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Abstract

Purpose: The study investigated the effect of intravitreally administered tanibirumab, a fully human mono-
clonal antibody against vascular endothelial growth factor receptor 2, in a rat model of laser-induced choroidal
neovascularization (CNV).

Methods: CNV was induced by laser photocoagulation on day 0O in the eyes of Brown Norway rats. Intravitreal
injection of tanibirumab or phosphate-buffered saline (PBS) was done on day O (prevention arm) or day 7 (treatment
arm). Seven days after injection, the eyes were enucleated and retinal pigment epithelium-choroid-sclera flat mounts
were prepared. Areas of CNV were determined in the flat mounts using tetramethylrhodamine isothiocyanate
Bandeiraea simplicifolia (BS) isolectin labeling and intravenously administered fluorescein isothiocyanate—dextran
and quantified using an image analysis program.

Results: In the prevention arm, the mean area of CNV measured by BS isolectin labeling was reduced by 28.2%
and 53.9% in tanibirumab-treated eyes (20 and 60 pg, respectively) compared with PBS-treated control eyes on
day 7 (P=0.038 and P <0.001, respectively). In the treatment arm, the mean area of CNV measured by BS
isolectin labeling was reduced by 28.7% and 46.0% in tanibirumab-treated eyes (20 and 60 pg, respectively)
compared with PBS-treated control eyes on day 14 (P=0.048 and P <0.001, respectively).

Conclusions: Intravitreally administered tanibirumab partially suppressed the formation of new CNV and
partially regressed preformed laser-induced CNV in the rat model. Tanibirumab may be a feasible treatment for
CNV associated with age-related macular degeneration or other causes.

Introduction

A GE-RELATED MACULAR DEGENERATION (AMD) is the
major cause of irreversible visual loss among elderly
people worldwide.' Exudative or wet AMD usually gives rise
to more severe visual loss compared with nonexudative or dry
AMD."? Choroidal neovascularization (CNV) is the hallmark
of exudative AMD and it leaks serous fluid, lipids, and blood
beneath and into the neural retina with fibrous scarring.®
Among the several factors that stimulate the development of
CNV, vascular endothelial growth factor-A (VEGF-A) has been

identified as a key proangiogenic and vascular permeability
factor.*> VEGF-A acts through 2 major receptors, VEGF
receptor-1 (VEGFR-1, also known as fms-like tyrosine kinase
and Flt-1) and VEGF receptor-2 (VEGFR-2, also known as
KDR and FIk1).® The tyrosine kinase VEGFR-2 is expressed by
the vascular endothelial cells and mediates key responses to
VEGEF-A, such as angiogenesis and vascular hyperpermeability.”®
The VEGFR-2/VEGF-A axis is crucial in the development of
CNV.>'° Thus, blocking VEGF-A from binding to VEGFR-2
may be an effective and specific treatment strategy for CNV.
In addition, VEGF-C and -D were detected in the vitreous of
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AMD patients and CNV membranes from humans and laser-
induced CNV mouse models.'""'? These reports may imply
that VEGF-C and -D also contributes to the formation of
CNV. Thus, blocking other VEGF family members like
VEGF-C and -D from binding to VEGFR-2 might produce a
better effect than blocking VEGF-A alone.

Tanibirumab (PharmAbcine, Daejeon, Korea) is a fully
human monoclonal antibody against VEGFR-2."? It is derived
from a fully human naive single-chain variable fragment
phage library."® Tanibirumab binds to the VEGF-binding
domain of VEGFR-2 and neutralizes the biological activity
of VEGFR-2 by blocking the binding of VEGF."* Tanibir-
umab reportedly inhibits angiogenesis in various in vitro and
in vivo systems and results in potent antitumor activity in
colorectal, breast, nonsmall-cell lung cancer, and glioblas-
toma tumor models."?

In this study, we evaluated the inhibitory effect of in-
travitreally administered tanibirumab on the formation of
CNV and growth of established CNV in a rat model of laser-
induced CNV.

Methods
Laser-induced CNV model

Brown Norway rats (Japan SLC, Hamamatsu, Japan)
weighing 200-250 g were used as the laser-induced CNV rat
models. The animals were cared for in accordance with the
Association for Research in Vision and Ophthalmology State-
ment for the Use of Animals in Ophthalmic and Vision Re-
search. All animal experiments were carried out in accordance
with a protocol approved by the Institutional Animal Care and
Use Committee of Samsung Medical Center. Laser photoco-
agulation in the rats was performed, as previously described, on
day 0."*'> In brief, after anesthesia and dilatation of the pupils,
6 laser spots were applied (532nm wavelength, 300 mW
power, 100ms duration, 75 pm spot size) around the optic
nerve. Only burns that generated a bubble, implying the rupture
of the Bruch membrane, were included in the study. Spots
failing to develop a bubble at the laser site or containing
hemorrhage were excluded from analysis.

Intravitreal administration of tanibirumab

To investigate the effect of tanibirumab on the formation
of CNV in the prevention arm, eyes were randomized into 5
groups and received intravitreal injections of tanibirumab
[5, 20, and 60pg in 2pL of phosphate-buffered saline
(PBS)], the same volume of PBS or human IgG (20 pug in
2 uL of PBS), using a 33-gauge needle (Hamilton, Reno,
NV) immediately after laser photocoagulation on day 0. To
investigate the effect of tanibirumab on established CNV in
the treatment arm, tanibirumab (5, 20, and 60 pg in 2 pL
PBS) or the same volume of PBS was injected into the eyes
with the same methods on day 7. Only one eye of each
animal was selected to be injected with tanibirumab, and the
contralateral eye was not included in this study.

Measurement of laser-induced CNV size

On day 7 in the prevention arm and on day 14 in the treatment
arm, anesthetized mice were perfused with fluorescein iso-
thiocyanate (FITC)-dextran (MW 2 X 105, Sigma-Aldrich, St.
Louis, MO). The rats were euthanized and eyes were enucleated
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and fixed in 4% paraformaldehyde for 2 h, after which the an-
terior segments, vitreous, and retina were removed from the
eyecups. Lens opacity was evaluated with light microscopy when
the eyes were enucleated. Residual retinal pigment epithelium
(RPE)-choroid-sclera cups were incubated in a blocking solution
[5% bovine serum albumin (BSA) in PBS] for 1h. Tetrameth-
ylrhodamine isothiocyanate (TRITC)-conjugated Bandeiraea
simplicifolia (BS) isolectin B4 (0.2mg/mL; Sigma-Aldrich)
was applied to the eyecups overnight at 4°C in 0.2% BSA in
PBS. After extensive washing, the RPE-choroid-sclera cups
were flattened using relaxing radial cuts and flat mounted in a
mounting medium. The flat mounts were examined using an
LSM700 laser confocal microscope (Carl Zeiss, Jena, Ger-
many) and images of the laser spots were captured. The areas
of green and red fluorescence were measured using the Im-
agel] program (National Institute of Health, Bethesda, MD).
In brief, the confocal images were converted to 8-bit images
and then to binary (black and white) images. Using the ana-
lyze particles mode, CNV areas were automatically measured
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/jop). The areas of CNV were
compared between each dose of tanibirumab-treated and
control eyes by the Mann—Whitney U-test. A P value of <0.05
was considered statistically significant.

Evaluation of histological cross sections

On day 7 in the prevention arm, the eyes were enucleated,
fixed in 4% paraformaldehyde for 24 h, and embedded in
paraffin. Sagittal sections of 5 um were cut and stained with
hematoxylin and eosin (HE). Microscopic images of the
stained sections were acquired using a digital camera at-
tached to a light microscope (Olympus BXS51; Olympus,
Tokyo, Japan). CNV was estimated by the B/C ratio of the
thickness from the bottom of the pigmented choroidal layer
to the top of the neovascular membrane (B) to the thickness
of the intact pigmented choroid adjacent to the lesion (C), as
previously described.'® The B/C ratio was compared be-
tween the laser-treated spots of tanibirumab (60 pg)-injected
and control eyes by the Mann—Whitney U-test. In addition,
potential ocular changes, such as retinal thinning and cho-
roidal atrophy, were evaluated on microscopic images.

Results
Effect of tanibirumab on CNV in the prevention arm

CNV areas of the RPE-choroid-sclera flat mounts were
compared between tanibirumab-treated and control eyes in the
prevention arm on day 7. The mean CNV areas, as measured by
intravenously injected FITC-dextran, were significantly smaller
in tanibirumab-treated eyes (20 and 60 pg/2 pLL PBS; n=7 and
6, respectively) than in PBS-injected eyes (n=8; P=0.033
and P=0.003, respectively; by Mann—Whitney U-test, Fig. 1).
Human IgG-injected eyes showed no difference compared
with PBS-injected eyes. However, in eyes treated with 5pg
of tanibirumab (n=8), the mean CNV areas, as measured by
intravenously injected FITC-dextran, were not significantly
smaller than in PBS-injected eyes (n=8; P=0.063 by Mann—
Whitney U-test, Fig. 1). The mean CNV area in tanibirumab-
treated eyes decreased by 22.1%, 26.7%, and 51.0%, respec-
tively, compared with PBS-treated control eyes. The mean
CNV areas, as measured by BS isolectin B4 labeling, were
significantly smaller in eyes treated with tanibirumab (20 and
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FIG. 1. Effect of tanibirumab on
the formation of laser-induced cho-
roidal neovascularization (CNV)
measured by intravenously injected
fluorescein isothiocyanate (FITC)-
dextran. (A) CNV areas of the reti-
nal pigment epithelium (RPE)-cho-
roid-sclera flat mounts were compared
between tanibirumab-treated and con-
trol eyes. (B, C) On day 7, the mean
CNV areas, as measured by intrave-
nously injected FITC-dextran, were
significantly smaller in tanibirumab-
treated eyes [20 and 60 pg/2 pL. phos-
phate-buffered saline (PBS); n="7 and
6, respectively] than in PBS-injected
eyes (n=8; P=0.033 and P=
0.003, respectively, by the Mann—
Whitney U-test). Human IgG-injected
eyes showed no difference compared
with PBS-injected eyes. However, in
eyes treated with 5 g of tanibirumab
(n=8), the mean CNV areas, as mea-
sured by intravenously injected FITC-
dextran, were not significantly smaller
than in PBS-injected eyes (n=3$;
P=0.063 by Mann—Whitney U-test).
*P <0.05. Scale bar denotes 100 pm.

Effect of tanibirumab on CNV in the treatment arm

In the treatment arm, on day 14, the mean CNV areas, as
measured by intravenously injected FITC-dextran, were signifi-
cantly smaller in eyes treated with tanibirumab (5, 20, and 60 g/
2 uL of PBS) (n=8, 8, and 7, respectively) than in PBS-injected
eyes (n=8; P=0.038, P=0.003, and P <0.001, respectively, by
the Mann—Whitney U-test, Fig. 3). Human IgG-injected eyes
showed no difference compared with PBS-injected eyes. The
mean CNV area in tanibirumab-treated eyes decreased by

FIG. 2. Effect of tanibirumab on
the formation of laser-induced
CNV measured by Bandeiraea
simplicifolia (BS) isolectin B4 la-
beling. (A) CNV areas of the RPE-
choroid-sclera flat mounts were
compared between tanibirumab-
treated and control eyes. (B, C) On
day 7, the mean CNV areas, as
measured by BS isolectin B4 la-
beling, were significantly smaller
in tanibirumab-treated eyes (20 and
60 ng/2 uL. of PBS) (n=8 and 7,
respectively) than in PBS-injected
eyes (n=8; P=0.038 and
P<0.001, respectively, by the
Mann—Whitney U-test). There was
no difference between human IgG-
injected eyes and PBS-injected
eyes. However, in eyes treated with
Sug of tanibirumab (n=10), the
mean CNV areas, as measured by
BS isolectin B4 labeling, were not
significantly smaller than in PBS-
injected eyes (n=8; P=0.162 by
Mann-Whitney U-test). *P <0.05.
Scale bar denotes 100 pum.
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21.5%, 28.3%, and 44.8%, respectively, compared with
PBS-treated control eyes. The mean CNV areas, as mea-
sured by BS isolectin B4 labeling, were significantly
smaller in tanibirumab-treated eyes (20 and 60 pg/2 pLL of
PBS) (n=8 and 7, respectively) than in PBS-injected eyes
(n=8; P=0.048 and P <0.001, respectively, by the Mann—
Whitney U-test, Fig. 4). There was no difference between
human IgG-injected eyes and PBS-injected eyes. However,
in eyes treated with 5 pg of tanibirumab (n=7), the mean
CNV areas, as measured by BS isolectin B4 labeling, were
not significantly smaller than in PBS-injected eyes (n=8;
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P=0.132 by the Mann—Whitney U-test, Fig. 4). The mean
CNV area in tanibirumab-treated eyes decreased by 21.3%,
28.7%, and 46.0%, respectively, compared with PBS-
treated control eyes.

Evaluation of histological cross sections

When the eyes were enucleated, the lens opacity was
evaluated with light microscopy. No eyes of the prevention
and treatment arm showed visible lens opacity.
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60 ng/2 ul. of PBS) (n=8 and 7,
respectively) than PBS-injected
eyes (n=8; P=0.048 and P <0.001,
respectively, by the Mann—Whitney
U-test). Human IgG-injected eyes
showed no difference compared
with PBS-injected eyes. In the 5 pg
tanibirumab-treated eyes (n=7), the
mean CNV areas, as measured by
BS isolectin B4 labeling, were not
significantly smaller than in PBS-
injected eyes (n=8; P=0.132 by t-
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In the prevention arm, the retinal cross sections revealed
that the B/C ratios of laser-treated spots were significantly
lower in tanibirumab (60 pg)-injected eyes than in control
eyes (P<0.001 by Mann—Whitney U-test, Fig. 5E). The
representative photos are shown in Figure 5A and B. In
addition, HE staining of retinal cross sections showed no
retinal thinning or choroidal atrophy in tanibirumab-treated
eyes compared with control eyes (Fig. SC, D).

Discussion

In this study, tanibirumab, a fully human monoclonal
antibody against VEGFR-2, inhibited laser-induced CNV in
a rat model. Intravitreally administered tanibirumab par-
tially suppressed CNV formation and partially regressed
established CNV.

Ranibizumab and bevacizumab are humanized monoclo-
nal antibody fragments designed to bind all isoforms of
VEGF-A, thereby blocking angiogenesis and vessel perme-
ability in CNV.17-18 Inhibition of VEGF-mediated signaling
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pathways by blocking VEGFR also suppresses the formation
of laser-induced CNV.'®*!1%:20 SUS5416, a novel synthetic
compound and an inhibitor of VEGFR-1 and VEGFR-2,
suppresses laser-induced CNV in a mouse model, with sig-
nificant effects produced following both intraperitoneal and
intravitreal administration.'®'® Systematic administration of
axitinib, which inhibits receptor tyrosine kinases of VEGFR-1,
VEGFR-2, and VEGFR-3, reportedly suppressed and re-
gressed laser-induced CNV.20 Systemically administered
DC101, a murine monoclonal antibody against VEGFR-2,
also suppressed the formation of CNV.?! In our study, in-
travitreally administered tanibirumab showed regression of
preformed laser-induced CNV as well as suppression of
CNV formation in the rat model. Furthermore, in the pre-
clinical study for comparing tanibirumab with bevacizumab
in the human malignant glioblastoma orthotopic model, as
well as lung cancer, breast cancer, colon cancer, and liver
cancer models in mice, tanibirumab showed better efficacy
in all of the models.??> Thus, intravitreal tanibirumab is a
potential therapeutic agent for CNV.
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FIG. 5. Evaluation of histological cross sections. On retinal cross sections, CNV was estimated by the B/C ratio of the
thickness from the bottom of the pigmented choroidal layer to the top of the neovascular membrane (B) to the thickness of
the intact pigmented choroid adjacent to the lesion (C). The representative photos are shown in (A) (control eye) and (B)
(tanibirumab-injected eye). The B/C ratios of laser-treated spots were significantly lower in tanibirumab-injected eyes than
in control eyes (P <0.001 by the Mann—Whitney U-test, E). In addition, retinal cross sections showed no retinal thinning or
choroidal atrophy in tanibirumab-treated eyes (D) compared with control eyes (C) *P <0.05.
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Binding to the VEGF-binding domain of VEGFR-2 with a
dissociation constant of 2.3 x 10~ '° M in humans, tanibirumab
inhibits VEGF-mediated signaling pathways such as phos-
phorylation of VEGFR-2 and its downstream signaling mole-
cule, ERK, in a dose-dependent manner.' Tanibirumab has a
possible advantage compared with currently approved anti-
angiogenic agents in that, it blocks all forms of VEGF from
binding to VEGFR-2. VEGF-C and -D reportedly were de-
tected in the vitreous of AMD patients and CNV membranes
from humans and laser-induced CNV mouse models. Recently,
Lashkari et al. reported that VEGF-C levels are significantly
elevated in the plasma of AMD patients and blockade of
VEGF-C/-D significantly inhibits laser-induced CNV.'?
Therefore, blocking all VEGF family members might produce
a better effect than blocking VEGF-A alone.'""'*

VEGFRs, especially VEGFR-1, had been reported to be
associated with controlling the recruitment and infiltration of
inflammatory cells to specific lesions in different disease
statuses. Van de Veire et al.> reported that the deficiency of
the VEGF homolog PIGF significantly inhibited infiltration of
macrophages into laser-induced CNV. Moreover, it was sug-
gested by Huang et al.** that circulating cells responding to
the CNV lesion with positivity for VEGFR-1 and 2 reacted to
the VEGFR antibody therapy and halted the production of
cytokines that were needed to recruit the microglia, which had
no positivity for VEGFR-1 and -2. In this regard, tanibirumab
also has the potential acting mechanism through indirect
blockade on the recruitment of inflammatory cells as well as
direct inhibitory action on VEGFR-2. Because BS isolectin
B4 not only binds vascular endothelial cells but also activated
microglia in laser-induced CNV models,?! a decrease in the
BS isolectin B4-stained area might imply decreased recruit-
ment of inflammatory cells as well as reduced CNV.

In this study, both FITC-dextran perfusion and BS iso-
lectin B4 labeling were used for visualizing and quantifying
morphological changes associated with laser-induced CNV.
FITC-dextran perfusion was developed to visualize retinal
vessels in the beginning25 and, hereafter, has been used
widely for evaluating entirely developed CNV lesions."' >
This technique does not allow consistent visualization of
vasculature during the early phase of CNV formation,'**°
and so may provide variable results when used to measure
laser-induced CNV.?® On the other hand, BS isolectin B4
labeling allows the visualization of the formation of laser-
induced CNV from the beginning.”® This technique enables
researchers to avoid the variability involved with FITC-
dextran perfusion. The combination of FITC-dextran perfu-
sion and TRITC-BS isolectin B4 labeling is effective for the
visualization of nonperfused and perfused newly developed
CNV.?® In this study, there was an agreement between FITC-
dextran perfusion and BS isolectin B4 labeling on mea-
surement of the mean CNV areas.

This study demonstrated the inhibitory effect of tanibir-
umab on laser-induced CNV in a rat model. Intravitreally
administered tanibirumab showed partial regression of estab-
lished CNV as well as suppression of CNV formation. Al-
though tanibirumab is a fully human monoclonal antibody, its
inhibitory effects on CNV proved to be effective using an
in vivo rat model. In murine models, the ability to neutralize
murine VEGF by existing anti-VEGF antibody agents, such as
ranibizumab and bevacizumab, was reported to be weak. 2230
Therefore, tanibirumab is expected to be useful for further
research for antiangiogenesis in rat models.
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Despite the contributions of the study discussed here, our
study is not without its shortcomings. First, due to the lack of
images taken using fluorescent angiography or optical co-
herence tomography, we could not evaluate leakage or reti-
nal edema associated with CNV. Second, the concentration
of tanibirumab resulting in maximal inhibitory effects on
the CNV was not confirmed. The maximum concentration
that we could obtain was 30 mg/mL, which is similar to the
concentration of marketed agent, Avastin® (bevacizumab)
(25 mg/mL). Starting from this maximum concentration, we
tested lower doses. Finally, the systemic safety of tanibir-
umab was not reported yet. However, because the clinical
phase I trial of tanibirumab in advanced metastatic cancer has
been completed on January 2014 and the study results are
currently being assessed, the data about adverse events of
tanibirumab will be presented, including a comparison with
bevacizumab, in the near future. Although none of the eyes
showed visible lens opacity, retinal thinning, or choroidal
atrophy, it is important to be mindful of the likelihood of side
effects from blocking VEGFR-2 in the clinical application of
tanibirumab because VEGF signaling through VEGFR-2 is
thought to play physiological roles in cell survival, especially
in neuronal cells and in developing organs.®'

In conclusion, intravitreally administered tanibirumab, a
fully human monoclonal antibody against VEGFR-2, re-
sulted in the partial inhibition of newly forming and partial
regression of established laser-induced CNV in the rat
model. Tanibirumab may be a feasible treatment for CNV
associated with AMD or other causes.
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