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ABSTRACT

Inhibition of choroidal neovascularization in mice by systemic

administration of the multikinase inhibitor, sorafenib

Eun Jee Chung

Department of Medicine

The Graduate School, Yonsei university

(Directed by Professor Hyoung Jun Koh)

Choroidal neovascularization (CNV) is known to be the leading cause of

irreversible vision loss in patients with age-related macular degeneration. A

variety of preclinical and clinical studies suggest that vascular endothelial

growth factor (VEGF) is a central player in pathologic neovascularization in

the eye. Although VEGF clearly has a central role in the development of

neovascular diseases, other growth factor pathways, including those that



signal through additional receptor tyrosine kinases, such as platelet-derived
growth factor receptor (PDGFR) and fibroblast growth factor receptors
(FGFRs), have also been implicated in neovascularization and ocular diseases.
Sorafenib (Nexavar®, Bay-43-9006, Bayer Schering Pharma, Germany) is a
novel multikinase inhibitor that was recently approved by the Food and Drug
Administration for the treatment of renal cell carcinoma. In addition to Raf
kinases, several other kinases, including VEGFR2, VEGFR3 and PDGFR-f3,
are inhibited by sorafenib.
This study is to explore the anti-angiogenic properties of sorafenib in an
animal model of CNV.
Sorafenib or vehicle was administered orally to female C57BL/6 mice at
the onset (day 0) of experiments. CNV was induced by laser photocoagulation
the following day. After 14 days, mice were perfused with fluorescein-labeled

dextran, and the area of CNV was measured on choroidal flat mounts by



image analysis. In some groups of mice, treatments were started 7 days after
the laser photocoagulation to determine the effect of the agent on established
CNV. Expression of phosphorylated extracellular signal-regulated kinase (p-
ERK) in choroidal tissues was measured by Western-blot analysis to
demonstrate the kinase-inhibitory effect of sorafenib in intracellular signaling
pathways involved in CNV formation.

Sorafenib significantly reduced the extent of CNV in a dose-dependent
manner. The area of CNV was reduced by 43% in the 30-mg-kg"'-day” group
and by 61% in the 60-mg-kg'-day’' group compared with vehicle-treated
controls (both P < 0.0001). Oral administration of sorafenib also caused
significant regression of established CNV. The area of CNV was reduced by
59% in the 30-mgkg"'-day” group and by 66% in the 60-mg-kg'-day” group
compared with both baseline and control measurements (P < 0.0001). The

expression of p-ERK in choroidal tissues was increased within 1 day of laser



photocoagulation and remained elevated for 2 weeks. The expression of p-

ERK was suppressed by sorafenib.

In conclusion, the current study showed that oral administration of the

multikinase inhibitor sorafenib significantly suppressed the development of

laser-induced CNV and caused regression of established CNV in mice.

Sorafenib interferes with multiple pro-angiogenic receptor tyrosine kinases,

including VEGFR 2, PDGFR-f and Raf kinase, and thus holds promise for the

treatment of CNV in clinical settings.

Key words: antiangiogenesis; choroidal neovascularization; extracellular

signal-regulated kinase; sorafenib
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I. INTRODUCTION

Choroidal neovascularization (CNV) is known to be the leading cause of
irreversible vision loss in patients with age-related macular degeneration.' The
pathogenesis of CNV is multifactorial, involving RPE (retinal pigment
epithelium) alterations, ruptures of Bruch’s membrane and pathologic
angiogenesis. Although a large number of growth factor pathways have been
implicated in angiogenesis, a variety of preclinical and clinical studies suggest

that vascular endothelial growth factor (VEGF) is a central player in



pathologic neovascularization in the eye and elsewhere in the body.” Elevated
levels of VEGF mRNA and protein have been found in ocular tissues and
fluids from patients with CNV and in laser-induced CNV animal models.””

VEGF signals through a family of tyrosine kinase receptors that includes Flt-
1(VEGFR1) and KDR (VEGFR2/Flk-1). VEGF binding to KDR causes
receptor dimerization and autophosphorylation on several tyrosine residues in
the KDR cytoplasmic domain.® Activation of KDR in this manner leads to
signaling through a variety of pathways, including the Raf/MEK/ERK
pathway, which is involved in endothelial cell proliferation.”"

Although VEGF clearly has a central role in the development of neovascular
diseases, other growth factor pathways, including those that signal through
additional receptor tyrosine kinases, such as platelet-derived growth factor
receptor (PDGFR) and fibroblast growth factor receptors (FGFRs), have been

implicated in neovascularization and ocular diseases.'*'® Some studies have



demonstrated more potent decreases in angiogenesis with the use of anti-
angiogenic agents that inhibit multiple tyrosine kinase receptors, and
inhibition of PDGF-B signaling has been reported to enhance the efficacy of
anti-VEGF therapy in multiple models of ocular neovascularization.'”"
Sorafenib (Nexavar®, Bay-43-9006, Bayer Schering Pharma, Germany) is a
novel multikinase inhibitor that was recently approved by the Food and Drug
Administration for the treatment of renal cell carcinoma. In addition to Raf
kinases, several other kinases, including VEGFR2, VEGFR3 and PDGFR-f3,
are inhibited by sorafenib.”” The fact that sorafenib has inhibitory activities
against a number of kinases implicated in angiogenesis, including VEGFR2,
PDGFR-f and Raf, indicates that this drug is an inhibitor of angiogenesis. In

this study, we have explored the anti-angiogenic properties of sorafenib in an

animal model of CNV.



II. MATERIAL AND METHODS

1. Drug

Sorafenib tablets were ground in a mortar and dissolved in Cremophor
EL/ethanol (50:50; Sigma Cremophor EL, 95% ethanol) as a 4X stock
solution that was freshly prepared every 4 days. The final 1X dosing
concentration was prepared by diluting with sterile water immediately prior to

administration to mice. The solution was administered orally by gavage.

2. Preventive treatment of laser-induced CNV

Mice were treated in accordance with the Association for Research in Vision
and Ophthalmology guidelines for the use of animals in research. Choroidal
neovascularization was induced by laser photocoagulation-induced rupture of
Bruch’s membrane, as described previously.”' Briefly, 9—10-week-old female

C57BL/6 mice were anesthetized with intraperitoneal zoletil (21 mg/kg,



Zoletil 100; Virbac, Carros, France) and xylazine (7 mg/kg) and their pupils
were dilated with 0.5% tropicamine and 0.5% phenylephrine (Mydrin-P,
Santen, Osaka, Japan). To generate burns, three bursts of 532 nm diode laser
photocoagulation (75-um spot size, 0.1-second duration, 120 mW) were
delivered to each retina using the slit-lamp delivery system of Visulas 532s
(Carl Zeiss, Jena, Germany), and using a handheld cover slip as a contact lens
to view the posterior pole of the retina. Only burns that produced a bubble,
indicating rupture of Bruch’s membrane, were included in the study.

The mice were randomized into three groups: (1) placebo, 150 ul/day of
vehicle via p.o. gavage; (2) sorafenib, 30 mg-kg'-day” via p.o. gavage; and
(3) sorafenib 60 mgkg'-day', via p.o. gavage. Vehicle and sorafenib
treatment started on day O (i.e., 1 day before laser photocoagulation).

Two weeks after rupture of Bruch’s membrane, the sizes of CNV lesions

were measured on choroidal flat mounts by an investigator blinded with



respect to treatment group.”> Mice used for the flat-mount technique were
deeply anesthetized and perfused with 1 ml phosphate-buffered saline
containing 50 mg/ml fluorescein-labeled dextran (2X10° average molecular
weight; Sigma, St. Louis, MO), as previously described.”® The mice were
euthanized humanely, and eyes were removed and fixed for 1 hour in 10%
phosphate-buffered formalin. The cornea and lens were removed and the
entire retina was carefully dissected from the eyecup. Radial cuts (four or
five) were made from the edge to the equator and the eyecup was flat mounted
in Aquamount with the sclera facing down. Flat mounts were examined by
fluorescence microscopy using an Axioplan 2 microscope (Carl Zeiss, Jena,
Germany), and images were digitized using an Axiocam camera and
Axiovision version 4.5 image capture software. MetaMorph (version 4.6r5)
Professional Image Analysis software (Universal Imaging Corp.;

Downingtown, PA) was used to measure the total area of CNV associated

10



with each burn, with the operator blinded with respect to treatment group.

3. Treatment of established CNV

To determine whether sorafenib was effective against established CNYV,
mice with Bruch’s membrane ruptures at three locations in each eye were
divided into four groups. In one group, mice were perfused 7 days after
rupture of Bruch’s membrane to measure the baseline size of CNV present at
7 days. The other three groups received 30 mg-kg'-day™ or 60 mgkg'-day™
p-o. sorafenib or vehicle starting on day 7 after rupture of Bruch’s membrane.
On day 14, the mice were perfused with fluorescein-labeled dextran and the
CNV area at each Bruch’s membrane rupture site was measured on choroidal

flat mounts.

11



4. Histologic procedures

A subset of mice (n=2 for each group) was sacrificed and the eyes were

enucleated and processed for histopathology analysis. For histopathologic

evaluation, the cornea was perforated by a needle to allow better penetration

of the fixative and the intact eye was placed in 4% paraformaldehyde

overnight and paraffin embedded using standard techniques. The eyes were

sectioned into 5-um-thick slices, stained with hematoxylin and eosin, and

mounted on glass slides.

5. Western-blot analysis of the choroid and RPE layer

ERK phosphorylation was semiquantitatively evaluated by Western-blot

analysis of the choroid and RPE layer from laser-treated and untreated

C57BL/6 mice (n=3 mice for each group at each time point). Briefly, the

vitreous and retina were removed, and the choroid and RPE layer were pooled

12



in 100 pl of lysis buffer (Pro-prep™ Protein Extraction Solution, iNtRON

Biotechnology, Korea) and homogenized using a Precellys 24-bead—based

homogenizer (Bertin technologies, France). The samples were then cleared by

microcentrifugation (14,000 rpm, 15 minutes, 4°C) and protein concentrations

were determined by the Bradford assay (BioRad laboratories, Munich,

Germany). Fifteen micrograms of protein per sample were electrophoresed in

a 10% SDS-polyacrylamide gel. Proteins were transferred to nitrocellulose

membranes (Bio-Rad) and blocked with a 3% BSA solution. Phosphorylated

ERK (p-ERK) and total ERK were detected using a phospho-specific ERK

172 (pThr202/pTyr204) antibody (Cell Signaling, Danvers, MA) and a p44/42

mitogen-activated protein kinase antibody (Cell Signaling), respectively. After

washing with Tris-buffered saline (TBS)-Tween 0.05%, blots were incubated

with the respective secondary peroxidase-labeled antibody for 1 hour at room

temperature. The blots were then washed four times with TBS-Tween 0.05%

13



and processed for chemiluminescence detection of the immunoreactive

proteins by Western-blot analysis using a peroxidase substrate (Lumigan™

PS-3; Lumigen, Inc., Southfield, MI). The densities of immunoreactive bands

were measured using ImageJ for Windows (NIH, Bethesda, MD). p-ERK

protein expression levels in laser-treated and untreated mice were normalized

to the corresponding levels of total ERK protein and expressed as arbitrary

units. Three independent experiments were evaluated.

6. Statistical analyses

Data were analyzed using a linear mixed model that accounts for possible

correlations in measurements from the same mice. Dunnett’s adjustment was

made for multiple comparisons. The level of statistical significance was set at

P <0.05.

14



III. RESULTS

1. Quantitative assessment of laser-induced CNV after oral

administration of sorafenib

Sorafenib treatment (p.o.) for 2 weeks did not induce any significant
systemic adverse effects (such as weight loss, severe infection, death) and
recipient mice maintained normal appetite and activity levels. Sorafenib
treatment caused a significant reduction in the extent of CNV. An analysis of
choroidal flat mounts showed that the mean area of CNV produced by laser
treatment was 0.048 + 0.014 mm® in the control (placebo-treated) group,

0.027 + 0.011 mm*in the 30-mg-kg"'-day™ group, and 0.018 + 0.006 mm® in

the 60-mg-kg'-day™ group (Fig. 1).

Figure 1 A, B, C. Oral administration of sorafenib suppresses the
development of choroidal neovascularization (CNV) at Bruch’s membrane
rupture sites. Representative choroidal flat mounts after perfusion with
fluorescein-labeled dextran 2 weeks after laser photocoagulation. Sorafenib

(or vehicle) was delivered daily by oral gavage beginning 1 day prior to laser

15



treatment. (A) Control group, (B) 30 mgkg'-day" sorafenib, (C) 60

mg-kg'-day™ sorafenib. Scale bar represents 100 pm.
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Area of CNV (mm?2*1073)

D Control 30mg/kg/day  60mga/kg/day

Figure 1 D. Image analysis confirmed that there significantly less CNV in
mice that received sorafenib compared with those that received vehicle. *P <
0.0001 compared with vehicle control. 'P = 0.0349 when 30 mg-kg'-day ™ and

60 mg-kg"-day sorafenib treatment groups were compared.

This translated into a 43 % decrease in CNV area in the low-dose group and

a 61 % decrease in the high-dose group compared with controls (P < 0.0001 at

16



each dose; linear mixed model). The mean area of CNV was also significantly
smaller in the 60-mg-kg"'-day” group than in the 30-mgkg"'-day™ treatment

group (P = 0.0349).

2. Effect of sorafenib on established CNV

Fourteen days after laser treatment, mice that had received sorafenib
exhibited a significant reduction in CNV area on choroidal flat mounts
compared with those seen in 7-day baseline eyes (P < 0.0001 for each dose;
linear mixed model) and in the control (placebo-treated) group (P < 0.0001
for each dose), indicating a regression of CNV. The mean area of CNV was
0.051 = 0.019 mm® in 7-day baseline eyes, 0.050 + 0.018 mm’ in the control
(placebo-treated) group, 0.021 + 0.007 mm*in the 30-mg-kg"-day™ group, and
0.017 + 0.004 mm” in the 60-mg-kg"'-day” group, as indicated by an analysis

of choroidal flat mounts (Fig. 2).
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Figure 2 A, B, C, D. Oral administration of sorafenib resulted in the

regression of established choroidal neovascularization (CNV) at Bruch’s
membrane rupture sites. Representative choroidal flat mounts after perfusion
with fluorescein-labeled dextran 2 weeks after laser photocoagulation.
Sorafenib (or vehicle) was delivered daily by oral gavage beginning 7 days
after laser treatment. (A) 7-day baseline group, (B) Control group, (C) 30
mg-kg'-day” sorafenib, (D) 60 mgkg'-day"' sorafenib. Scale bar represents
100 pm.

18
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Figure 2 E. Image analysis confirmed that there was significantly less CNV in
mice that received sorafenib compared with 7 day baseline eyes and those that
received vehicle (E). *P < 0.0001 compared with both baseline measurement
and vehicle control. 'P = 0.777 when 30 mgkg'-day" and 60 mgkg'-day”

sorafenib treatment groups were compared.

This could be translated into a 59 % decrease in CNV area in the low-dose
group and a 66 % decrease in the high-dose group compared with both

baseline and control measurements. Although the mean CNV area was

19



reduced in a dose-dependent manner, the difference between the 30-mg-kg’
".day’ and the 60-mgkg'-day’' group was not significant in a regression

model (P =0.777).

3. Histologic evaluation of laser burns

Histopathology analysis confirmed that CNV lesions in sorafenib-treated
mice were smaller in diameter and had thinner centers compared with those in
control animals. There was a discontinuity in Bruch’s membrane in the area of
each laser burn in both control and treatment groups. At the site of the laser
spots, areas of fibrovascular tissue consisting of vessel lumen were observed.
Control mice treated with vehicle showed larger lesion areas consisting of
fibrovascular tissue, RPE cells, and pigment clumps compared with mice that

received sorafenib 1 day before laser injury (Fig. 3).

20



Figure 3. Hematoxylin-eosin-stained light micrograph of choroidal

neovascularization (CNV) lesions 2 weeks after laser injury. Sorafenib (or
vehicle) was delivered daily by oral gavage beginning 1 day prior to laser
treatment. Each photograph shows the center of CNV lesions. (A) Control
group, (B) 30 mgkg'-day™ sorafenib, (C) 60 mg-kg'-day” sorafenib. Scale

bar represents 100 pm.

4. Phosphorylated-ERK expression after laser photocoagulation and

inhibition of CNV via p-ERK inhibition

Activation of the Raf/MEK/ERK kinase pathway in endothelial cells is
necessary for angiogenesis. This signaling pathway also acts downstream of
both VEGF and PDGF, so we investigated whether sorafenib treatment
inhibited ERK phosphorylation in our CNV model. At days 1, 7 and 14 after

laser injury, the expression level of p-ERK relative to that of total ERK

21



increased compared with baseline levels. In laser-treated mice receiving

sorafenib, the relative expression of p-ERK was reduced at all time points

(Fig. 4).

Phospho—ERK—l/Zm. | — a-

A

Figure 4A. p-ERK expression in the choroid and RPE layer of mice from the
non-treated group (without laser injury), the control group (vehicle-treated
after laser injury) and the treatment group (60-mg-kg"'-day” sorafenib-treated
after laser injury) at days 1, 7 and 14 after laser injury. Western-blot analysis
revealed that p-ERK expression increased 2 weeks after laser
photocoagulation and was suppressed by sorafenib treatment. B: baseline

without laser treatment; C: vehicle-treated laser group; T: sorafenib-treated

laser group.
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Figure 4B. Densitometric analysis of three independent experiments showed
an increase in relative p-ERK expression (values normalized to total ERK
expression) after laser photocoagulation compared with the non-treated group,
and this increase was suppressed by sorafenib treatment. B: baseline without

laser treatment; C: vehicle-treated laser group; T: sorafenib-treated laser group.
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IV. DISCUSSION

The laser-induced CNV model is widely used for the study but does not
completely mimic naturally occurring CNV in age-related macular
degeneration.”* Nonetheless, the essential process such as the break-up of the
basement membrane, the migration and proliferation of vascular endothelial
cells, and tubular formation is similar, which validates the use of the laser-
photocoagulation-induced model for evaluating the effect of a drug on CNV.**

In this study, we showed that oral administration of sorafenib markedly
inhibited CNV in a dose-dependent manner. Sorafenib treatment that began
prior to laser-induced coagulation suppressed the development of CNV, and
when administered after the establishment of neovascularization (7 days after
Bruch’s membrane rupture) caused CNV regression. Choroidal flat mounts
demonstrated a significant reduction in CNV areas after sorafenib treatment.

Western-blot analyses of RPE/choroid layer revealed increased expression of

24



p-ERK in RPE/choroid tissues, which was evident 1 day after Bruch’s
membrane rupture and was maintained through 2 weeks. The expression of p-
ERK was suppressed by orally administered sorafenib at every time point.
Sorafenib is an oral multikinase inhibitor that inhibits VEGFR2, PDGFR-3
and the serine threonine kinase Raf, which acts through the Raf/MEK/ERK
kinase signaling pathway. » ** In addition to direct antitumor activity,
sorafenib has been shown to possess anti-angiogenic properties. Recent
reports have demonstrated that the anti-angiogenic effect of sorafenib might
be a primary consequence of therapy and not a secondary effect owing to
tumor cell loss and reduced production of angiogenic factors.”” ** Recent case
reports have also suggested possible therapeutic benefits of sorafenib in the
treatment of exudative age-related macular degeneration. However, in these
reports, sorafenib was administered either after or in conjunction with

intravitreal injection of anti-VEGF drugs; thus, the direct therapeutic effect of

25



sorafenib in CNV could not be proven.* *

Although targeting VEGF has recently been validated in clinical trials as an
effective therapy for diseases associated with pathologic angiogenesis®™,
several other growth factor pathways have been shown to be involved in the
process of pathologic angiogenesis,”* ** and there is evidence that anti-VEGF
therapy alone may not be sufficient to cause vessel regression in advanced
stages of aberrant angiogenesis. An RTK inhibitor targeting VEGFR2 and
PDGFR-B was shown to potently promote tumor-vessel regression' and a
recent report has also shown that inhibition of PDGF-} signaling rendered
growing vessels more sensitive to anti-VEGF blockade.”” Sorafenib has
inhibitory activities against a number of kinases implicated in angiogenesis,
including VEGFR2 and PDGFR-B, indicates that inhibition of

neovascularization might be especially effective. Further experiments should

reveal whether this theoretical advantage of sorafenib holds true when

26



comparing it to the anti-VEGF therapy alone.
Increased phosphorylation of ERK 1/2 has been reported in oxygen-exposed
rats and in other models of retinal ischemia, and has been suggested to have a

. . . . -3
critical role in ocular angiogenesis.’*>®

Our observation that ERK
phosphorylation was increased after Bruch’s membrane rupture and was
suppressed by sorafenib treatment in association with a significant reduction
in CNV areas suggests that activation of the MAP kinase pathway (and/or
VEGF/PDGEF signaling) is also involved in the development of CNV in this
mouse model. However, inhibition of any one of the VEGF, PDGF or MAP
kinase pathways can inhibit angiogenesis. **' Future investigations using
drugs with different, but overlapping, in vitro activities should allow
identification of the specific kinase targeted by sorafenib in a CN'V model and

provide insight into the molecular signals involved in the development of

CNV.
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V. CONCLUSION

The current study showed that oral administration of the multikinase

inhibitor sorafenib significantly suppressed the development of laser-induced

CNV and caused regression of established CNV in mice. Sorafenib interferes

with multiple pro-angiogenic receptor tyrosine kinases, including VEGFR 2,

PDGFR-f and Raf kinase, and thus holds promise for the treatment of CNV in

clinical settings.
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ABSTRACT (in Korean)

AoAZ f=d 434 989 ABER vles BN
ATE Fod AgvdY 53

4 & A
A" AH S wiAoA FHEE wgd AA4dHe =9l
oA Fed AW dlew 4 9tk Vascular
endothelial growth factor (VEGF)E H& o7 Rao] osd
S W WA AAERe FAHAA PE Fod 9gs &

Aoz AR Axfolt}. T3 VEGFo| Qo X platelet-derived
growth factor (PDGF)Y} fibroblast growth factor(FGF)% <&
e AARIEE HAQd & A9 HAoA Fagh 9kg T

Ao AZE glor] ofF st AF AvEe] niud
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A ZAZA v]F Food and Drug Administration?] <<l
T8 Fol kAlolt) 71Ee] HAErHeR d#F] Raf kinase
Aol elel = VEGFR2, VEGFR3, PDGFR-B3%} #& oy
AR AE 9] T8 2 gA3E  Y9AA7]E=  multikinase
inhibitorZ &¢## 2l

B dye dgdoes fxd vz wEgEt AAE A
ATR Fod Agtdge AR g4 adE 2uA T

Aol AE Aldste] Weget AALdRS FEd vp-zolA o)A

A5 19 AFH AFE 289H Ex vehiclex FoATh

ATl = ol 4dE HEH AdIdolAe]  LEdd
aE A7) HAstel dHolA AlF - 7dARE ABTE

289y EE vehicle& FAste] oA & 14Yo] W9



60-mg-kg day ' ZFANME 61% #HAadlel FAHoR

zZhol & YERRATE (P < 0.0001). I ojn] PR wgut
AAE TR HPE aRHo® fFrote SE Yepwnh ek
28R Wwe F7]E 30-mgkg day | LFOIA diETd
Hl wale] 59% 7439 o™ 60-mgkg day ! ZEANAME 66%

Baste] BAROR F8 AolE LRI (P< 0.0001).

kinase¢l VEGFR 2, PDGFR-B, Raf kinaseS & Aol A3}
AAEHE FAS AAstER J3HQ HNFgE AR E T

23} AN F U9e Aow A,

AN = o wgy AAEHA extracellular  signal-regulated

kinase, antiangiogenesis, A& 9
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