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Purrosk. Vascular endothelial growth factor (VEGF) and its receptor VEGFR2 are promis-
ing therapeutic targets for wet age-related macular degeneration (AMD). As a topically
applicable option, we developed the peptide KAI to selectively interfere with VEGFR2
trafficking to the cell surface where it receives VEGF. This study sought to determine the
efficacy of KAI in the mouse model of choroidal neovascularization (CNV).

Mernops. The specificity of KAI was tested by surface plasmon resonance. The drug
delivery was analyzed by cryosection and the ELISA after treatment of KAI eyedrop to
the mouse eyes. For the laser-induced CNV model, mice with laser-induced ruptures
in Bruch’s membrane received daily treatment of KAI eyedrop or control peptide. The
other groups of mice received intravitreal injection of anti-VEGF or IgG control. After
two weeks, CNV was quantified and compared.

Resurrs. First, we showed the specificity and high affinity of KAI to VEGFR2. Next, biodis-
tribution revealed successful delivery of KAI eyedrop to the back of the mouse eyes. KAI
significantly reduced the disease progression in laser-induced CNV. The comparison with
current therapy suggests that KAI eyedrop is as effective as current therapy to prevent
CNV in wet AMD. Moreover, the genetic deletion of a kinesin KIF13B, which mediates
VEGFR? trafficking to the cell surface, confirmed the pivotal role of KIF13B in disease
progression of wet AMD and neovascularization from choroidal vessels.

Concrusions. Taken together, pharmacologic inhibition and genetic deletion complemen-
tarily suggest the therapeutic possibility of targeting VEGFR2 trafficking to inhibit patho-
logical angiogenesis in wet AMD.
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A ngiogenesis, the growth of new blood vessels from pre-
existing vasculature, is implicated in the pathogenesis
of a variety of diseases, such as cancer and eye diseases.'?
A therapeutic strategy targeting angiogenesis started in
cancer therapy.> Because vascular endothelial growth factor
A (VEGF A) is elevated in cancer and eye diseases, removing
VEGF using its antibody was a striking strategy for cancer.*
However, anti-VEGF therapies have proven to be of limited
benefit for cancer patients due to the development of resis-
tance to the therapies.>® Cancer and eye diseases such as wet
age-related macular degeneration (AMD) have an important
common trait, elevated expression of VEGF induces abnor-
mal leaky angiogenesis.! In fact, anti-VEGF therapies for eye
diseases actually improve vision in the majority of patients
with wet AMD.>7 However, there are still patients who do
not respond to anti-VEGF therapies.®° Multiple attempts
have been made to tackle nonresponsiveness such as switch-
ing the anti-VEGF drugs with other drugs.®!° Thus novel
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strategies targeting VEGF/VEGFR2 pathway with different
mechanisms constitute a fertile opportunity for drug devel-
opment. Our strategy is based on our recent findings'!'!?
and other research groups!>~!8 that VEGFR2 trafficking is
necessary for angiogenesis. In contrast to current anti-VEGF
therapies, our strategy is to inhibit angiogenesis by limiting
the amount of VEGFR2 at the cell surface of the endothelial
cells (ECs) in growing vessels, where VEGFR2 receives the
VEGF ligand.

VEGFR2 signaling is tightly regulated by its availability
at the endothelial cell surface.!”'” On binding of VEGEF,
VEGFR2 is phosphorylated and internalized.'®!° The fate
of internalized VEGFR2 depends on the molecules with
which it associates.!” VEGFR2 is either shuttled to lyso-
somes for degradation,’®?? or recycled back to adherens
junctions (AJs) to interact with VE-cadherin to close AJs
and restore the quiescent phenotype.!*?*> VEGFR2 is also
observed at the leading edge of migrating EC* and
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localization of VEGFR2 at filopodia of tip cells is essential
to sense VEGF gradient and to induce directional EC migra-
tion toward VEGFE.'#220 Therefore the dynamic trafficking
of VEGFR2 is likely important for angiogenesis.!!-13:1018
However, mechanisms mediating trafficking of VEGFR2 to
filopodia of migrating/sprouting EC are largely unknown.
As a possible mechanism mediating the translocation of
VEGFR2, we have investigated the role of KIF13B, a kinesin
motor on microtubules.”’” We showed VEGFR2 interacts
with KIF13B, which transports VEGFR2 to cell surface.!?
The trafficking of VEGFR2 by KIF13B is critical for VEGF-
induced angiogenesis.!? The inhibition of VEGFR2 traffick-
ing by disruption of the interaction between KIF13B and
VEGFR2 showed an inhibitory effect on tumor angiogen-
esis and tumor growth.!! We posit from this concept that
inhibition of KIF13B-mediated VEGFR2 trafficking will be
an effective therapy in mitigating pathological angiogenesis
seen in cancer and blinding eye diseases, such as wet AMD.
In this article, we show the efficacy of our strategy to inhibit
pathological angiogenesis in wet AMD animal model, laser-
induced CNV.

METHODS
Peptides

Biotin-KAI and biotin-ctrl were synthesized by a custom
synthesized service (Thermo Fisher Scientific, Waltham, MA,
USA).

Antibodies

Antibodies used for this study include rabbit antibod-
ies against VEGFR2 (Cell Signaling Technology, Danvers,
MA, USA) and GADG5 (Abcam, Cambridge, MA, USA),
goat antibody against Centaurin A (Santa Cruz Biotechnol-
ogy, Dallas, TX, USA), mouse antibodies against rhodopsin
(Millipore, Burlington, MA, USA) and glutamine synthetase
(BD Bioscience, Franklin Lakes, NJ, USA). To neutralize
VEGF in the mouse laser-induced CNV model, a mouse-
specific antibody against VEGF (512807; BioLegend, San
Diego, CA, USA) and the IgG control (400515; BioLegend)
was purchased from the same company. Aflibercept was
obtained from the eye clinic adjacent to the Department of
Ophthalmology at UIC. Other reagents used were isolectin
B4 (Vector Laboratories, Burlingame, CA, USA), Alexa 594
anti-rabbit antibody, Alexa 488 anti-mouse antibody, Alexa
488-streptavidin (Invitrogen, Carlsbad, CA, USA), and HRP-
conjugated secondary antibodies (Jackson Immunoresearch
Laboratories, West Grove, PA, USA).

Animals

C57BL mice were purchased from the Jackson Labora-
tory. To obtain KIF13B knockout mice, KIF13B-floxed mice
(KIF13B™!“ in Supplementary Fig. S3A) from the Euro-
pean Mouse Mutant Archive was crossed with flippasel
(flpl)-expressing mice (The Jackson Laboratory), followed
by crossing with CMV-Cre mice (The Jackson Laboratory).
KIF13B'™14/mld (KO/KO) /\cMV-Cre(4+) mice were confirmed
by PCR (Supplementary Fig. S3B). The primers used are:
KIF13B-F (5'-TCC CAA AAC ATG GTC AGG TG-3), KIF13B-R
(5’- GAC AGT GGG GGT CAG TGA TG-3), CAS-R (5- TCG
TGG TAT CGT TAT GCG CC-3"), Cre-F (5'- GCG GTC TGG
CAG TAA AAA CTA TC-3), and Cre-R (5'- GTG AAA CAG CAT
TGC TGT CAC TT-3'). All animal experiments were carried
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out in compliance with the relevant laws, and institutional
guidelines and were approved by animal ethics committees.

Pull-Down Assay

The human umbilical vein endothelial cells (HUVEC) were
obtained from Lonza, cultured in EGM2 (Lonza Group, Basel,
Switzerland), used between passage 3 to 6. Biotin-KAI and
biotin-ctrl were immobilized on the streptavidin beads. The
lysate of HUVEC was incubated with biotin-KAI or biotin-
ctrl on the beads. After washing, the proteins bound on the
beads were analyzed by Western blotting with antibodies
against VEGFR2 or Centaurin A.

Mass Spectrometry

Biotin-KAI and biotin-ctrl were immobilized on the strep-
tavidin beads. The membrane fraction was isolated from
the mouse lung using Mem-PER Plus Membrane Protein
Extraction Kit (Pierce; Thermo Fisher Scientific), according
to the manufacture’s protocol. The lysate of the membrane
fraction was incubated with biotin-KAI and biotin-ctrl on
the beads to isolate binding proteins. The binding proteins
were separated by SDS-PAGE, visualized by Coomassie Blue
staining. The bands specific to biotin-KAI compared to
biotin-ctr]l were digested and sent to Taplin Mass Spectrom-
etry Facility at Harvard Medical School. After the digestion
of the proteins by the proteinases, the peptide fragments
were analyzed based on the molecular weight and charge
to determine the parental proteins. The proteins bound to
biotin-ctr] were also analyzed as references. The unique
proteins in the pull-down with biotin-KAI that were not
found in biotin-ctrl were selected. The number of the total
and unique peptide fragments, the name of the determin-
ing gene, cross-correlation (XCorr), and delta correlation
(ACorr) were shown in the table. Cross-correlation is a
score of the number of fragment ions that are common
to two different peptides with the same precursor mass
and calculates the cross-correlation score for all candidate
peptides queried from the database. The higher score is
better. Delta correlation is a measure of the specificity of
the fit. The smaller number implies a better fit.

Surface Plasmon Resonance (SPR)

Two peptides, biotin-KAI and biotin-ctrl (Pierce custom
peptide synthesis; Thermo Fisher Scientific), were diluted
to 50 png/mL in commercial buffer HBS-EP (10 mM Hepes,
pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.05% surfac-
tant P-20) from GE Healthcare. Biotin-KA1 and biotin-ctrl
were immobilized on streptavidin-coated sensor chip SA
on flow channels 2 and 4, respectively using a Biacore
T200 instrument (GE-Healthcare, Chicago, IL, USA). Blank
surfaces without any immobilization were used as refer-
ences on flow channels 1 and 3. Recombinant proteins of
the cytosolic domains of receptor tyrosine kinases (RTKs)
(VEGFR2, PDGFRA, PDGFRB, and EGFR), expressed in Sf9
insect cells and isolated as active kinases, were purchased
from Fisher Scientific. These testing proteins were diluted to
a series of increasing concentrations ranging from 5.1 nM
to 200 nM at 2.5-fold dilution in HBS-EP buffer and applied
to all four channels at a 25 pL/min flow rate at 25°C. The
single-cycle kinetic method was run, and real-time response
units were monitored. Sensorgrams were double referenced
with the blank channel and zero concentration responses
and fitted with 1 to 1 Langmuir kinetic equation embedded
in the Biacore T200 evaluation software v3.0.
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Laser-Induced Choroidal Neovascularization

Under anesthesia, the pupils of C57BL/6 mice were dilated,
and the eye lubricant was applied to the eyes. Because
the even focus was essential for producing consistent laser
burns and CNV lesions, the optic nerve was positioned
in the center of the view field, and the alignment of the
axis of both the mouse eye and the lens was confirmed
by evenly bright and clear observation of the reflection of
the retinal nerve fibers in all direction.?® Using Phoenix
Micron IV and Phoenix Image-Guided Laser System with
532 nm laser (Phoenix Technology Group, Pleasanton, CA,
USA), laser burns of 200 to 355 mW output, 50 pm fixed
diameter, 70 msec duration were applied on the eyes.?®?
All groups of mice in Figures 1D to 1F received laser 355
mW output. To reduce the incidence of fused lesions, we
reduced the laser power, and all groups of mice in Figures 3
and 4A to 4D received laser 200 mW output. Four laser
burns were applied on the right eyes using a laser focused
on the retinal pigment epithelium (RPE). The presence of
a bubble confirms the success of the laser impact.?®? For
the peptide-treated groups (groups 1, 2, and 3 from left
in Figs. 3B and 30C), eye drops of KAI (5 pg/eye in 5 pL
PBS) or ctrl (5 pg/eye) were applied daily on the eyes with
laser burns. Group 4 was treated with eye drops of KAI
(5 pg/eye in 5 pL PBS) daily from day 7 to day 14. For the
groups treated with anti-VEGF antibody and IgG (groups
5 and 06), the intravitreal injection was performed during
anesthesia just after laser induction. Group 7 received
the intravitreal injection of anti-VEGF antibody on day 7.
Eyes were locally anesthetized with proparacaine, and an
initial hole was made under the limbus with a 33-gauge
needle. Thereafter, an anti-VEGF antibody or IgG (2 pg
in 2 pL PBS) was intravitreally injected through the initial
hole using a sharpened-glass capillary under the dissection
microscope. At 7 days and 14 days after laser burns, the
eyes were analyzed with optical coherence tomography
(OCT) imaging and fluorescence angiography. At 14 days
after laser burns, the eyes were isolated, and the choroidal
flat mount was stained with DyLight 594-ILB4 (Thermo
Fisher Scientific) to visualize the CNV lesion. The area of
CNV lesions was measured in Image J. Cross-sectional OCT
scans of the lesion showing the choroidal fibrovascular
tissue formation (marked by an orange dot line in Fig. 1D)
was measured, and the average area per mouse was plotted
in the graph. The surface area of CNV in the choroidal flat
mount was also measured using staining of ILB4, and the
average per mouse was plotted in the graph. The lesion with
a hemorrhage bigger than the size of the original laser burn
was excluded for both analyses of OCT and ILB4. If OCT
analysis was unable because of mild temporary cataract by
anesthesia, the mouse was excluded at the time point. If the
isolated choroidal tissue was damaged during the isolation
step, the mouse was excluded from the analysis of ILB4.
The fused lesions and outlier lesions were included in the
analysis. In the case of fused lesions, the area of entire
lesions was measured together, divided by the number of
lesions, and averaged with other lesions per mouse.

Biodistribution

The right eyes of C57BL/6 mice were treated with biotin-KAI
(5 pg/eye in 5 pL PBS). At different time points (10 minutes,
30 minutes, 1 hour, and 2 hours), mice were sacrificed, and
the eyes were isolated to freeze in optimal cutting tempera-
ture compound. The cryosection of the eyes was stained with
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DyLight 594-ILB4 and Alexa 488-streptavidin. The confocal
images were all taken in the same microscope settings such
as gain and scanning time.

To measure the amount of peptide in the eyes, the
right eyes of C57BL/6 mice were treated with biotin-KAI
(5 pg/eye in 5 pL PBS) or just PBS 5 pL (no-peptide
control). At 30 minutes after treatment, mice were sacri-
ficed, and fresh eyes were dissected into cornea, retina, and
choroid. The amount of biotin-tagged peptides from these
fluids and tissues were analyzed by the biotin ELISA assay.
Briefly, the ELISA plate was coated with biotinylated protein
(0.02 pg/well). Nonspecific binding was blocked by 0.2%
I-Block and incubated with streptavidin-HRP and standard
biotin (known concentration of biotin-KAI), or streptavidin-
HRP and tissue lysate. After washing with PBS 0.025% Tween
20, the reaction was developed with TMB and stopped with
2M sulfuric acid. Absorbance at 450 nM was read with a
microplate reader. The amount of biotin-KAI pg/mg tissue
was measured in both peptide-treated samples and no-
peptide controls. The average amount of biotin in no-peptide
controls was subtracted from the amount of biotin-KAI in the
tissues. Average biotin-KAI pg/mg tissue =+ SE was described
in the text (N = 6).

Choroidal Sprouting

The eyes from C57BL/6, KIF13B"", and KIF13B*° mice were
used for choroidal sprouting assay as described.*® The eyes
were isolated and dissected under the dissection micro-
scope. The cornea, lens, and retina were removed. Because
the choroidal fragments from the central region adjacent to
the optic nerve head sprout more slowly and less consis-
tently than those from the peripheral region adjacent to the
ora serrata,®® we discarded the central area around the optic
nerve (1 mm in diameter). The peripheral choroid-scleral
complex was dissected into approximately 0.3 to 0.6 mm?
and embedded in the Matrigel. The choroid fragments were
cultured with EC culture medium (EGM2 supplemented
with 5% FBS and pen-strep) for two days, serum-starved
with EBM2 supplemented with 0.1% BSA for four hours,
and cultured with EBM2 supplemented with 2% FBS, GA-
1000, hydrocortisone, and ascorbic acid, without any growth
factors until day 7. Consistent with the literature,®® intra-
animal variation and interanimal variation was small if we
dissected the same radial distance from the optic nerve head
with minimum damage to the tissue fragments. We dissected
about four or five pieces of fragments from each mouse,
repeated the experiments three times, and plotted the indi-
vidual area of sprouting from each mouse in the graph. To
test the effect of Aflibercept, 12 choroidal fragments were
dissected from the same animal, embedded in Matrigel, and
cultured as described above for two days. After serum starva-
tion on day 2, Aflibercept (40 mg/mL, 348 uM) was diluted
and added to the culture at 30 nM and 100 nM from day
2 to day 7. The experiment was repeated three times. The
area of sprouting was measured and the individual area of
sprouting from each tissue fragment from three independent
experiments was plotted in the graph as mean + SE.

REsuLTs
KAI Is Specific to VEGFR2

We have previously reported that the small peptide named
as Kinesin-derived angiogenesis inhibitor (KAI), inhibits
the interaction between KIF13B and VEGFR2, thus inhibits
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Ficure 1. KAI, a specific inhibitor of KIF13B-mediated VEGFR2 trafficking, inhibits neovascularization in wet AMD. (A) Schematic showing
the domains of KIF13B, binding sites of other cargoes, and peptides derived from KIF13B. (B) Pull-down assay showing the interaction
of VEGFR2 with KAI but not with ctrl. Biotin-KAI and ctrl were immobilized on the streptavidin beads and incubated with the lysate of
HUVEC. The proteins bound on the beads and input in the cell lysate were detected with the antibodies against VEGFR2 and CentA. VEGFR2
interacted with KAI but not with ctrl. Both peptides did not interact with CentA. (C) Binding affinity (Kp) of KAI to RTKs analyzed by SPR.
Biotin-tagged KAI and ctrl were immobilized on the streptavidin-chip and tested for affinity with recombinantly expressed cytosolic kinase
domains of VEGFR2, PDGFRe, PDGFRp, and EGFR (Fisher Scientific). VEGFR2 showed a high affinity to KAI (Kp = 6.8 &+ 0.6 nM), whereas
other RTKs had negligible (Kp > 200 nM) or no binding. All RTKs did not interact with ctrl. (D, E, F) The dose-dependent effect of KAIL
was tested by intravitreal injection of KAI 0.5 pg, 2 pg, and 10 pg after laser photocoagulation. Represent images of OCT and staining of
the flat-mount of choroid/sclera with DyLight594-ILB4 were shown. Bars: 100 pm in OCT, 200 um in ILB4 staining. N = 5 mice were used
for PBS, KAI 0.5 pg, 2 pg, and 10 pg groups. Four laser burns were induced in each mouse, and the average neovascularization area per
mouse was shown in graphs E and F. The cross-section of the CNV area in OCT (orange dashed line) was measured and plotted in graph
E. *P = 0.045 one-way ANOVA, compared to PBS. (V = 4, 5, 3, 4 mice for PBS, 0.5 pg, 2 pg, 10 pg KAI, respectively. Mice with mild cataract
due to anesthesia were unable to be monitored by OCT and were omitted from the measurement.) CNV surface area of the flat-mount was
assessed by the area of ILB4-staining and plotted in graph F. *P = 0.034, one-way ANOVA. (N = 4, 4, 5, 5 mice in PBS, 0.5 ng, 2 pg, 10 pg
KAI, respectively. Two choroidal tissues were damaged during the preparation of flat mount, and we were unable to assess the area of CNV.)
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VEGF-induced angiogenesis in vitro and cancer model.!! KAI
is aa 1238-1260 of human KIF13B (Fig. 1A), designed from
the minimum binding site to VEGFR2.!' A peptide from aa
1650-1672 of human KIF13B (named as ctr]) is used as a
negative control, because ctrl does not overlap with the bind-
ing sites for any cargoes of KIF13B. Both of the peptides are
water-soluble, cell-permeable, 23 aa peptides, and synthe-
sized with biotinylated N-terminus and amidated C-terminus
(Thermo Fisher Scientific).

To apply these peptides for a disease model of an animal,
we further tested the specificity of the peptides. First, we
tested whether KAI is specific to VEGFR2 and does not
bind to other cargo of KIF13B by pull-down assay (Fig. 1B).
Biotinylated peptides were immobilized on the streptavidin
beads and incubated with lysate of HUVEC to pull down
VEGFR2. As we have shown before, KAI interacts with
VEGFR2, whereas ctrl did not (Fig. 1B). One of the other
cargoes for KIF13B, Centaurin alpha (CentA), an adaptor
connecting PIP3 and KIF13B,*! was also tested for the bind-
ing with these peptides (Fig. 1B). CentA was known to bind
to the FHA domain of KIF13B (Fig. 1A)*!; the binding site
was distinct from KAI or ctrl sequence. Although CentA was
detected in cell lysate, it did not show any interaction with
these peptides (Fig. 1B).

To further test the specificity of KAI, we used pull-down
of proteins from lung lysate using KAI or ctrl immobilized
on streptavidin beads followed by mass spec analysis of the
binding proteins, and detected KIF13B, VEGFR2, and NRP1
(number of hits was 28, 11, and 5, respectively), as a bind-
ing complex (Supplementary Fig. S1A). The important recep-
tors for angiogenesis, Tie2, Parl, S1PR1, and FGFR were not
found, consistent with the specificity as shown in.!' Other
cargoes for KIF13B (CentA and hDIg) were also not found,
consistent with Fig. 1B. Some RTKs (PDGFRo, PDGFRg,
and EGFR) were identified because of the similarity of the
kinase domain (number of hits was 6, 5, and 1, respec-
tively) (Supplementary Fig. S1A), whereas these kinases did
not interact with ctrl. Then we tested the direct binding of
KAI with each RTK by SPR using Biacore T200 (Fig. 1C and
Supplementary Figs. S1B, S1C). First, biotinylated peptides
KAI and ctrl were immobilized on the streptavidin-coated
sensor chip surface. Recombinant protein of the cytosolic
domain (789-1356 aa) of VEGFR2 was tested for the affin-
ity to each immobilized peptide (Supplementary Figs. S1B,
S$1C). VEGFR2 showed a very tight binding affinity to KAI,
whereas even a high concentration of VEGFR2 did not show
any binding to the ctrl peptide. Then the affinity of the
recombinant proteins of RTKs to KAI was also measured
for direct comparison (Fig. 1C). VEGFR2 bound very tightly
to KAI at Kp value of 6.8 nM (Fig. 1C). SPR study also
revealed very weak binding of PDGFRS to KAI at negligi-
ble Kp, whereas PDGFRa and EGFR did not bind to KAI
(Fig. 1C). These data indicate a high degree of specificity of
KAI to VEGFR2.

Kai Inhibits Neovascularization in the CNV Model
of Wet AMD

First, to test the concept of the inhibition of angiogene-
sis, we tested intravitreally injected KAI in laser-induced
CNV. Wet AMD is characterized by the growth of the blood
vessels from the choroid, which penetrate through Bruch’s
membrane into the subretinal area. Laser-induced CNV is
a well-established experimental model for wet AMD, the

IOVS | February 2021 | Vol. 62 | No.2 | Article5 | 5

disruption of Bruch’s membrane by a laser beam promotes
the growth of new choroidal vessels into the retina thus
mimicking the pathological conditions of wet AMD.*:2°
C57BL/6 WT mice (seven weeks old) received laser burn,
followed by intravitreal injection of KAI (0.5 pg, 2 pg, or
10 pg in 2 pL PBS) or PBS vehicle (2 pL) (Figs. 1D-1F).
Optical coherence tomography (OCT) (Fig. 1E), and staining
with ILB4 were used to assess neovascularization (Fig. 1F).
Comparing to the PBS control, intravitreally injected KAI
(2 pg) significantly inhibited CNV. The effect of 0.5 pg and
10 pg of KAI was not significant.

Delivery of Topically Applied KAI to the Back of
the Mouse Eyes

Next, the question arises whether the peptides can be deliv-
ered into the damaged area by eye drops. To analyze the
biodistribution of KAI in mouse eyes, we treated the eyes
of C57BL/6 with biotin-KAI eye drop (5 pg/eye). At the
different time points after treatment of biotin-KAI eye drop
(10 minutes, 30 minutes, 1 hour, and 2 hours), the biodis-
tribution of biotin-KAI was analyzed by staining of cryosec-
tion with Alexa 488-streptavidin and counterstaining with
DyLight594-1LB4 (Fig. 2A). KAI was detected in the retina
and choroid at 30 minutes and cleared from tissue at one
to two hours after administration. Higher magnification of
the retina after 30 minutes of administration of biotin-KAI
further revealed the colocalization of biotin-KAI with ILB4,
the endothelial marker at the choroidal vessel (arrowhead).
Biotin-KAI was also observed in the area between RPE
and a pigmented layer (choroid) (arrows). Expression of
VEGFR?2 in the same area was detected in the healthy eyes
(Supplementary Fig. S3C), which is consistent with the liter-
ature showing the preferential expression of VEGFR2 in the
choriocapillaris right adjacent to the RPE layer.?* This result
suggests the successful delivery of the peptides by eye drops
to the disease area of the wet AMD.

To quantify the amount of KAI in each part of mouse
eyes, we treated the eyes of C57BL/6 with biotin-KAI eye
drop (5 pg/eye). At 30 minutes after treatment of biotin-
KAI eye drop, the eyes were isolated and dissected into
cornea, retina, and choroid/sclera. The amount of biotin-KAI
was measured by competitive biotin ELISA assay,>® using
the standard curve of known concentration of biotin-KAI.
At 30 minutes after treatment with an eye drop, 0.23 £ 0.11,
0.67 £+ 0.30, and 0.92 + 0.43 pg/mg tissue of biotin-KAI were
detected in cornea, retina, and choroid, respectively.

Efficacy of KAI Eye Drop in Laser-Induced CNV

Then, we tested the efficacy of KAI as an eye drop in
the mouse wet AMD model. Control peptide, which does
not inhibit angiogenesis,'' was used as a negative control.
C57BL/6 (7 weeks old) mice received laser burns of simi-
lar size in all conditions (Fig. 3A, top panel, day 1). After
laser-burn, mice were treated with daily treatment (day 1
to day 14) of either ctrl or KAI eye drop (2~5 ng/eye).
Fluorescein angiography and OCT were used to monitor
the lesions and leakage at day 7 and day 14. On day 14,
the staining of flat mount choroid with ILB4 was used to
assess neovascularization. Compared to the ctrl, KAI eye
drop significantly reduced the area of choroidal neovascular-
ization measured by OCT (cross-section) and ILB4 (surface
area of CNV) (Figs. 3A-30).
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Ficure 2. Topically applied KAI eye drop is successfully delivered to the back of the eyes. (A, B) Biodistribution of KAI in mouse eyes.
After treatment of biotin-KAI eye drop (5 pg/eye) in the eyes of C57BL/6 (10 minutes, 30 minutes, 1 hour, and 2 hours), the biodistribution
of biotin-KAI was analyzed by staining of cryosection with Alexa 488-streptavidin and counterstaining with DyLight594-ILB4. Scale bar:
50 pm. The magnified figure of the choroid was shown in B. Biotin-KAI was detected in the pigmented layer (arrow) and in the choroidal
vessels (arrowbead), which were also stained with endothelial marker ILB4. Scale bar: 100 pm.

The current therapy of wet AMD is the intravitreal injec-
tion of anti-VEGF antibodies or anti-VEGF recombinant
protein.’*3> We tested the efficacy of the eye drop of KAI and
intravitreal injection of mouse-specific anti-VEGF antibody
(Figs. 3B and 3C and Supplementary Fig. S2). After laser
burn, KAI groups and the ctrl group received daily treatment
of eye drop (Fig. 3A), whereas the anti-VEGF group and IgG
group received one-time intravitreal injection of antibodies
(2 pg/eye) on day 1 (Supplementary Fig. S2). Compared to
IgG control, the anti-VEGF antibody inhibited CNV, however,
there is relatively higher variation in mice that received an
intravitreal injection (Figs. 3B, 3C). Treatment of KAI eye
drop showed more reliable inhibition of neovascularization

for many mice. We further examined the effect of KAI for
the regression of developed CNV and compared the effect of
regression with an anti-VEGF antibody (Figs. 3B and 3C and
Supplementary Fig. S2). KAI day 7 group received daily treat-
ment of KAI (5 pg/eye) from day 7 to day 14. The anti-VEGF
day 7 group received an intravitreal injection (2 pg/eye) on
day 7. Interestingly, the treatment of KAI eye drop from day
7 to day 14 was also as effective to regress neovasculariza-
tion (Figs. 3B and 3C). The intravitreal injection of the anti-
VEGF antibody on day 7 was also effective (Fig. 3B). Taken
together, KAI showed significant inhibition (prevention and
regression) of CNV in this model of wet AMD, with compa-
rable efficacy with current therapy, anti-VEGF antibody.
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Ficure 3. KAI eye drop shows efficacy to inhibit laser-induced CNV. (A, B, C) The effect of KAI as an eye drop was tested and compared
with the effect of the intravitreal injection of anti-VEGF antibody in the CNV model. After laser photocoagulation, mice were treated with
(1) control peptide (5 pg/eye) eye drop daily (days 1~14), (2) KAI (2 pg/eye) eye drop daily (days 1~14),( 3) KAI (5 ng/eye) eye drop daily
(days 1~14), (4) KAI (5 pg/eye) eye drop daily (days 7~14), (5) intravitreal injection of IgG 2 pg/eye at day 1, (6) intravitreal injection of
anti-VEGF antibody 2 pg/eye at day 1, and (7) anti-VEGF antibody 2 pg/eye at day 7. (Groups 1~7 were plotted in graphs B and C starting
from the left.) Representative images of the laser burn at day 1, OCT, and angiography at days 7 and 14, and staining of the flat-mount
of choroid/sclera with ILB4 on day 14 were shown in A and Supplementary Figure S2. Bars: 100 pm for OCT, 200 um for ILB4 staining.
Four laser burns were induced in each mouse, and the average neovascularization area per mouse was shown in graphs B and C. The
cross-section of the CNV area in OCT at day 14 was measured and plotted in graph B. One-way ANOVA (V = 15, 15, 11, 4, 8, 8, and 4 in
each group, respectively). Mice with mild cataract because of anesthesia were unable to be monitored by OCT and were omitted from the
measurement. CNV surface area of the flat-mount was assessed by the area of ILB4-staining and plotted in graph C. One-way ANOVA (N =
15, 14, 13, 4, 7, 8, and 3 in each group, respectively). Three choroidal tissues were damaged during the preparation of flat mount, and we
were unable to assess the area of CNV. One-way ANOVA.
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Ficure 4. Genetically modified model of KIF13B knockout shows inhibition on laser-induced CNV and sprouting from choroidal vessels.
(A, B, C, D) Impaired CNV in global KIF13B KO. KIF13BX® and WT counterparts received laser burn. Representative images of fundus
before and after laser burn at day 1, OCT and angiography at days 7 and 14 are shown in A. Representative image of the CNV lesion on
flat-mount of choroid/sclera stained with DyLight594-ILB4 is shown in B. Bars: 100 pm for OCT, 200 pm for ILB4 staining. Four laser burns
were induced in each mouse, and the average of neovascularization area per mouse is shown in graphs C and D. The cross-section of CNV
area in OCT was measured and plotted in graph C. CNV surface area of the flat-mount was assessed by the area of ILB4-staining and plotted
in graph D. Student’s t-test (N = 9, 14 in W7 and KO, respectively). (E, F) Inhibition of choroidal sprouting in KIF13BX°. Choroidal tissues
isolated from KIF13B"7 and KIF13B*° (7 to 9 weeks old) were dissected and embedded into Matrigel. Seven days after embedding, the
sprouting area from choroidal tissues was measured and shown in the graph as mean + SE. The scatter plot represents the sprouting area
from each choroidal tissue fragment. We dissected four to five pieces from each mouse and repeated the experiment three times (V= 12,
13 for WT and KO, respectively. N is the number of choroidal tissue fragments.) Representative images are shown. Scale bars: 500 pm.

A Genetic Model of KIF13B Knockout

To confirm the effect of inhibition of the function of KIF13B,
we used a genetic model of KIF13B knockout (KO). KIF13B-
floxed mice from the European Mouse Mutant Archive
were crossed with flippasel (flp1)-expressing mice, followed
by crossing with CMV-Cre mice (The Jackson Laboratory)
(Supplementary Fig. S3A). We confirmed the deletion of
the KIF13B gene by genotyping (Supplementary Fig. S3B).

KIF13B global KO was characterized as no gross anoma-
lies and no apparent changes in the major organs. We have
also examined the histology of the eyes of KIF13B"" and
KIF13BX° by staining with VEGFR2, ILB4, GADG65, glutamine
synthase, and rhodopsin (Supplementary Fig. S3C), but we
did not see any difference between KIF13BX° and KIF13B"".

Then, we tested KIFI3B"° and KIF13B"" in
laser-induced CNV (Fig. 4A). The fundus images in
KIF13BX° and KIF13B"" (7 weeks old, female) were
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indistinguishable before laser burn And they received
similar sizes of laser burn (Fig. 4A). Angiography showed
the inhibition of neovascularization KIF13B*° compared to
KIF13B"" (Fig. 4A). The cross-section area of CNV at the
lesion was shown by OCT (Figs. 4A, 4C). At 14 days after
laser burn, the CNV surface area was measured by staining
of the flat-mount of the choroid with DyLight 594-ILB4
(Figs. 4B, 4D). There was a statistically significant difference
in CNV surface area between KIF13BX° and WT counterpart,
but not in the cross-section area.

In wet AMD, elevated expression of VEGF induces
neovascularization from choroidal vessels.” To examine the
effect of knockout of KIF13B in choroidal neovasculariza-
tion, we used an ex vivo choroidal sprouting assay. First,
to set up the ex vivo assay, choroidal tissue was isolated
from the eyes of C57BL/6 and embedded in Matrigel.*
Massive sprouting was grown even in the basal media
supplemented with 2% FBS without additional growth factor
supplements including FGF or VEGF (Supplementary Fig.
S4A, left panel) due to the secretion of growth factors
from the tissue. To confirm it is VEGF-dependent sprouting,
we incubated the tissue with the anti-VEGF drug, Afliber-
cept. The sprouting was significantly inhibited by Aflibercept
(Supplementary Fig. S4), suggesting the choroidal sprout-
ing was induced by VEGF secreted from the tissue. Then,
we tested sprouting from choroid isolated from the eyes of
KIF13B"" and KIF13B° in this condition (Figs. 4E, 4F). The
area of sprouting on day 7 was measured and shown in
the graph (Fig. 4F). The sprouting was significantly inhib-
ited in KIF13B*°, compared to KIF13B"" control. The result
suggests KIF13B is required for VEGF-induced choroidal
neovascularization. Taken together, inhibition of KIF13B
function by KAI can be a therapeutic strategy to inhibit
neovascularization from choroidal vessels in wet AMD.

DIScUSSION

We showed here that VEGFR2 trafficking can be a novel
therapeutic target for wet AMD. The elevation of VEGF
concentration in the eye fluid is the hallmark of wet AMD.’
Because VEGF induces neovascularization of leaky vessels
from choroidal vessels, which in turn causes inflammation
and damage to the retina, anti-VEGF therapy is the current
first-choice therapy.” To receive VEGF from tissue or fluid,
VEGFR2 needs to be exposed to the cell surface. In our
previous research, we found that a kinesin 3 family motor
KIF13B is required to transport VEGFR2 to cell surface.!?
KIF13B directly interacts with VEGFR2; thus disruption of
the interaction between KIF13B and VEGER2 by peptide
KAI inhibits VEGF-induced EC migration, sprouting, and
pathological angiogenesis in cancer models.!! This article
is the follow-up study to apply this strategy to angiogenesis-
related eye disease, wet AMD.

Although KIF13B has multiple cargoes to regulate cell
polarity and cell fate,?3°-%2 each cargo binds to a distinct
domain of KIF13B (Fig. 1A). KAI was designed to specifi-
cally inhibit VEGFR2 binding, because KAI does not bind to
the other cargo (Fig. 1B). From the mass spectrometry data,
we found VEGFR2, NRP1, PDGFRe, PDGFRS, and EGFR
(Supplementary Fig. S1A). Although we found other tyro-
sine kinase receptors in mass spectrometry analysis, it does
not mean their direct binding to KAI. Because the proteins
were pulled down with KAI immobilized on the beads from
the membrane fraction of the lung lysate, the proteins found
there can be both direct binding and indirect binding. In
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addition, the possibility of nonspecific binding (false posi-
tive) cannot be avoided. Further direct analysis of SPR with
synthesized peptides and recombinant proteins of receptor
tyrosine kinases clarified the issue (Fig. 1C). SPR analysis
confirmed the strong interaction of KAI with VEGFR2 with
Kp 6.8 nM. The binding of KAI to other receptor tyrosine
kinases was denied by SPR analysis, which further supports
the specificity of KAI to VEGFR2.

Because KAI is a water-soluble small peptide (23 aa,
2.8 kD), topically applied KAI as an eye drop success-
fully delivered to the back of the eye (Fig. 2). Biotinylated
KAI was detected by Alexa488-streptavidin. Endogenous
biotin was an undetectable level in the eyes because no-
peptide control did not show the fluorescence of Alexa488-
streptavidin. Biotin-KAI was first visible at 30 min at the
top of the retina, inner nuclear layer, outer nuclear layer,
RPE, and choroidal vessels, suggesting successful delivery
of the peptide. The peptide KAI was then cleared from
the tissue, which was not surprising because peptide drugs
usually have a short retention time.*® Despite the short reten-
tion time, daily treatment of KAI was sufficient to inhibit
neovascularization in the laser-induced CNV model (Fig. 3).
Although the aqueous half-lives of intravitreal bevacizumab
and ranibizumab in human eyes are 9.82 days and 7.19
days, respectively,’*%> monthly injections of these anti-VEGF
drugs effectively improve the vision of the patients. Thus
the residual amount of drugs may retain the efficacy for
a long period. In the case of KAI, the eye drop can be
applied to human patients as frequently as possible to over-
come the short retention time, thus it is not a critical weak
point. Treatment of KAI eye drop showed reliable inhibi-
tion of CNV for almost all mice (Fig. 3). Comparing to the
reliable result of eye drops, the variability of intravitreal
injection of KAI (Fig. 1E, F) and anti-VEGF antibody was
relatively higher. Although current therapy is effective to
suppress angiogenesis and leakiness to improve vision in
human patients,>* current therapies require repeated intrav-
itreal injection. There is a low risk of serious complications
caused by the injections, such as retinal detachment, infec-
tion in the eyes, inflammation, and hemorrhage. Thus devel-
oping topically applicable therapy would be beneficial for
patients with wet AMD. Nonetheless, more detailed phar-
macokinetics of KAI in eye tissue and blood serum using
bigger animals such as rabbits or monkeys, testing toxicity,
and any adverse effects will be the future study.

Although anti-VEGF therapies are very effective to most
of the wet AMD patients, some patients are still not
responding.® Possible mechanisms causing decreased drug
response in wet AMD could be changes in signal trans-
duction to shift to the pathways under other growth
factors, increased expression of VEGF from accumulated
macrophages in damaged lesions in wet AMD, or increased
expression of VEGFRs.” Thus switching the drugs between
anti-VEGF antibodies and kinase inhibitors has been
attempted to tackle nonresponsiveness.®!® Because our
strategy is different from current therapies, it is possible to
have a beneficial effect for nonresponders to current thera-
pies. Combinational therapy is also another option if needed.

KALI is a pharmacological inhibitor for VEGFR2 traffick-
ing in vitro.!’ On the other hand, knockdown of KIF13B
inhibits VEGFR2 trafficking and VEGF-induced angiogene-
sis in vitro.!? Thus, in this article, we used both pharmaco-
logical inhibitor and genetic deletion to confirm the effect
of the inhibition of KIF13B -mediated VEGFR2 trafficking in
laser-induced CNV. The CNV in KIF13B*° was significantly
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reduced compared to WT control (Figs. 4A-4D). KIF13B
global KO was characterized as no gross anomalies and no
apparent changes in the major organs.i’ We have also exam-
ined the histology of the eyes of KIF13B"" and KIF13BX°
by staining with VEGFR2, ILB4, GADG5, glutamine synthase,
and rhodopsin (Supplementary Fig. S3C), and the fundus
image before applying laser burn (Fig. 4A), but we did not
see any difference between KIF13B*° and KIF13B"". The
structural change (for example, if there is any difference
in the thickness of the Bruch’s membrane) may affect the
effectiveness of the laser burn; however, it is not likely the
case, because we could not find any difference in KIF13B""
and KIF13B*°. Thus the inhibition of CNV seen in KIF13BX°
was not likely due to any developmental difference before
the laser burn. After the laser burn, we observed that the
disease progression was significantly less in KIF13B%°. The
disease progression in this model can be divided; early
upregulation of VEGF from damaged tissue at day 3, leak-
age from the choroid to the retina at day 3, inflamma-
tion and accumulation of neutrophils at days 1 to 3, and
macrophages at days 3 to 5,2 CNV and leakage at CNV
lesion peaked at day 7.” We observed the mice at days
7 and 14 when the CNV was fully developed in control
mice. WT control showed the increased thickness of the
cross-section of CNV at the lesion and leaky CNV on day
7 and day 14, whereas these symptoms were reduced in
KIF13B°. Because the phenotype is the neovasculariza-
tion of choroidal vessels, we further confirmed it by ex
vivo sprouting assay, where KIF13B*© significantly reduced
VEGF-induced sprouting from choroidal tissue (Figs. 4E, 4F).
On the basis of the previous mechanistic studies,!*1? the
simplest explanation is that the inhibition of KIF13B func-
tion by pharmacological inhibition or genetic deletion inter-
feres with VEGFR2 trafficking, which is required for VEGF-
induced angiogenesis in laser-induced CNV. Further investi-
gation of the role of KIF13B on the early stage of the disease
and the cell-types to affect will be the important future ques-
tions to define the further possibility of the efficacy of KAI
on nonresponders for current therapies.

In summary, we demonstrated that the pharmacological
inhibition of the interaction between KIF13B and VEGFR2
can be the therapeutic strategy to inhibit angiogenesis in wet
AMD.
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