg/ml) Tid Suppresses
VEGF-Induced BRB Breakdown in Mice

Compared to eyes of control mice that were injected with
VEGF and treated with vehicle eye drops, eyes of mice injected
with VEGF and given topical administration of 5 mg/mL
pazopanib tid had no significant difference in RLLR or RRLR
(Figs. 2A, 2B). However, eyes injected with VEGF and treated
tid with 10 mg/mL pazopanib for 14 days had a significant
reduction in RLLR and RRLR compared to their corresponding
control groups (Figs. 2C, 2D). These data indicate that eye
drops containing 10 mg/mL pazopanib are able to suppress
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Intravitreous pazopanib suppresses VEGF-induced retinal vascular leakage in rabbits. Rabbits (1 =5-6 per group except for ranibizumab,

for which n = 10) were given an intravitreous injection of 250 pg pazopanib, 2 mg triamcinolone acetonide, or vehicle followed in 8, 29, or 85 days
by an intravitreous injection of 500 ng VEGE Ranibizumab was administered intravitreously at a dose of 167 pg (human clinical dose scaled to the
smaller rabbit eye) followed by intravitreous human VEGF 8 days later. Fluorescein angiograms were obtained (except for ranibizumab) just prior to
vitreous fluorophotometry, which was performed 48 hours after injection of VEGF (day 10, 31, or 87). The bars (A) represent the mean (=SEM)
ratio of fluorescein content (area under the curve; AUC) in the vitreoretinal compartment of the VEGF-injected right eye to that in the VEGF-naive
left eye. (B) Representative fluorescein angiograms from each group except ranibizumab (not done). *P < 0.05 versus vehicle; **P < 0.01 versus
vehicle; #P < 0.05 versus triamcinolone; ##P < 0.01 versus triamcinolone by ANCOVA.

VEGF-induced leakage, but do not indicate whether the effect
occurs from local penetration into the eye or systemic
absorption and delivery through the circulation. To distinguish
between these possibilities, intraocular injections of VEGF
were given in both eyes; 10 mg/mL drops of pazopanib were
given tid in one eye, and vehicle drops were given in the fellow
eye. Compared to fellow eyes, pazopanib-treated eyes had a
significant reduction in RLLR (Fig. 2E, 0.88 vs. 0.55, P=0.001)
and RRLR (Fig. 2E 0.48 vs. 0.28, P = 0.008).

This quantitative analysis clearly shows that pazopanib
drops can penetrate into the mouse eye and suppress VEGF-
induced leakage provided that the frequency of administration
and dose are sufficient. Immunohistochemical staining for
serum albumin is a useful adjunctive technique because it
allows assessment of leakage of a larger molecule (50 kD) than
mannitol and can allow visual assessment of the effect on
leakage.??23 In eyes given an intraocular injection of vehicle,
there was mild staining for albumin particularly adjacent to
superficial blood vessels (Fig. 3A). In eyes given an intraocular
injection of 1 pL 107° VEGE there was a marked increase in
albumin staining particularly adjacent to blood vessels

throughout the retina (Fig. 3B). The staining was eliminated
when the primary antibody was left out of the staining
procedure (Fig. 3C). In mice given bilateral intraocular
injections of VEGE eyes treated tid with 10 mg/mL pazopanib
drops (Fig. 3D) showed less immunoreactive albumin in the
retina compared to fellow eyes treated with vehicle drops (Fig.
3E).

Topical Pazopanib (10 mg/ml) Tid Suppresses
VEGF-Induced Subretinal NV in rho/VEGF
Transgenic Mice

Rho/VEGF transgenic mice have sustained expression of VEGF
within the retina.?® Compared to fellow eyes treated with
vehicle drops, those treated tid with 10 mg/mL pazopanib
drops had a significant reduction in the mean area of subretinal
NV (P = 0.0205, Figs. 4A-C). Treatment with 5 mg/mL
pazopanib drops tid did not cause a significant reduction in
the area of subretinal NV.
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Ficure 6. Topical pazopanib does not suppress VEGF-induced retinal
vascular leakage in rabbits. Rabbits (n = 7-8 per group) were treated
bid with topical administration of 10 or 12 mg/mL pazopanib in one
eye and vehicle in the fellow eye, or given an intraocular injection of 2
mg triamcinolone acetonide. After 26 days, an intravitreous injection of
500 ng of VEGF was given in each eye. Fluorescence angiograms were
obtained just prior to vitreous fluorophotometry, which was per-
formed 48 hours after injection of VEGE that is, on day 28. The bars
(A) represent the mean (*SEM) ratio of fluorescein content (area
under the curve; AUC) in the vitreoretinal compartment of the VEGF-
injected right eye to that of the VEGF-naive left eye. (B) Representative
fluorescein angiograms from each group. *P < 0.05 versus vehicle; **P
< 0.01 versus vehicle; #P < 0.05 versus triamcinolone; ##P < 0.01
versus triamcinolone by ANCOVA.

Intravitreal Injection of Pazopanib Suppresses
VEGF-Induced BRB Breakdown in Rabbits

We sought to compare the findings in mice with those in
rabbits, which have an eye much closer in size to human eyes.
Rabbits were given a 50 pL intravitreal injection of 250 pg
pazopanib, 200 pg triamcinolone acetonide, or vehicle into the
right eye. At 10, 31, or 87 days after the original injection, both
eyes were given a 50 pL intravitreal injection of 500 ng VEGE
and vitreous fluorophotometry was done 48 hours later. The
mean ratio of fluorescein leakage into pazopanib-treated versus
untreated eyes was significantly less than the mean ratio of
fluorescein leakage into vehicle-injected versus untreated eyes
at 10 days, but not at 31 or 87 days after pazopanib injection
(Fig. 5). The mean ratio of fluorescein leakage into triamcin-
olone-treated versus untreated eyes was significantly less than
the mean ratio of fluorescein leakage into vehicle-injected
versus untreated eyes at all three time points.
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FiGure 7. Systemic administration of pazopanib by osmotic pump
with or without topical pazopanib does not suppress VEGF-induced
retinal vascular leakage in rabbits. Rabbits (z = 8-10 per group) were
given continuous delivery of pazopanib by osmotic pump alone or
combined with topical administration of 10 mg/mL pazopanib tid.
Control rabbits had implantation of a pump filled with vehicle and
were given vehicle eye drops tid. Positive controls were given an
intraocular injection of 2 mg triamcinolone acetonide. After 11 days, an
intravitreous injection of 500 ng VEGF was given in each eye. Vitreous
fluorophotometry was done 48 hours after injection of VEGE that is,
on day 13. No fluorescence angiograms were collected in this study.
The bars represent the mean (=SEM) ratio of fluorescein content (area
under the curve; AUC) in the vitreoretinal compartment of the VEGF-
injected right eye to that of the VEGF-naive left eye. *P < 0.05 versus
vehicle; *P < 0.01 versus vehicle; #P < 0.05 versus triamcinolone; ##P
< 0.01 versus triamcinolone by ANCOVA.

Topical Pazopanib Does Not Suppress
VEGF-Induced BRB Breakdown in Rabbits

Rabbits were given topical administration of pazopanib
according to one of three regimens (10 mg/mL bid, 10 mg/
mL four times a day [qid], or 12 mg/mL bid) or vehicle in one
eye for 28 days, and then both eyes were given a 50 pL
intravitreal injection of 500 ng VEGE The topical treatment
was continued, and 48 hours later vitreous fluorophotometry
was done. Another group of rabbits was given an intraocular
injection of 200 pg triamcinolone acetonide 28 days prior to
injection of VEGE Compared to eyes treated topically with
vehicle, there was no significant difference in fluorescein
leakage in eyes treated topically with pazopanib with any of
the three regimens (Fig. 6). There was a significant reduction
in fluorescein leakage in triamcinolone-injected eyes compared
to all the other groups.

Sustained Systemic Delivery of Pazopanib with or
without Topical Pazopanib Does Not Suppress
VEGF-Induced Leakage in Rabbits

Rabbits (z = 20) had implantation of osmotic pumps
containing 10 mg/mL; half of them were also treated topically
in one eye with 10 mg/mL pazopanib tid for 13 days prior to
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intraocular injection of VEGF followed by vitreous fluoropho-
tometry 48 hours later. One control group was implanted with
an osmotic pump containing vehicle and was given vehicle eye
drops tid, and another control group was given an intraocular
injection of 200 pg triamcinolone acetonide in one eye. On day
15, plasma concentration of pazopanib was 50.6 = 8.77 ng in
the pazopanib pump/pazopanib eye drops group and 38.0 =
6.05 ng in the pazopanib pump group, but neither group had a
significant reduction in fluorescein leakage compared to the
vehicle pump/vehicle eye drops group (Fig. 7). Rabbits that
had received an intraocular injection of triamcinolone had
significantly less fluorescein leakage than each of the other
groups.

DISCUSSION

Pazopanib is a small-molecule inhibitor of VEGF signaling that
also blocks PDGF and c-Kit.!> An oral formulation of pazopanib
has been approved for treatment of renal cell carcinoma and
soft tissue sarcoma. Systemic pazopanib suppresses and causes
regression of choroidal NV and could be considered in patients
with NVAMD'®; however, the tolerability of side effects is less
for nonlethal ocular diseases compared to cancer. Pazopanib
eye drops carry much less risk of systemic side effects, and an
early-phase clinical trial suggested effects from 5 mg/mL
pazopanib eye drops in patients with NVAMD (M. McLaughlin,
GlaxoSmithKline, personal communication). After topical
administration of pazopanib in normal animals, drug levels in
the choroid are substantially higher than those in the retina
(unpublished data), suggesting that the route of entry into the
eye involves penetration through the sclera into the choroid
and then into the retina. This has raised questions on the
potential of utilizing topical pazopanib for retinal diseases such
as DME. In this study, we found that 10 mg/mL pazopanib eye
drops, but not 5 mg/mL drops, significantly reduced VEGF-
induced retinal vascular leakage and VEGF-induced subretinal
NV in mice. Studies identical to those reported here, examining
retinal leak and NV after dosing of topical pazopanib for 28
days, confirm the findings of the shorter studies (data not
shown) indicating that only the 10 mg/mL concentration of
pazopanib is able to suppress both vascular leak and NV in the
mouse retina. Topically administered pazopanib was also found
to reduce leukostasis and retinal vascular leakage in diabetic
rats.>¥ These data provided support for topical administration
of pazopanib for treatment of retinal diseases, but before
proceeding, studies in the larger rabbit eye were performed.
These studies showed that topical administration of 10 mg/mL
qid or 12 mg/mL bid pazopanib failed to suppress retinal
vascular leakage induced by intravitreal injection of 500 ng
VEGF into the rabbit eye. Even when combined with systemic
delivery of pazopanib by osmotic pump, topical administration
of 10 mg/mL tid had no significant effect on leakage. The lack
of effect of systemic pazopanib in rabbits raises additional
questions. Is the lack of effect of topical pazopanib in rabbits,
despite its effect in mice, due to the larger size of the rabbit eye
or to a difference in the BRB between rabbits and mice? Rabbit
RPE may prevent pazopanib given topically or systemically
from accessing the retina, while mouse RPE does not. Also,
intraocular injection of 500 ng VEGF into a rabbit eye may not
provide an appropriate model of human DME, since it results
in intraocular levels of VEGF that are substantially higher; but
lower doses of VEGF in rabbit eyes result in too much
variability to allow assessment of the efficacy of an antagonist.

It has generally been felt that it is not possible to achieve
adequate retinal drug levels after topical administration to treat
retinal diseases. However, recent studies have suggested
otherwise. Nepafenac, a prodrug for the nonsteroidal anti-
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inflammatory agent amfenac, reduces prostaglandin synthesis
in the choroid by 50% at 4 hours after a single drop applied
topically to the eyes of rabbits.?>2° In mice, compared to
fellow eye controls, topical application of 0.1% or 0.3%
nepafenac drops significantly reduced expression of VEGF
and decreased ischemia-induced retinal NV and choroidal NV at
laser-induced rupture sites in Bruch’s membrane.?” These
results have been confirmed by demonstration that topical
nepafenac suppresses retinal NV in a rat model of ischemic
retinopathy?® and microvascular changes in diabetic rats.?®
There is also a case series suggesting possible benefit from
topical nepafenac in patients with DME.3® A clinical trial
testing the effect of topical nepafenac in patients with foveal-
sparing DME is ongoing.

Systemic delivery of 4-chloro-3-{5-methyl-3-[4-(2-pyrrolidin-
1-yl-ethoxy)phenylamino]benzo[1,2,4]triazin-7-yl}phenol
(TG100572), a kinase inhibitor that blocks the receptors of
VEGE PDGE FGF and several members of the Src kinase
family,3! caused strong suppression of choroidal NV in mice.3?
Although modest levels were achieved in the retina and
choroid after topical delivery, penetration was improved using
a prodrug, TG100801, which generates TG100572 by de-
esterification. After topical administration in rabbits, radiola-
beled TG100801 was identified in the posterior sclera, and
pharmacokinetic studies showed a tissue gradient with sclera
> choroid > retina, suggesting trans-conjunctival and trans-
scleral penetration into the choroid and retina. Topically
administered TG100801 suppressed laser-induced choroidal
NV in mice and reduced retinal edema measured by optical
coherence tomography in a rat model of retinal vein
occlusion.? The effectiveness of topical TG100801 was
confirmed in other mouse models.?®> Mecamylamine is a
nicotinic acetylcholine receptor blocker that suppresses
choroidal NV after topical administration in mice and has been
shown to have biological effects in patients with DME.3%435

Thus, pazopanib joins a growing list of drugs that have
shown efficacy in mouse models of choroidal NV and retinal
vascular leakage after topical administration. However, where-
as the other drugs showed good agreement between mouse
efficacy studies and rabbit pharmacokinetic or efficacy studies,
this was not true for pazopanib. Neither topical nor systemic
administrations were able to reduce VEGF-induced leakage in
rabbits; thus it appears that pazopanib, whether given topically
or systemically, has difficulty crossing the BRB in rabbits. This
suggests that penetration through the outer BRB may be a
requirement for access to the retina, and testing in multiple
animal models may be needed to determine if a drug has this
capability.
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