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ABSTRACT
SF0166, a small-molecule avb3 antagonist, has physiochemical
properties that allow distribution to the posterior segment of the
eye after topical administration in an ophthalmic solution. The
pharmacodynamics and ocular distribution of SF0166 were
evaluated in several cell lines, chick chorioallantoic mem-
brane assays, and models of ocular neovascularization in mice
and pigmented rabbits. SF0166 inhibited cellular adhesion to
vitronectin across human, rat, rabbit, and dog cell lines with IC50
values of 7.6 pM to 76 nM. SF0166 inhibited integrin–ligand
interactions at IC50 values of 0.6–13 nM for human avb3, avb6,
and avb8. SF0166 significantly decreased neovascularization
in the oxygen-induced retinopathy mouse model. SF0166

distributed to the choroid and retina after topical ocular admin-
istration in amounts that substantially exceeded the cellular IC50
for adhesion to vitronectin; drug concentrations weremaintained
for.12 hours. In the laser-induced choroidal neovascularization
model, topical ocular administration of SF0166 decreased le-
sion area compared with vehicle and was comparable to a
bevacizumab injection. In the vascular endothelial growth
factor–induced early neovascularization and vascular leakage
model, topical ocular application of SF0166 resulted in a dose-
dependent reduction in vascular leakage; the highest ocular
doses tested showed comparable activity to a bevacizumab
injection.

Introduction
Age-related macular degeneration (AMD) and diabetic reti-

nopathy are leading causes of visual impairment and blindness
worldwide that continue to grow in prevalence as the population
ages and the incidence of diabetes mellitus increases (Congdon
et al., 2004; Foster and Resnikoff, 2005; Bourne et al., 2013).
Intravitreally injected inhibitors targeting vascular endothelial
growth factor (VEGF) have had a significant impact on the
treatment of neovascular AMD and diabetic macular edema
(DME), a manifestation of diabetic retinopathy. Antagonists of
avb3 and avb5 block VEGF-R2 phosphorylation and VEGF-
stimulated adhesion, proliferation, andmigration of endothelial
cells (Terai et al., 2001; Tsou and Isik, 2001). After ocular VEGF
exposure in monkeys, avb3 and avb5 are upregulated in
migrating cells from pre-existing and newly formed vessels
(Witmer et al., 2004). This evidence indicates a relationship
between VEGF and av integrins and supports the investigation
of av integrin antagonists to treat neovascular AMD and DME.
Small-molecule antagonists of avb3 and avb5 have been

shown to inhibit retinal neovascularization in animal models

when administered by i.p. or periocular injection (Luna
et al., 1996; Wilkinson-Berka et al., 2006). JNJ-26076713,
when administered orally, has been shown to inhibit retinal
neovascularization in an oxygen-inducedmodel of retinopathy
of prematurity as well as inhibiting retinal vascular perme-
ability in diabetic rats, a key early event in DME and
neovascular AMD (Santulli et al., 2008).
AXT107, a 20-mer peptide that binds to avb3 and a5b1, has

recently been reported to suppress subretinal and retinal
neovascularization in two mouse models after intraocular
injection (Silva et al., 2017). In a rabbit model, injection of
AXT107 significantly reduced VEGF-induced vascular leak-
age comparable to an injection of aflibercept, but showed a
longer duration of action after a single injection.
ALG-1001 (Luminate) is reported to be a peptide inhibitor of

avb3, avb5, a5b1, and a3b1 (Kupperman, 2015) and is being
studied in clinical trials for the treatment ofDME (NCT02348918)
and vitreomacular adhesion (NCT02153476), by intravitreal
injections.
SF0166 is a potent avb3 antagonist with appropriate

physiochemical properties to allow distribution to the poste-
rior segment of the eye after topical administration in an
ophthalmic solution.
In this work, we describe the in vitro antiadhesion and

antiangiogenic activity of SF0166, efficacy in amousemodel of
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oxygen-induced retinopathy (OIR), and in vivo ocular distri-
bution and efficacy in Dutch-Belted rabbit models of laser-
induced choroidal neovascularization (CNV) and VEGF-induced
neovascularization. SF0166 is currently being investigated in
two clinical trials in patients with DME (NCT02914613) and
neovascular AMD (NCT02914639). Successful clinical develop-
ment would provide a topically applied ocular treatment of DME
and neovascular AMD thatmay replace intravitreal injections of
anti-VEGF biologic drugs.

Materials and Methods
TestMaterials andCell Lines. SF0166-FA, (S)-3-(6-(difluoromethoxy)

pyridin-3-yl)-3-(oxo-2-3-(3-(5,6,7,8-tetrahydro-1,8-naphthyridin-2-yl)propyl)-
imidazolidin-1-yl)propanoic acid (mol. wt. of 475 g/mol), and SF0166,
the 2-amino-2-methyl-2-propanol salt (mol. wt. of 565 g/mol), were
manufactured by Anthem Biosciences (Bangalore, India) (Askew
et al., 2014). Both forms of the test article are referred to as SF0166
in this article. The free acid form (SF0166-FA) was used in all studies
except the VEGF-induced neovascularization in Dutch-Belted rabbits
and the ocular distribution analyses in rabbits.

Human dermal microvascular endothelial cells (HMVEC) were
from Lonza (Basel, Switzerland); rabbit aortic endothelial cells
(RAEC) were from Cell Biologics (Chicago, IL); rat lung microvascular
endothelial cells (RLMVEC) were from Vec Technologies (Rensselear,
NY); K562 (leukemia) and HT29 (adenocarcinoma) were from Amer-
ican Type Culture Collection (Manassas, VA); and canine aortic
endothelial cells (CnAOEC) were from Cell Applications (San Diego,
CA).

Animals. This research was carried out in accordance with the
Guide for the Care and Use of Laboratory Animals as adopted and
promulgated by the National Institutes of Health and was approved
by the clinical research organization’s review board. Female 129SVE
newborn mouse pups with mothers were obtained from Charles River
Laboratories (Wilmington, MA). Male naive Dutch-Belted rabbits
weighing approximately 1.5–2.0 kg were obtained from Covance
(Denver, PA) or Western Oregon Rabbit (Philomath, OR). Food and
water were supplied ad libitum.

Determination of Physiochemical Properties. A two-phase
system plate was used for octanol/buffer partitioning to determine log
D values. Octanol in equilibrium with universal buffer (0.15 M NaCl
and 0.100 M each of phosphoric, boric, and acetic acids) was adjusted
with NaOH to pH 2.0, 4.0, 7.4, and 9.0. SF0166 and standards in
10 mM dimethylsulfoxide (DMSO) were added to the plates for a final
concentration of 10% DMSO. The plates were sealed, vortexed, and
centrifuged to aid in phase settling. The assay was conducted on an
ADWworkstation using chemiluminescent nitrogen detection (Analiza,
Cleveland, OH). Calculated log D values were corrected for background
nitrogen.

To determine pKa values, SF0166 in 10 mM DMSO was diluted
with 2 mM HCl and methanol to achieve final concentrations of 60%
methanol, 100 mM SF0166, and 1% DMSO. The assay was conducted
in 96-well plates using a pKa PRO Analyzer and Estimator software
(AATI, Ames, IA). The average pH spacing between buffer points was
0.4 pHU, covering a pH range of 1.7–11.2. Four consecutive runs were
conducted starting with 60% cosolvent and decreasing to 30%
cosolvent buffers.

To assess permeability, SF0166 in 10 mM DMSO was diluted with
1� phosphate-buffered saline (PBS) for a final concentration of
200 mM SF0166, loaded onto a BD Gentest precoated PAMPA plate
(BD Biosciences, San Jose, CA), and incubated 5 hours in the dark at
ambient temperature. Samples were then diluted 20-fold with a 50:50
mixture of mobile phase components (0.1% formic acid in water:0.1%
formic acid in acetonitrile) and analyzed using an Agilent Technolo-
gies (Santa Clara, CA) 1100 high-performance liquid chromatography
coupled with a CTC HTC-PAL autosampler (CTC Analytics, Lake
Elmo, MN) and AQUASIL C18 column (3 mM, 50 � 2.1 mm; Thermo

Fisher Scientific, Waltham, MA). Time-of-flight mass spectometry
(TOF MS) data were acquired using an Agilent 6538 Ultra High
Accuracy TOF MS in extended dynamic range (m/z 100–1000) using
generic MS conditions. Following data acquisition, exact mass
extraction and peak integration were performed using MassHunter
Software (Agilent Technologies).

Binding to avb3, avb5, avb6, and avb8 Integrins. SF0166 was
assessed for binding to avb3, avb5, avb6, and avb8 integrins using a
previously published in vitro assay (Ludbrook et al., 2003). Briefly,
avb3, avb5, avb6, and avb8 integrins (R&D Systems, Minneapolis, MN)
were coupled to Dynabeads M-270 Epoxy (ThermoFisher Scientific),
and conditions for the binding of the coupled Dyna beads to the
integrins’ respective ligands were optimized. Ligands were as follows:
vitronectin (R&D Systems) for avb3 and avb5; latency-associated
peptide transforming growth factor-b1 (R&D Systems) for avb6 and
avb8. Each integrin–ligand pair was treated with SF0166 at concen-
trations of 3.9–500 nM in 0.08% DMSO (triplicate measures). After a
3-hour incubation, the beads were washed, labeled with a primary
antibody to the ligand (R&D Systems) and a secondary antibody
conjugated with fluorescein isothiocyanate (Sigma-Aldrich, St. Louis,
MO), and analyzed by flow cytometry. The method was validated by
screening the effect of echistatin, cilengitide, and CWHM12 (synthe-
sized by Anthem BioSciences) (Henderson et al., 2013) on the
appropriate integrin–ligand pair. IC50 values were determined using
Prism software (GraphPad, La Jolla, CA).

Testing of Antiadhesion Activity. The activity of SF0166 in
blocking adhesion to vitronectin was assessed in HMVEC, RAEC, and
RLMVEC, and in blocking adhesion to vitronectin and fibronectin was
assessed in CnAOEC. (Adhesion to vitronectin is mediated by avb3

and avb5; adhesion to fibronectin is predominantly mediated by a5b1.)
HMVECwere used at passages 9–14, and RAEC and RLMVEC cells

were used at passages 4–14. Cells were grown in T175 tissue culture
flasks and dislodged by gentle 3-minute treatmentwithAccutase. After
washing, the cells in suspension in RPMI were loaded with calcein-AM
(5 mM) for 30 minutes at 37°C and resuspended into RPMI without
phenol red containing 10% fetal bovine serum. Assays were performed
in 96-well plates, whichwere coatedwith vitronectin in PBS, pH7.4, by
incubating 50ml 10mg/ml solution for 1.5 hours at room temperature or
overnight at 4°C. The plates were then blocked with 1% bovine serum
albumin in PBS (30 minutes at room temperature) and washed with
PBS. Cell suspensions were plated at a density of 5.0 � 104 (HMVEC
and RAEC) or 1.0 � 105 (RLMVEC). SF0166 was added at the same
time as the cells. Two lots of SF0166 were tested. The compound was
tested using a maximum concentration of 1 mMwith half-log dilutions.
The plateswere incubated for 1.5 hours at 37°C. The plates were gently
washed with two cycles of aspiration of the supernatant and addition
of 100 ml prewarmed fresh Dulbecco’s PBS (DPBS).

CnAOEC were used at passages 4–6. Cells were grown in T75 or
T175 tissue culture flasks in canine endothelial cell growth medium
(Cell Applications); cells were then washed with DPBS containing
0.5 M EDTA, and then incubated 5–10 minutes with enzyme-free cell
dissociation solution (Sigma-Aldrich). After washing, the cells were
diluted to 400 cells/ml in canine endothelial cell growth medium.
Assays were performed in 96-well plates, which were coated with
vitronectin (50 ml 10 mg/ml solution; 500 ng/well) or fibronectin
(1 mg/ml; 50 ng/well) in DPBS by incubating for 2 hours at room
temperature. The plates were then blocked with 1% bovine serum
albumin in PBS (30 minutes at room temperature) and washed with
PBS. SF0166was tested using amaximum concentration of 1mMwith
half-log dilutions. After addition of SF0166, cell suspensions were
added at a density of 2.0 � 104 cells/well. The plates were incubated
for 1 hour at 37°C. The plates were gently washed with two cycles of
aspiration of the supernatant and addition of 100 ml prewarmed
fresh canine endothelial cell growth medium. An equal volume of
alamarBlue (0.1 mM resazurin solution in DPBS) was added to each
well and incubated for 1 hour at 37°C.

The activity of SF0166 was compared with L-000845704 (Murphy
et al., 2005), a positive control, for inhibiting the binding to vitronectin
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and fibronectin of HMVE, RLMVEC, K562 (leukemia), and HT29
(adenocarcinoma) cell lines. HMVEC were used at passages 9–14;
RLMVEC and HT29 cells were used at passages 4–10; and K562 cells
were used at passages 3–8. Cell culture and assays were conducted as
described above with the following differences. Cell suspensions were
plated at a density of 2.0� 105. SF0166was tested at 10 concentrations
with a half-log dilution schedule. Cell adhesion to vitronectin was
tested in duplicate or triplicate at compound concentrations ranging
from 316 nM to 0.317 pM. Cell adhesion to fibronectin was tested in
duplicate or triplicate at compound concentrations ranging from
200 mM to 20 nM for HMVEC and K562 cell lines and from 316 nM
to 0.317 pM for HT29. The plates were gently washed with one cycle of
aspiration of the supernatant and addition of 100 ml prewarmed fresh
DPBS.

Fluorescence of adherent cells was measured using a multimode
plate reader (Victor 2V; PerkinElmer, Waltham, MA) at excitation/
emissionwavelengths of 485/535 nm. IC50 valueswere calculatedwith
Prism software by fixing the bottom of the curves to a value of blank for
empty wells.

Antiangiogenic Activity Using Chick Chorioallantoic Mem-
brane Assay—Basic Fibroblast Growth Factor–, VEGF-,
and Platelet-Derived Growth Factor–Induced Models. The
ovo antiangiogenic activity of SF0166 was assessed using the chorio-
allantoic membrane (CAM) model, a model of angiogenesis that is
widely used for evaluation of antiangiogenic therapies (Ponce and
Kleinman, 2003). Fertile hen eggs were procured from a hatchery and
were cleaned and decontaminated with alcohol. One milliliter of
albumin was removed by syringe and incubated for 8 days. CAM
surfaces were grafted with gelatin sponges impregnated with 0.5–5mg
SF0166, dissolved in PBS along with 50 ng basic fibroblast growth
factor, VEGF, or platelet-derived growth factor (PDGF). A total of 1 mg
staurosporine was used as a positive control. The CAMs were further
incubated to day 12, and on day 12 the CAMs were fixed with 4%
formaldehyde in PBS, dissected, and imaged. Imaging was performed
under constant illumination and magnification using a stereo micro-
scope fitted with a digital camera. Image analysis was performed by
drawing a ring around each graft and counting the number of vessels
crossing the ring (blood vessel score).Datawere analyzedusingExcel 2007.

Ocular Distribution. The ocular uptake and ocular tissue distri-
bution of SF0166 were assessed after a single topical ocular admin-
istration into both eyes in Dutch-Belted rabbits. The vehicle was boric
acid, hydroxypropyl-b-cyclodextrin, EDTA, and benzalkonium chlo-
ride. SF0166 was administered at a concentration of 5% and a volume
of 50 ml/eye (2.5 mg/eye). Plasma and the ocular tissue samples
(aqueous humor, vitreous humor, sclera, and retina–choroid plexus)
were collected at 1, 4, 8, and 12 hours postdose [n 5 3 animals (six
eyes) per timepoint] and stored frozen until analysis. Working
solutions were prepared in 50:50 acetonitrile:water. Working solu-
tions were combined with plasma, a 1:1 mixture of aqueous and
vitreous humor, or a mixture of blank homogenized sclera, retina, and
choroid to make eight-point calibration curves. Plasma samples were
analyzed using a validated liquid chromatography with tandem mass
spectrometry procedure. Briefly, 100 ml aliquots were mixed with
0.75 ml acetonitrile (Spectrum, New Brunswick, NJ) containing 10 ng
SF0166-d3 internal standard. After shaking for 5 minutes, the sample
was centrifuged to remove precipitated proteins, and 200 ml of the
resulting supernatant was transferred to an autosampler tube,
diluted with 0.5 ml American Society for Testing and Materials type
I water, and vortex-mixed for instrumental analysis. For the deter-
mination of SF0166 in vitreous and aqueous humor, study specimens
were homogenized in a shaker for 1 hour and centrifuged, and aliquots
were taken for extraction and analysis. Ocular tissue specimens were
finely cut, weighed, and treated with 30 parts [extraction volume
(microliter) to sampleweight (milligram); three parts for lens tissue] of
American Society for Testing and Materials type I water and shaken
for approximately 0.5 hour. Sample extraction was repeated after the
addition of 10 parts of acetonitrile (one part for lens tissue) and
another 0.5 hour of shaking. The samples were then centrifuged, and

aliquotswere taken for extraction and analysis. The specimen aliquots
(100 ml) were treated with 200 ml acetonitrile-containing internal
standard and shaken for approximately 0.5 hour. The samples were
then centrifuged to remove precipitated proteins and diluted with
200 ml water for instrumental analysis. Samples were analyzed using
liquid chromatography with tandem mass spectrometry. Ocular
pharmacokinetic parameters were determined by noncompartmental
analysis using R (version 3.3.1) with the package PKNCA.

OIR Mouse Model. The efficacy of SF0166 was evaluated in the
OIR mouse model. On postnatal day 7, mice were subjected to
hyperoxia (75% oxygen) to inhibit retinal vessel growth and induce
retinal vessel loss (vaso-obliteration). At postnatal day 12, mice were
returned to a normoxic environment to induce retinal neovasculariza-
tion. On postnatal days 13–17, mice received bilateral topical in-
stillation of vehicle or 5% SF0166 twice daily (BID). At postnatal day
18, retinal tissue was collected, processed, and analyzed to measure
vaso-obliteration and neovascularization.

Retinas were stained with isolectin B4 to selectively label retinal
vasculature. Stained retinal flat mounts were imaged and analyzed to
quantify both vaso-obliteration, defined as the avascular area central
to the optic nerve, and neovascularization. Statistical analyses were
performed using Prism software using an unpaired t test.

Laser-Induced CNV Model in Dutch-Belted Rabbits. In the
laser-induced CNV model, the safety and efficacy of SF0166 were
evaluated over 5 weeks using clinical ophthalmic exams, ocular coher-
ence tomography (OCT), fundus photography, and fluorescein angiog-
raphy. Prior to placement on study, animals underwent prescreening
ophthalmic examinations, including slit-lamp biomicroscopy and indi-
rect ophthalmoscopy. Ocular findings were scored as shown in Supple-
mental Table 1. Only animals with a score of 0 in all categories were
included in the study. Animals were anesthetized for CNV induction,
and one drop of topical proparacaine hydrochloride anesthetic (0.5%)
was placed in each eye before procedures. CNV was induced by laser
treatment on day23. An external diode laser was applied to the retina
using a laser contact lens and a slit-lamp biomicroscope. Both eyes of
each animal underwent laser photocoagulation treatment (18–23 spots
per eye sized 20–100mm). Following laser treatment, 50ml of a 25mg/ml
VEGF solution (1.25 mg dose) was injected intravitreally into each eye,
which prolongs the viability of CNV induced by laser injury (Gum et al.,
2005). Topical antibiotic ointment was applied after the laser CNV
induction procedure. Overall safety was assessed through daily general
health and gross ocular observations.

The test articles were SF0166, bevacizumab (Avastin) as positive
control, and vehicle. The SF0166 consisted of 2.5 wt% SF0166
dissolved in PBS containing 5 wt% sulfobutyl ether b-cyclodextrin.
SF0166 (1.25 mg/eye) and vehicle control were administered topically
in 50ml into each eye BID starting on day 1, except on day 35when the
terminal ocular distribution study was performed. Bevacizumab
(1.25mg/eye) was administered by intravitreal injection once on day 1.

The Heidelberg Spectralis OCT (software version 5.4) was used to
capture both the OCT and fluorescein angiography images during the
study. Lesion dimensions (widths and heights measured in microme-
ters) were measured using the OCT images and utilizing the
algorithms of the Heidelberg Spectralis OCT software. Lesion sites
that were more uniform in shape and away from any anomalies
associated with the initial CNV induction were selected for measure-
ments. Four sites were chosen for each eye, and the same four sites
were assessed at each timepoint.

The areas of the previously measured lesions were analyzed by
individually tracing the overall perimeter of the CNV anomaly using
the algorithms of the Heidelberg Spectralis OCT software. Statistical
analysis was performed on the area of the lesions for each eye over the
course of the study, and the data were analyzed using analysis of
variance. Differences among groups were analyzed using Dunnett’s
multiple comparison procedure.

VEGF-Induced Neovascularization Model in Dutch-Belted
Rabbits. The VEGF-induced neovascularization and vascular leak-
age model study evaluated the safety, efficacy, and distribution of
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SF0166. Prior to placement on study, each animal underwent an
ophthalmic examination (slit-lamp biomicroscopy and indirect oph-
thalmoscopy). Ocular findings were scored as shown in Supplemental
Table 2. The acceptance criteria for placement on study were scores of
0 for all variables. Neovascularization and vascular leakage were
evaluated by fluorescein angiography, and the images were graded to
determine the fluorescein angiography score.

Test article administration to the eyes of six Dutch-Belted rab-
bits per group began on day 1 of the study [2 days prior to VEGF
injection (vascular leakage/neovascularization induction)]. SF0166
was dissolved in 5% hydroxypropyl b-cyclodextrin and polyethylene
glycol 6000 in borate buffer. SF0166 at concentrations of 1% to 5%
(0.5–2.5 mg/eye) and vehicle control were administered topically in
50ml to each eye once daily or BID, as shown in Supplemental Table 3.
Bevacizumab (1.25mg/eye) was administered by intravitreal injection
once on day 1.

Vascular leakage was induced on day 3 via intravitreal injection of
VEGF (500 ng/eye). Clinical ophthalmic examinations and fluorescein
imaging were performed at baseline (day 22) prior to the initiation of
dosing and prior to termination on day 8. Body weights were recorded
prior to the start of dosing and prior to termination. Overall safety was
assessed through daily general health observations.

The fluorescein angiography images were evaluated according to
the scale shown in Supplemental Table 2 to provide amean fluorescein
angiography score.

Results
Physiochemical Properties

SF0166 is an anionic molecule, marginally more lipophilic
than hydrophilic, with a high membrane permeability. SF0166
has physiochemical properties as follows: log D (corrected)
of20.13 at pH 2.0; 0.62 at pH 4.0, 0.43 at pH 7.4, 0.01 at pH 9.0;
pKa of 4.24 and 7.71; and permeability of 7.72 � 1027 cm/s.

In Vitro Studies

SF0166 inhibited human integrin–ligand interactions at IC50

values of 0.6 nM for avb3, 8 nM for avb6, and 13 nM for avb8.
SF0166 did not inhibit binding to avb5. The IC50 values for
inhibition of cell adhesion to vitronectin were 59 nM for human
(HMVEC), 76 nM for dog (CnAOEC), 49 nM for rabbit (RAEC),
and7.8nMfor rat (RLMVEC).The IC50 values for inhibition of cell
adhesion to fibronectin were.1.0mM for dog (CnAOEC). SF0166
and L-000845704 (positive control) were both potent inhibitors of
cell adhesion to vitronectin, with IC50 values from 7.6 pM to 1.6
nM (SF0166) and 29 pM to 1.6 nM (L-000845704), depending on
the cell line (Table 1). Both were substantially less potent in
blocking cell adhesion to fibronectin, with IC50 values of 1.3 nM to
930 mM (SF0166) and 5.3 nM to 239 mM (L-000845704).
In the CAM assay, angiogenesis stimulated by basic fibro-

blast growth factor was inhibited in a dose-dependentmanner,
with a 36% reduction in vessel score at 0.5mg, 42% at 1mg, and
58% at 4 mg compared with 67% for 1 mg staurosporine, a pan-
kinase inhibitor used as the positive control (Fig. 1A).

Angiogenesis stimulated by VEGF was inhibited in a potent
dose-dependent manner, with a 61% reduction in vessel score
at 2 mg and 88% at 5 mg compared with 90% for 1 mg
staurosporine (Fig. 1B). Angiogenesis stimulated by PDGF

TABLE 1
Activity of SF0166 and L-000845704 in blocking cell adhesion to vitronectin (vn) and fibronectin (fn)
N = 2–4 per group.

Compound

K562 HT29 HMVEC RLMVEC

vn fn vn fn vn fn vn fn
IC50, mM IC50, mM IC50, mM IC50, mM IC50, mM IC50, mM IC50, mM IC50, mM

SF0166 0.00161 3.04 0.00129 0.00127 0.00105 159 0.00000761 930
L-000845704 0.00118 1.81 0.00159 0.00533 0.00110 46.3 0.0000286 239

Fig. 1. Activity of SF0166 in CAM assay. (A) Basic fibroblast growth
factor stimulation. (B) VEGF stimulation. (C) PDGF stimulation. Y-axis:
blood vessels score. A total of 1 mg staurosporine was used as a positive
control. Error bars represent S.E.M. N = 5 per group. P values for all
treated groups were calculated by comparing with the vehicle group. *P,
0.05; **P , 0.01; ***P , 0.001.
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was moderately inhibited, with a moderate 35% reduction in
vessel score at 0.5 mg, 28% at 1 mg, and 28% at 4 mg with no
clear dose response. Inhibition with 1 mg staurosporine was
49% (Fig. 1C).

Ocular Distribution

After a single ocular dose, rapid exposure to SF0166 was
evident in all rabbits, as indicated by plasma, sclera,
retina–choroid, vitreous humor, and aqueous humor Cmax

values at 1 hour postdose (the first sampling timepoint) for
most tissues (Fig. 2). Ocular tissue pharmacokinetic param-
eters are shown in Table 2. The concentration of SF0166 in the
retina–choroid peaks at 5103 ng/g or 9.0 nmol/g (formula
weight of SF0166 is 565 g/mol), or ∼9 mM (assuming a tissue
density of 1 g/ml).

OIR Model

An increase in vaso-obliteration was seen in the group of
mice treated with 5% SF0166 relative to the vehicle-treated
group, but the difference was not significant (P 5 0.1412). A
significant decrease in neovascularization was observed in the
5% SF0166 treatment group relative to the vehicle treatment
group (Fig. 3; P 5 0.0363).

Laser-Induced CNV Model

There were no notable abnormalities in daily general health
and gross ocular observations.
Clinical Ophthalmic Examinations. On day 0, 3 days

after laser treatment and the day before initiation of dosing
with SF0166, vehicle, or bevacizumab, animals across groups
had scores of 1 or 2 for choroidal/retinal inflammation, retinal
hemorrhage, retinal detachments, and vitreal hemorrhage.

Animals treated with SF0166 did not demonstrate any sign
of ophthalmic toxicity that was not also present at the same or
higher frequency in animals treated with bevacizumab or
vehicle. On day 35 (treatment with SF0166 or vehicle for
34 days), all scores were 0–1 on all measures except lens (score
of 3 for all animals except one animal in the SF0166 group).
Scores of 1 were reported in all groups for cornea and surface
area of cornea involvement, retinal detachments, and retinal
hemorrhage. Small particles were still present on the poste-
rior capsule of the lens for most animals in all dose groups.
CNV Lesion Area Measurements. Lesion area in the

right eye decreased significantly in the SF0166 group com-
pared with the vehicle control group from day 4 to the end of
the study, and in the bevacizumab group from day 18 to the
end of the study (Fig. 4A). [Comparison between the SF0166
and bevacizumab groups was not attempted since the starting
(day 0) lesion areas were greater for the bevacizumab group
(left eye and right eye).] The SF0166 group showed the most
decrease in CNV lesion area in the left eye, decreasing
significantly compared with the vehicle control group from
day 18 to the end of the study (Fig. 4B).

VEGF-Induced Neovascularization Model

There were no notable abnormalities in daily general health
observations.
Clinical Ophthalmic Examinations. Observations at

the clinical ophthalmic examination on day 8 such as slight
opacity of the posterior capsule or lens or of the vitreous
humor, small localized retinal detachment, and cataract were
all mild and may have been artifacts from intravitreal
injections or immune reactions to the VEGF administration.
Fluorescein Imaging. Fluorescein image scoring indi-

cated that the VEGF-induced vascular leakage (vehicle con-
trol group) was noticeably attenuated both in the bevacizumab
group and in all SF0166-treated groups (Fig. 5). The highest
degree of leakage occurred in the vehicle group. There was a
dose-dependent decrease in the mean fluorescein angiogra-
phy scores (attenuation of leakage) for SF0166-treated groups.
The lowest mean fluorescein angiography score was in the
bevacizumab group; however, the highest SF0166 dose groups
showed comparable mean scores to bevacizumab. Represen-
tative fluorescein images are provided in Supplemental Fig. 1.

Discussion
This is the first report of the preclinical pharmacologic

activity of an avb3 inhibitor administered in an eye-drop
formulation. Previous studies of avb3 inhibitors in retinal
disease models have used intraocular or i.p. injection, or oral

Fig. 2. Mean (error bars represent S.D.) concentrations of SF0166 in
plasma, aqueous humor, vitreous humor, and ocular tissues after a single
ocular administration of 5% SF0166 to Dutch-Belted rabbits.N = 3 animals
(six eyes) per timepoint; mean of right eye and left eye combined. Units are
nanograms per gram for sclera and retina–choroid plexus and nanograms
per milliliter for plasma, aqueous humor, and vitreous humor.

TABLE 2
Ocular pharmacokinetic parameters after a single ocular administration of 5% SF0166 (2.5 mg/eye) to Dutch-Belted rabbits
Values are mean (S.D.), except for Tmax and Tlast, which are median (range). Values are mean of right eye and left eye combined. N = 12 animals
(six eyes per timepoint). Units are nanograms per milliliter for aqueous and vitreous humors and nanograms per gram for sclera and
retina–choroid plexus.

Sample Cmax (ng/ml or ng/g) Tmax (h) Clast (ng/ml or ng/g) Tlast (h) AUC0-last (h�ng/ml or h�ng/g)

Aqueous humor 2033 (720) 1 (1, 1) 12.0 (3.19) 12 (12, 12) 5126 (1550)
Vitreous humor 352 (334) 1 (1, 4) 52.3 (47.0) 12 (12, 12) 1298 (986)
Sclera 9417 (6156) 1 (1, 1) 1845 (1394) 12 (12, 12) 45,699 (33,078)
Retina–choroid plexus 5103 (4368) 1 (1, 8) 751 (506) 12 (12, 12) 24,395 (17,534)

AUC, area under the curve.
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dosing. These studies provide validation of inhibiting avb3 for
the treatment of retinal disease such as neovascular AMD and
DME. The only avb3 inhibitor that has been tested in patients
is ALG-1001, which must be delivered by intravitreal injec-
tion. A topically applied avb3 inhibitor would potentially
eliminate the need for repeated intravitreal injections.
SF0166 is the result of a drug discovery effort to synthesize

small-molecule avb3 antagonists having the appropriate

physiochemical properties to allow distribution to the poste-
rior segment of the eye after topical administration in an
ophthalmic solution. A series of analogs of L-000845704, the
small-molecule avb3 antagonist clinically tested as a treat-
ment of osteoporosis (Murphy et al., 2005), with a range of
physiochemical properties (e.g., LogP), were synthesized by
incorporating one or more fluorine substituents, testing their
potency as inhibitors of cellular adhesion to vitronectin, and
then advancing the compounds with potency comparable to
L-000845704 into in vivo testing of ocular distribution and in
models of retinal neovascularization and vascular leakage.
SF0166 inhibits ligand binding to the integrins avb3, avb6,

and avb8 with nanomolar activity, but does not inhibit binding
toavb5 or cellular binding to fibronectin via a5b1. This integrin
selectivity differs from that reported for the other avb3

antagonists tested as potential treatments for retinal dis-
eases. ALG-1001 is reported to inhibit avb3, avb5, a5b1, and
a3b1 (Kupperman, 2015), whereas SB-267268 and JNJ-
26076713 inhibit avb3 and avb5 (Wilkinson-Berka et al.,
2006; Santulli et al., 2008), and AXT107 inhibits avb3 and
a5b1 (Silva et al., 2017). Despite the absence of activity against
avb5 and a5b1, SF0166 was effective in models of retinal
neovascularization and vascular leakage. The potential im-
plications of the inhibitory activity of SF0166 against avb6 and
avb8 receptors remain to be determined.
SF0166 distributed to the choroid and retina after topical

ocular administration in amounts that substantially exceeded the
IC50 value for binding to avb3 and for cellular adhesion to
vitronectin, and these high drug concentrations were maintained
for more than 12 hours. The high levels of SF0166 in the sclera
and low levels in the vitreous show a scleral route of distribution
to the back of the eye. In the laser-induced CNV model in
pigmented rabbits, topical ocular administration of SF0166
decreased lesion area comparedwith vehicle andwas comparable
to an injection of bevacizumab. In the VEGF-induced rabbit early

Fig. 3. Mean (error bars represent S.E.M.) neovascularization in the OIR
mouse model. Mice were subjected to hyperoxia postnatal days 7–12. On
postnatal days 13–17, mice received vehicle or 5% SF0166 BID. Retinal
tissue was collected on postnatal day 18.N = 7 animals (14 eyes) per group;
right eye and left eye scores combined. Statistical analysis based on
unpaired t test.

Fig. 4. Mean (error bars represent S.D.) CNV lesion area at specified timepoints (study days). (A) Right eye. (B) Left eye. CNV was induced by laser
treatment on day 23. Lesion area measurements were performed on day 0; dosing started on day 1 (2.5% BID SF0166; single injection of 1.25 mg/eye
bevacizumab).N = 24 lesions per group (four lesions per eye, three animals per group). Postdose lesion areameasurements weremade weekly starting on
day 4. Statistical analysis based on analysis of variance with Dunnett’s multiple comparison test: *P, 0.05; **P, 0.01; ***P, 0.001 (all comparisons to
vehicle group). The same lesions (four/eye) were tracked throughout study.

Ocular Distribution and Pharmacodynamics of SF0166 249

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


neovascularization and vascular leakage model, topical ocular
application of SF0166 resulted in a dose-dependent reduction in
vascular leakage; the highest ocular doses tested showed compa-
rable activity to an injection of bevacizumab. If comparable ocular
concentrations can be achieved in humans after topical ocular
administration, the concentration of SF0166 would be approxi-
mately 13,000-fold higher than the IC50 for inhibiting binding to
avb3 and approximately 130-fold higher than the IC50 of SF0166
in the functional adhesionassay. If retention in retina and choroid
in humans is comparable to that seen in rabbits (Clast 5 751 ng/g
at 12 hours), the SF0166 concentration would be .20-fold the
IC50 in the functional assay. Therefore, after administeringan eye
drop containing 2.5mgSF0166, avb3 should be nearly completely
inhibited for up to 12 hours.
SF0166 topical ophthalmic solution is intended to address

limitations in current treatment of neovascular AMD and
DME, which include agents requiring intravitreal injection
every 4–12weeks under local anesthesia. The activity of SF0166
in VEGF-driven models appears similar to that of anti-VEGF
biologic drugs (e.g., bevacizumab).Moreover, SF0166 also blocks
angiogenic signaling driven by other growth factors [fibroblast
growth factor and PDGF (partially)], so clinical efficacy could
exceed that of marketed drugs that only target VEGF.
SF0166 was efficacious in preclinical models of ocular neo-

vascularization and vascular leakage and has completed
nonclinical development, including safety pharmacology and
toxicology studies required prior to testing in the clinic.
SF0166 is currently being investigated in two clinical trials
in patients with DME (NCT02914613) and neovascular
AMD (NCT02914639). Both studies are Phase I/II, randomized,

double-masked, multicenter clinical trials designed to evaluate
the safety and exploratory efficacy after 28 days of SF0166 topical
ophthalmic solution BID and 28 days of post-treatment follow-up.
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Fig. 5. Mean (error bars represent S.D.) vascular leakage measured by
fluorescein angiography. Vascular leakage was induced on day 3 via
intravitreal injection of VEGF (2 days after the start of study drug dosing
on day 1). Fluorescein imaging was performed after 8 days of dosing (day
8) with the indicated concentrations of SF0166.N = 6 animals (12 eyes) per
group; right eye and left eye scores combined.
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