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Abstract

Wet age-related macular degeneration (AMD) with choroidal neovascularization (CNV) is a
leading cause of vision loss in the elderly. The advent of anti-vascular endothelial growth factor
(VEGF) drugs represents a major breakthrough in wet AMD therapy but with limited efficacy to
improve visual acuity. Secretogranin Il (Scg3, Sglll) was recently discovered as a novel
angiogenic factor with VEGF-independent mechanisms. Scg3-neutralizing monoclonal antibody
(mADb) was reported to alleviate pathological retinal neovascularization in oxygen-induced
retinopathy mice and retinal vascular leakage in diabetic mice with high efficacy and disease
selectivity. Herein we investigated whether Scg3 is a novel angiogenic target for CNV therapy in
mouse models. We found that anti-Scg3 ML49.3 mAb inhibited Scg3-induced proliferation and
Src phosphorylation in human retinal microvascular endothelial cells. Intravitreal injection of
Scg3-neutralizing polyclonal antibodies (pAb) or mAb significantly attenuated laser-induced CNV
leakage, CNV 3D volume, lesion area and vessel density. Furthermore, subcutaneous
administration of Scg3-neutralizing pAb or mAb significantly prevented Matrigel-induced CNV.
The efficacy of anti-Scg3 pAb or mAb was comparable to VEGF inhibitor aflibercept. These
findings suggest that Scg3 plays an important role in CNV pathogenesis and that anti-Scg3 mAb
efficiently ameliorates laser- or Matrigel-induced CNV.
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1. Introduction

Age-related macular degeneration (AMD) is a major cause of vision impairment and
blindness in the elderly in developed countries. It is projected that 196 million people
worldwide will be affected by AMD in 2020, increasing to 288 million in 2040 (Wong et al.,
2014). AMD has two clinical forms: dry (atrophic) and wet (neovascular or exudative). Wet
AMD with choroidal neovascularization (CNV) afflicts 10-20% of individuals with the
disease but accounts for ~90% of all cases with severe vision loss from the disease (Votruba
and Gregor, 2001). The approval of vascular endothelial growth factor (VEGF) inhibitors,
including ranibizumab and aflibercept, represents a major advance in wet AMD therapy
(Kim and D’Amore, 2012). However, anti-VEGF therapies have limited efficacies to
improve vision (Brown et al., 2009; Rosenfeld et al., 2006), implicating that other
angiogenic factors may be involved in the disease pathogenesis. Therapies against other
angiogenic factors, such as PDGF, Ang2, integrin a3, erythropoietin and endoglin, are
currently under intense investigation (Cabral et al., 2017). Owing to few options, AMD
patients with a poor response to one anti-VEGF drug are often switched to another VEGF
inhibitor (Pinheiro-Costa et al., 2014), despite their similar mechanisms of action (MOAS).
Developing new anti-angiogenic therapies against VEGF-independent angiogenic factors
and pathways may help improve the efficacy through alternative or combination therapy.

We recently discovered secretogranin 111 (Scg3, Sglll) not only as a novel angiogenic factor
but also as a highly disease-restricted ligand, which selectively bound to diabetic but not
normal retinal vessels in mice (LeBlanc et al., 2017). Indeed, Scg3 preferentially stimulated
angiogenesis of diabetic but not normal vasculature through VEGF-independent MOAs. In
contrast, VEGF bound to and induced angiogenesis of both diabetic and control vessels. We
further developed Scg3-neutralizing ML49.3 mAb and demonstrated its high efficacy to
ameliorate retinal vascular leakage in diabetic mice (LeBlanc et al., 2017). Interestingly,
Anti-Scg3 mAb also showed high efficacy to inhibit pathological retinal neovascularization
in oxygen-induced retinopathy (OIR) mice, suggesting that Scg3 may play an important
pathological role in neovascular diseases besides diabetic vascular leakage.

Based on these findings, we hypothesize that Scg3 may also involve in the pathogenesis of
wet AMD and could be a potential target for anti-angiogenic therapy of CNV. Here, we
investigated the pathogenic role of Scg3 in CNV by characterizing the therapeutic activity of
anti-Scg3 mAb. We demonstrated that anti-Scg3 mAb via either intravitreal or subcutaneous
administration efficiently alleviated laser- or Matrigel-induced CNV in mice. The
implication of these findings to potential anti-Scg3 therapy of wet AMD is discussed.
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2. Material and Methods

2.1. Animals

C57BL/6J mice (6 weeks old, male or female) were purchased from the Jackson Laboratory
(Bar Harbor, ME). Mice were maintained and handled in accordance with the Association
for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic
and Vision Research. All animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Miami.

2.2. Materials

Antigen affinity-purified anti-Scg3 polyclonal antibody (pAb) was purchased from
Proteintech (Rosement, IL). Anti-Scg3 ML49.3 mAb was purified from serum-free
conditioned medium of ML49.3 hybridoma as described (LeBlanc et al., 2017). All
antibodies were washed three times with phosphate-buffered saline (PBS) in Amicon
centrifugal filter spin units (10 kDa cutoff, Millipore, Billerica, MA). Human retinal
microvascular endothelial cells (HRMVECs) and complete classic medium kit with serum
and CultureBoost were obtained from Cell Systems (Kirkland, WA) (LeBlanc et al., 2017;
LeBlanc et al., 2016). Human Scg3 were from Sino Biological (Beijing, China). Aflibercept
is a drug from Regeneron Pharmaceuticals (Tarrytown, NY).

2.3. Cell proliferation

HRMVECs at 4-8 passages were cultured with Scg3 or medium control in the presence or
absence of anti-Scg3 mAb in 96-well plates (LeBlanc et al., 2015). Cells in each well were
collected by trypsin digestion at 48 h and counted.

2.4. Src activation

Src kinase activation was detected as described (LeBlanc et al., 2017). HRMVECs were
incubated overnight in EBM-2 medium (Lonza, Allendale, NJ) supplemented with 0.2%
FBS to reduce the effect of other growth factors. Cells were incubated with Scg3 or PBS in
EBM-2 medium with or without anti-Scg3 mAb for 10 min in 37°C, lysed and analyzed by
Western blot using antibody against phosphorylated Src (P-Src), Src or p-actin (Santa Cruz
Biotechnology, Dallas, TX). Western blot signals were digitalized and normalized against
total Src.

2.5. Therapy of laser-induced CNV

C57BL/6 mice were subjected to laser photocoagulation (Argon laser, 532 nm, 100 mw, 100
ms, 100 um, 4 spots/retina) to induce CNV on Day 0, as described (Wang et al., 2017).
Lesions with choroidal hemorrhage and linear or fused lesions were excluded (Poor et al.,
2014). However, hemorrhagic spots occurred rarely, and exclusion was mostly for linear
spots or fusion spots. On Day 3, anti-Scg3 pAb, control IgG, anti-Scg3 ML49.3 mAb (0.36
na/l plleye) or aflibercept (2 pg/1 pl/eye) was intravitreally injected. Aflibercept at 2 pg/eye
in mice is equivalent to 2 mg/eye in humans for wet AMD therapy based on their relative
vitreous volumes. To avoid human bias, reagents were coded for blinded study. On Day 7,
mice received intraperitoneal injection of fluorescein sodium (0.1 ml, 2.5%) were analyzed
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for CNV leakage by fluorescein angiography 6 min post injection. Instrument settings for
detection sensitivity were kept at the same levels for all quantification. The intensity of laser
spots was quantified using ImageJ software (NIH) and normalized against the total intensity
of the entire viewing field. On day 8, eyecups of the retinal pigment epithelium (RPE)-
choroid-sclera complex were isolated from mice euthanized by CO, inhalation, stained with
Alexa Fluor 488-isolectin B4, flat-mounted and analyzed by confocal microscopy (Wang et
al., 2017). We harvested RPE eyecups 24 h after fluorescein angiography to allow the
clearance of fluorescein and minimize its interference with subsequent confocal analysis.
CNV 3D volume was deconvoluted from z-stack images and quantified using Volocity
software. The area size of the largest CNV z-stack image of each lesion and its fluorescence
intensity were quantified to determine the CNV size and vessel density using ImageJ. Vessel
density signals were normalized against background control.

2.6. Therapy of Matrigel-induced CNV

Growth factor-reduced Matrigel (Corning, Corning, NY, USA,; Cat. #354263) was diluted
1:4 with PBS and injected into the subretinal space of C57BL/6 mice (0.8 pl/retina) in one
eye of mice on Day 0 with PBS for the fellow eye (Cao et al., 2010). Anti-Scg3 pAb, rabbit
control 1gG, anti-Scg3 mAb, mouse control 1gG1 (Clone 9E10) (LeBlanc et al., 2017), or
aflibercept was subcutaneously injected on Day 0, 2 and 4. All reagents were coded for
blinded study. On Day 7, fluorescein angiography was performed to analyze CNV leakage
as above.

2.7. Statistical analysis

Data were expressed as mean + SEM and analyzed by one-way ANOVA test.

3. Results

3.1. Neutralizing activity of anti-Scg3 mAb

We demonstrated that Scg3 significantly induced the proliferation of HRMVECs (/<0.05)
and that ML49.3 mADb inhibited Scg3-induced proliferation (/£<0.05, Fig. 1A). Furthermore,
signaling studies revealed that Scg3 significantly stimulated the phosphorylation of Src
kinase in HRMVECs (/<0.05) and that ML49.3 mAb blocked Scg3-induced Src activation
(P<0.05, Fig. 1B,C).

3.2. Anti-Scg3 pAb inhibits laser-induced CNV

To investigate possible involvement of Scg3 in CNV pathogenesis, we analyzed the capacity
of anti-Scg3 pAb (0.36 pg/eye) to alleviate CNV in mice. Fluorescein angiography on Day 7
showed that anti-Scg3 pAb significantly reduced CNV vessel leakage with a similar efficacy
to aflibercept (P<0.05, Fig. 2). CNV vessels in eyecups were labeled with Alexa Fluor 488-
isolectin B4 and analyzed by confocal microscopy. Anti-Scg3 pAb markedly reduced the
size of CNV (Fig. 3A). Quantification of CNV 3D volume, lesion area and vessel density
revealed that anti-Scg3 pAb significantly inhibited CNV with high efficacy (Fig. 3B-D). As
a positive control, aflibercept (2 pg/eye) also markedly suppressed laser-induced CNV.
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3.3. Anti-Scg3 mAb suppresses laser-induced CNV

Despite affinity purification, anti-Scg3 pAb recognizing multiple epitopes may
nonspecifically bind to other proteins with off-target effects. mAbs minimally cross-react
with other proteins and therefore are well recognized as selective reagents for target
validation as well as therapy.

Intravitreal injection of Scg3-neutralizing mAb (0.36 pg/eye) significantly ameliorated laser-
induced CNV leakage (£<0.0001, Fig. 2), CNV 3D volume (~<0.01), lesion size (P<0.01)
and vessel density (£<0.001) with a similar efficacy to aflibercept (Fig. 3).

3.4. Anti-Scg3 therapy of Matrigel-induced CNV

To independently validate the pathogenic role of Scg3, we generated an alternative mouse
model of CNV by injecting Matrigel into the subretinal space to induce CNV. To circumvent
the side effects of intravitreal injection, we investigated systemic anti-Scg3 therapy in this
CNV model. Anti-Scg3 pAb, ML49.3 mAb, control rabbit IgG, mouse 1gG1 (25 ug/Kg body
weight), aflibercept (250 pug/Kg) or PBS was subcutaneously injected on Day 0, 2 and 4.
Fluorescein angiography on Day 7 showed that anti-Scg3 pAb significantly prevented
Matrigel-induced CNV (/<0.01, versus rabbit control 1gG, Fig. 4). The results were
independently verified with ML49.3 mAb (/<0.01, versus control mouse 1gG1). As a
positive control, aflibercept also significantly inhibited Matrigel-induced CNV (Fig. 4).

4. Discussion

Scg3 was initially discovered as a neural protein in 1990 and subsequently found to be
predominantly expressed in endocrine, neuroendocrine cells and neurons, including retinal
neurons (Hosaka et al., 2002; LeBlanc et al., 2017; Ottiger et al., 1990; Sakai et al., 2003;
Sakai et al., 2004). Scg3 belongs to the granin family that is composed of chromogranin A
(CgA), chromogranin B (CgB) and secretogranin 11-VI1 (Scg2-7) (Li et al., 2018b). For
more than a quarter of a century after its discovery, Scg3 was exclusively investigated as a
vesicular protein to regulate the biogenesis of secretory granules (Hosaka and Watanabe,
2010). Scg3 binds to CgA, membrane-associated carboxypeptidase E (CPE) and cholesterol-
rich membrane domain in the trans-Golgi network. It was proposed that Scg3, CgA and
other granins jointly regulate secretory granule biogenesis and the secretion of hormones,
neuropeptides and neurotransmitters (Hosaka and Watanabe, 2010). Although Scg3-null
mice fed with a high-fat diet developed pronounced obesity with a decrease in stimulated
secretion of active insulin (Maeda et al., 2018), the knockout mice were viable and fertile
and exhibited no overt abnormalities under ordinary rearing conditions (Kingsley et al.,
1990). These findings suggest that secretion of most vital hormones and neurotransmitters is
not impaired in Scg3~/~ mice.

We recently developed a new technology of ligandomics to globally profile cell-wide ligands
with simultaneous binding activity quantification (Li et al., 2018a). We applied ligandomics
to a mouse model of diabetic retinopathy (DR). Quantitative comparison of the entire
ligandome profiles for diabetic vs. healthy retina systematically mapped hundreds ligands
with altered binding activity to DR endothelium (LeBlanc et al., 2017). Among thousands of
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identified endothelial ligands, Scg3 was discovered with the highest binding activity ratio to
diabetic vs. control vessels (1,731:0) and lowest binding to control vasculature. These results
imply that Scg3 receptor(s) (Scg3R) may be markedly induced on diabetic retinal vessels.
Indeed, we found that Scg3 selectively induced angiogenesis of diabetic but not normal
vessels. To our knowledge, Scg3 represents the first diabetes-selective angiogenic factor.
Interestingly, CgA, Scg2 and their processed peptides in the same family are also capable of
regulating angiogenesis (Helle and Corti, 2015; Kirchmair et al., 2004). Perhaps the reason
that Scg3 was overlooked for so long as an angiogenic factor is its inability to induce
angiogenesis in normal vessels. This also highlights the important value of our comparative
ligandomics to systematically discover disease-selective ligands that are functionally active
only in diseased but not normal vessels or cells.

Similar to VEGF, Scg3 possesses the activity of both angiogenic and vascular leakage
activity. Anti-Scg3 ML49.3 mAb was demonstrated with high efficacy to alleviate not only
retinal vascular leakage in diabetic mice but also pathological retinal neovascularization in
OIR mice (LeBlanc et al., 2017). This study further revealed the high efficacy of anti-Scg3
mADb to ameliorate laser- or Matrigel-induced CNV. Taken together, these results suggest
that similar to VEGF, Scg3 may be involved in the pathogenesis of different vascular
diseases and that anti-Scg3 mAb could be developed for clinical translation with multiple
indications.

To date most angiogenic factors were discovered based on their functional activity to
stimulate angiogenesis of normal vessels and subsequently characterized for their roles in
disease pathogenesis. Therapies targeting these conventional angiogenic factors may have
not only therapeutic activity but also adverse side effects on normal vasculature. Narrow
therapeutic windows could restrict clinical doses with limited efficacy and high drug attrition
rates, as highlighted by the recent failure of platelet-derived growth factor (PDGF) inhibitor
Fovista to treat wet AMD (Dunn et al., 2017). To circumvent this problem, a new trend in
drug development is targeted therapy, such as antibody-drug conjugates (ADCs) for cancer
therapy (Sau et al., 2017). For anti-angiogenesis, inhibitors targeting disease-selective
angiogenic receptors or their cognate ligands may have minimal adverse effects. It is worth
noting that CCR3 was reported as an angiogenic receptor specifically expressed on CNV
endothelium with undetectable expression in normal choroidal vasculature (Takeda et al.,
2009). Anti-CCR3 antibodies and small-molecule antagonists ameliorated laser-induced
CNV in mice (Nagai et al., 2015; Takeda et al., 2009). However, CCR3 upregulation in
Matrigel-induced CNV was not detected, and CCR3 antagonists showed minimal efficacy in
this CNV model (Li et al., 2011). Given the predominant expression of CCR3 on eosinophils
(Murphy, 2017), CCR3-null mice developed dysregulated trafficking of eosinophils
(Humbles et al., 2002). Phase I clinical trial of a CCR3 antagonist was terminated
(ClinicalTrial.gov), presumably due to safety reasons. As a result, targeted anti-angiogenic
therapy against CCR3 has never been fully investigated for its efficacy and safety advantages
in clinical trials. Owing to its high disease selectivity, anti-Scg3 mAb has the potential to
become the first “selective angiogenesis blocker” for ligand-guided, targeted therapy of
CNV with minimal side effects on normal vessels.
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Our recent study showed that Scg3 and VEGF have distinct receptor pathways (LeBlanc et
al., 2017), providing a molecular basis for potential alternative or combination therapy of
AMD to improve therapeutic efficacy. The disease selectivity of Scg3 implies marked
upregulation of its receptor on diabetic vessels. Given the minimal expression of Scg3R on
normal vessels, the therapeutic activity of anti-Scg3 mAb in this study implicate that Scg3R
may also be induced in CNV. Because of the unknown identity of Scg3R, the only approach
to confirm the increased binding of Scg3 to CNV vasculature is our comparative
ligandomics (LeBlanc et al., 2017). An interesting question is why Scg3R is minimally
expressed on normal vasculature but markedly induced in disease conditions. We speculate
that Scg3R may be similar to the receptor for advanced glycation end products (RAGE),
which is minimally expressed on normal vasculature but markedly upregulated on diabetic
endothelium to exacerbate diabetic vascular complications (DVCs) (Manigrasso et al.,
2014). However, such speculation for Scg3R in CNV is yet to be experimentally
corroborated.

Intravenous infusion of bevacizumab for cancer therapy may trigger severe or fatal systemic
adverse effects (Falk et al., 2015). To circumvent the problem, all anti-VEGF drugs were
approved for wet AMD therapy only via intravitreal administration. However, repetitive
intravitreal injections may cause detrimental effects, including endophthalmitis, retinal
detachment, increased intraocular pressure and cataract, albeit at a relatively low rate
(Dedania and Bakri, 2015; Drug_Information, 2011). This study independently confirmed
the therapeutic activity of anti-Scg3 mAb, suggesting that Scg3 may contribute to CNV
pathogenesis and is a promising target for anti-angiogenic therapy of CNV. Given that Scg3
is a disease-selective angiogenic factor with undetectable binding to normal vessels
(LeBlanc et al., 2017), anti-Scg3 mAb via systemic administration may have minimal
adverse effects. Anti-Scg3 mAb could be delivered through sub-tenon injection to
circumvent the requirement for intravitreal injection. This notion is supported by high
efficacy of subcutaneous anti-Scg3 mADb to attenuate Matrigel-induced CNV (Fig. 4).
However, systemic safety of anti-Scg3 mAb is yet to be fully characterized.

VEGEF is an important growth factor not only for endothelial cells but also for RPE and
neurons (Byeon et al., 2010; Rosenstein et al., 2003). Long-term anti-VEGF therapy for wet
AMD may increase the risk of geographic atrophy and retinal fibrosis (Daniel et al., 2014;
Enslow et al., 2016; Grunwald et al., 2017). Anti-Scg3 therapy with disease selectivity may
offer an alternative solution to these safety concerns. However, such long-term safety is
difficult to be investigated in animal models.

In summary, this study characterized the therapeutic activity of anti-Scg3 mAb to alleviate
CNV in two mouse models, implicating that Scg3 may play an important role in CNV
pathogenesis. Given that Scg3 is a VEGF-independent angiogenic factor (LeBlanc et al.,
2017), Scg3-neutralizing mAb will be humanized to facilitate alternative or combination
therapy of wet AMD.
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Highlights
Scg3 is a highly disease-selective angiogenic factor.
Scg3 is a novel target for choroidal neovascularization (CNV).
Scg3-neutralizing monoclonal antibody (mAb) alleviates laser-induced CNV.

Scg3-neutralizing mAb ameliorates Matrigel-induced CNV.
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Fig. 1. Anti-Scg3 mAD neutralizes Scg3 functional activity.
(A) Anti-Scg3 mADb inhibits Scg3-induced proliferation of HRMVECs. Cells were incubated

with Scg3 (1 pg/ml) in the presence or absence of anti-Scg3 ML49.3 mAb (2 pg/ml) in 96-
well plates for 48 h. Cell number per well was quantified. n=6 wells/group. (B) Anti-Scg3
mADb blocks Scg3-induced activation of Src kinase. HRMVECs were incubated with Scg3 (1
pg/ml) in the presence or absence of anti-Scg3 ML49.3 mAb (2 pug/ml) for 10 min. Cells
were analyzed by Western blot. (C) Quantification of phosphorylated Src signal intensity (P-
Src/total Src) in (B). n=5. + SEM, one-way ANOVA test.

Exp Eye Res. Author manuscript; available in PMC 2020 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

LeBlanc et al. Page 13

w

1.2 4

A  Control IgG Aflibercept

I I 1
p<0.05 p<0.01 p<0.001
1.0

0.8 A

0.2 A1

Relative fluoresceince intensity
(Normalized to control)
o o
BN [9)}
> =
Bl

0.0 A

Anti-Scg3 pAb  Anti-Scg3 mAb

Fig. 2. Anti-Scg3 therapy of laser-induced CNV leakage.
Mice were treated with laser photocoagulation on Day 0. Scg3-neutralizing pAb, ML49.3

mADb, control IgG (0.36 ug/1 ug/eye), or aflibercept (2 ug/1 ug/eye) was intravitreally
injected on Day 3. (A) Representative images of fluorescein angiography on Day 7. (B)
Quantification of CNV fluorescence intensity in (A). £ SEM, n (# of laser spots) is indicated
at the bottom of the bars, versus control 1gG, one-way ANOVA test.
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Fig. 3. Anti-Scg3 therapy of laser-induced CNV.
Mice with laser-induced CNV were treated, as described in Fig. 2. After fluorescein

angiography on Day 7, mice were sacrificed on Day 8. Eyecups of the RPE-choroid-sclera
complex were stained with Alexa Fluor 488-isolectin B4 and analyzed by confocal
microscopy. (A) Representative images of CNV. (B) Quantification of CNV 3D volume in
(A). (C) Quantification of CNV lesion size in (A). (D) Quantification of CNV vessel density
(i.e., fluorescence intensity) in (A). £ SEM, n (# of laser spots) is indicated in the graphs,
one-way ANOVA test.
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Fig. 4. Anti-Scg3 therapy of Matrigel-induced CNV.
Matrigel was injected subretinally on Day 0. Anti-Scg3 pAb, rabbit control IgG, anti-Scg3

mAb, mouse control 1gG1 (25 pug/Kg body weight) or aflibercept (250 ug/Kg) was
subcutaneously injected on Day 0, 2, and 4. Fluorescein angiography was performed on Day
7 to analyze CNV leakage. (A) Representative images of fluorescein angiography. (B)
Quantification of CNV leakage in (A). Blinded study. £ SEM, n (# of mice) is indicated in
the graph, one-way ANOVA test.
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