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Abstract

Choroidal neovascularization (CNV) is a leading cause of vision loss in the elderly. All 

approved anti-angiogenic drug therapies for CNV target vascular endothelial growth factor 

(VEGF) but confer limited efficacy. Identification of other CNV-related angiogenic factors 

will facilitate the development of VEGF-independent alternative therapies. Here, we applied 

comparative ligandomics to live mice with or without laser-induced CNV for global mapping 

of CNV-selective endothelial ligands. Secretogranin III (Scg3) previously identified by the 

same approach as a diabetes-restricted angiogenic factor was mapped with more than 935-fold 
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increase in binding to CNV vessels compared to healthy choriocapillaris. A novel in vivo 
ligand binding assay independently confirmed a marked increase in Scg3 binding to CNV 

vessels, whereas VEGF showed no increase in CNV-selective binding. A new technique of 

functional immunohistochemistry allowed the visualization and confirmed the increase in in 
vivo Scg3 binding to CNV vasculatures, including CNV microcapillaries with detailed vascular 

structures, which was blocked by anti-Scg3 humanized antibody Fab fragment (hFab). The 

hFab effectively alleviated laser-induced CNV with an efficacy similar to the anti-VEGF drug 

aflibercept. Homozygous deletion of the Scg3 gene in mice significantly reduced the severity of 

CNV. Furthermore, the therapeutic activity of anti-Scg3 hFab, but not aflibercept, was abolished 

in Scg3−/− mice, suggesting the Scg3-dependent nature of the hFab-mediated therapy. These 

findings suggest that Scg3 plays an important role in CNV pathogenesis and is a promising 

disease-restricted angiogenic factor for ligand-guided disease-targeted anti-angiogenic therapy of 

CNV.

Graphical Abstract

Ligandomics profiling was performed to globally map thousands of endothelial ligands binding 

to choroidal vessels with or without choroidal neovascularization (CNV) and simultaneously 

quantify their endothelium-binding activity. Quantitative comparison of entire ligandome profiles 

for CNV with healthy choroidal vessels systematically mapped CNV-high, CNV-low and non-

CNV related endothelial ligands. Secretogranin III (Scg3) was identified as a CNV-high ligand.
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Introduction

Age-related macular degeneration (AMD), a leading cause of vision loss in people aged 

65 and older, is classified into two major categories: wet (exudative or neovascular) and 

dry (atrophic) AMD [1, 2]. The former with the hallmark of choroidal neovascularization 

(CNV) accounts for ~10% of total AMD cases but ~90% of all cases with severe vision 

loss from the disease [3]. Wet AMD is currently treated with anti-angiogenic drugs [4], 

all of which target vascular endothelial growth factor (VEGF) with limited efficacy [5, 6]. 

In the absence of other options, patients with poor response to one anti-VEGF drug are 

often switched to another VEGF blocker, even though these drugs share similar mechanisms 

of action (MOAs) with limited benefits [7]. Additionally, anti-VEGF may elicit adverse 

side effects and increase the risk of geographic atrophy [8, 9]. To address these problems, 

novel therapies against different targets, such as IL-6, RUNX1, aryl hydrocarbon receptor, 

calreticulin and α2-adrenergic receptor [10–14], have been investigated. Several therapies, 

including Fovista and nesvacumab targeting respective platelet-derived growth factor and 

angiopoietin 2, failed in clinical trials of wet AMD [15, 16], probably because of their 

common VEGF-dependent MOAs [17, 18]. Consequently, an unmet clinical need is to 

develop novel anti-angiogenic therapies against VEGF-independent pathways for alternative 

or combination treatment with optimal safety.

We recently identified secretogranin III (Scg3) as a diabetes-selective angiogenic and 

leakage factor in a mouse model of diabetic retinopathy (DR) by a new technology of 

comparative ligandomics [19]. The technology is capable of globally mapping cell-binding 

ligands, simultaneously quantifying their binding activities and systematically comparing 

their binding activities in diseased versus healthy conditions to delineate disease-selective 

or restricted ligands. Of thousands of identified retinal endothelial ligands, Scg3 was 

discovered by comparative ligandomics with the highest binding activity ratio for diabetic 

versus healthy vessels and the lowest binding to the healthy vasculature [19]. Scg3 was 

independently verified to drive angiogenesis and promote retinal vascular leakage in diabetic 

but not healthy mice [19, 20]. In contrast, VEGF binds to and stimulates angiogenesis and 

leakage of both diabetic and healthy vasculatures. We further generated Scg3-neutralizing 

monoclonal antibodies (mAbs) that confers high efficacy to alleviate DR leakage in 

diabetic mice and pathological retinal neovascularization in mouse models of retinopathy 

of prematurity (ROP) [19, 21]. Subsequently, we confirmed that anti-Scg3 mAb ameliorates 

CNV in mouse models, including laser-induced CNV (LCNV). Despite these breakthroughs, 

two questions remain: i) is comparative ligandomics broadly applicable to other vascular 

diseases beyond DR, such as LCNV? ii) is Scg3 a disease-selective angiogenic factor in 

LCNV?

Here, we investigated the applicability of comparative ligandomics to LCNV and identified 

Scg3 as a CNV-selective endothelial ligand. We independently confirmed Scg3 with 

increased binding to CNV vessels relative to healthy choriocapillaris by a novel in vivo 
ligand binding assay. A new approach of functional immunohistochemistry, which combines 

in vivo ligand binding with conventional immunohistochemistry, visualized Scg3 binding 

to CNV vessels and microcapillaries that was blocked by a humanized Scg3-neutralizing 

antibody Fab fragment (hFab). We compared the therapeutic efficacy of the hFab to the 
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anti-VEGF drug aflibercept for alleviating LCNV. The important role of Scg3 in CNV 

pathogenesis and its potential as a therapeutic target were independently investigated in 

Scg3−/− mice.

Results

Profiling of CNV-selective endothelial ligands by comparative ligandomics

To investigate the broad applicability of comparative ligandomics, we applied this approach 

to mice with or without LCNV lesions for three rounds of in vivo binding selection to enrich 

ligands binding to LCNV vessels or healthy choriocapillaris (Fig. 1A,B). Ligandomics 

identified a total of 17.30 and 25.19 million valid sequence reads that align to 690 and 800 

proteins in the NCBI CCDS database for healthy choriocapillaris and CNV, respectively. 

Comparative ligandomics identified 226 “LCNV-high” ligands with ≥10-fold increase 

in binding activity to LCNV vessels vs. healthy choriocapillaris and 121 “LCNV-low” 

ligands with ≥10-fold decrease in the binding activity. The binding activity plot shows 

global binding activity changes for all identified ligands, including LCNV-high, LCNV-low, 

LCNV-unchanged and background binding (Fig. 1C). The Pearson correlation coefficient is 

calculated as r=0.2174, which is much lower than r=0.489 for DR in 4-month-diabetic mice 

[19], suggesting dramatic global alternations of endothelial ligand binding profile in acute 

LCNV vs. chronic DR.

Clonal phage displaying VEGF protein (VEGF-Phage) was spiked into open reading frame 

phage display (OPD) libraries as an internal control before in vivo binding selection and 

identified by comparative ligandomics with 66 and 90 copies bound to LCNV vessels and 

healthy choriocapillaris, respectively (Fig. 1D). This binding activity ratio is consistent 

with 408:2,420 for VEGF-Phage binding to DR:healthy retinal vessels, respectively, in 

our previous study [19]. In contrast, Scg3 was identified with 65,455 and 70 copies in 

LCNV and healthy choroids, respectively, implying that Scg3 binding to LCVN vessels 

dramatically increased by ~935-fold (Fig. 1D), comparable to 1,731:0 for DR:healthy retinal 

vessels in our previous study [19]. These findings suggest that Scg3, but not VEGF, is a 

LCNV-selective endothelial ligand.

Independent validation of Scg3 as a LCNV-selective endothelial ligand

Ligands identified by this relatively new technology of ligandomics should be independently 

verified. Because of the technical challenges for in vivo binding assay of endothelial 

ligands (see Discussion), we recently developed a novel in vivo ligand binding assay, 

which shares similar procedures to ligandomics but used clonal T7 phage displaying Scg3 

(Scg3-Phage) or VEGF. After binding and washing by intracardial perfusion, eyes were 

nucleated, followed by the removal of retinas. We took the advantage of coexistence of 

healthy choroid and LCNV in the same eye by isolating adjacent but well-separated choroids 

with versus without CNV in similar tissue sizes. Quantification of vessel-bound phages 

by plaque assay revealed that Scg3 binding to LCNV increased by 3.13-fold relative to 

the control choroid and was fully blocked by preincubation with anti-Scg3 hFab (Fig. 

2A, C), consistent with the increased Scg3 binding to LCNV profiled by comparative 

ligandomics (Fig. 1D). Furthermore, preincubation of Scg3-Phage with human rhinovirus 
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(HRV) 3C protease to cleave and remove Scg3 from the phage surface completely abolished 

the binding of Scg3-Phage to LCNV vessels (Fig. 2A, C). These results suggest that the 

increased binding of Scg3-Phage was not due to increased permeability of CNV vessels and 

phage leakage from the vasculature.

However, we failed to detect a significant increase of VEGF-Phage binding to LCNV over 

healthy choriocapillaris (Fig. 2B), consistent with the minimal increase in VEGF binding to 

LCNV detected by comparative ligandomics (Fig. 1D). VEGF-Phage binding to healthy and 

CNV vessels was not blocked by aflibercept, suggesting minimal VEGF-specific binding in 

both conditions. Furthermore, pretreatment with HRV 3C protease failed to further reduce 

already minimal VEGF binding to healthy or LCNV vessels. These data confirm that VEGF 

minimally binds to healthy and LCNV vessels and that Scg3, but not VEGF, represents a 

CNV-selective angiogenic factor.

Visualize Scg3 binding to LCNV in vivo by functional immunohistochemistry

To further confirm Scg3 binding to LCNV vessels, we developed a new technique of 

functional immunohistochemistry to visualize Scg3 binding to vasculatures by combining 

in vivo ligand binding with conventional immunohistochemistry. To improve detection 

sensitivity, we labeled each Scg3-Phage particle with ~400 copies of FLAG tag by 

amplifying Scg3-Phage in BLT7FLAG bacteria [22], performed in vivo binding with 

purified FLAG-tagged Scg3-Phage. After sequential intracardial perfusion with PBS to 

remove unbound phages and 4% paraformaldehyde to fix vessel-bound Scg3-Phage in 

situ and prevent ligand-receptor dissociation, vessel-bound FLAG-tagged Scg3-Phage was 

visualized by immunohistochemistry using anti-FLAG mAb. The results show that Scg3-

Phage bound to LCNV and was blocked by preincubation with anti-Scg3 hFab (Fig. 2D, 

Column 2 vs. 4), consistent with its binding quantification in Fig. 2A. The zoom-in image 

reveals that FLAG-tagged Scg3-Phage bound to LCNV vessels with detailed structure 

of microcapillaries (Fig. 2D, Column 3, top panel). No Scg3-Phage leakage from the 

fenestrated choroidal vessels was detected. As a control, Scg3-Phage failed to bind to 

healthy choroids (Fig. 2D, Column 1). In contrast, FLAG-tagged VEGF-Phage showed 

equal background binding in the absence and presence of aflibercept (Fig. 2D, Column 4 vs. 

5).

Minimal increase in Scg3 expression in LCNV

An interesting question is whether Scg3 expression increases in LCNV. We analyzed Scg3 

expression in LCNV and healthy choroids by conventional immunohistochemistry using 

anti-Scg3 antibody and detected similar Scg3 levels in both conditions (Fig. 2E). These 

findings are consistent with our previous studies that Scg3 is not induced in DR despite its 

increased binding to DR vessels [19].

In vitro neutralizing activity of anti-Scg3 hFab

To facilitate the translation of anti-Scg3 therapy, we converted one of the optimal Scg3-

neutralizing mAbs to a humanized anti-Scg3 hFab. Here we further confirmed the Scg3-

neutralizing activity of the hFab using two in vitro functional assays. In the first assay, Scg3-

induced wound healing migration of human umbilical vein endothelial cells (HUVECs) was 
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blocked by anti-Scg3 hFab (Fig. 3A,B). As a positive control, VEGF-induced migration 

of HUVECs was also inhibited by aflibercept. In the second assay, Scg3 significantly 

stimulated tube formation of HUVECs with increased tube number, tube length and branch 

points, and anti-Scg3 hFab blocked Scg3-induced tube formation (Fig. 3C–F). Likewise, 

VEGF as a positive control promoted tube formation of HUVECs that was blocked by 

aflibercept. These studies confirmed the neutralizing activity of anti-Scg3 hFab.

In vivo therapeutic efficacy of anti-Scg3 hFab

To investigate the therapeutic potential of anti-Scg3 hFab, we compared its efficacy to 

aflibercept for alleviating LCNV in mice via intravitreal administration. H&E staining of 

retinal sections showed both anti-Scg3 hFab and aflibercept intravitreally injected 3 days 

(D3) post laser photocoagulation reduced LCNV lesion size in mice at D7 (Fig. 4A). 

To quantitatively assess the therapeutic efficacy, we analyzed CNV leakage at D7 using 

fluorescein angiography (FA) and confirmed that intravitreal anti-Scg3 hAb at 2 μg/eye 

significantly inhibited CNV leakage, including leakage intensity and area, with similar 

efficacy to aflibercept (Fig. 4B–D). We further isolated eyecups of the retinal pigment 

epithelium (RPE)-choroid-sclera complex (RPE eyecups) on D7, stained CNV vessels with 

Alexa Fluor 488 (AF488)-isolectin B4 (IB4) and analyzed the CNV vasculature. The results 

indicated that anti-Scg3 hFab and aflibercept conferred similar efficacy to significantly 

reduce CNV maximal area and 3D volume (Fig. 4E–G). In these studies, control hFab 

was included as a negative control. These findings suggest that anti-Scg3 hFab is a potent 

anti-angiogenic agent for LCNV therapy.

Deletion of Scg3 alleviates LCNV severity and nullifies anti-Scg3 hFab efficacy

Scg3−/− mice were reported with normal gross phenotypes, including body weight, behavior 

and fertility [23]. Given that Scg3 shares minimal amino acid sequence homology to other 

proteins, Scg3-knockout (KO) mice provide a convenient model to assess the pathological 

role of Scg3 in CNV pathogenesis. We quantified and compared the severity of LCNV in 

wild-type and Scg3-null mice and found that the latter had markedly reduced CNV leakage 

area size and intensity, as analyzed by FA (Fig. 5A–C). CNV vessel staining also indicated 

that Scg3−/− mice had reduced CNV 3D volume and lesion size. (Fig. 5D–F).

To determine whether anti-Scg3 hFab may alleviate CNV through off-target effects, we 

analyzed its therapeutic activity in Scg3−/− mice. The results showed that aflibercept 

efficiently inhibited LCNV in both wild-type and Scg3-deficient mice, including CNV 

leakage size and area by FA imaging and CNV 3D volume and lesion size by the vessel 

staining (Fig. 6). In contrast, anti-Scg3 hFab ameliorated LCNV only in wild-type but not 

Scg3-null mice (Fig. 6). In these studies, naïve hFab was included as a negative control. 

These results suggest that Scg3 plays an important role in the pathogenesis of LCNV and 

that anti-Scg3 hFab alleviates CNV through a Scg3-dependent manner.

Discussion

Despite advancements in functional proteomics to profile intracellular protein-protein 

interactomes [24], ligand-receptor interactions (LRIs) on the cell surface remain to be 
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identified on a case-by-case basis. Single-cell RNA-seq has been used to infer only known 

LRIs but is incapable of deducing unknown LRIs [25]. To address the challenge, we recently 

developed ligandomics technology capable of identifying known as well as unknown 

LRIs based on experimental protein-protein interactions [19, 26]. In a previous study, we 

applied comparative ligandomics to diabetic vs. healthy mice, globally mapped DR-related 

endothelial ligands and discovered Scg3 as a novel DR-selective ligand that preferentially 

binds to DR vs. healthy retinal vessels [19]. In contrast, VEGF binds to both DR and healthy 

vasculatures equally well. Independent validation confirmed that Scg3 preferentially induces 

angiogenesis and vascular leakage in diabetic over healthy mice, whereas VEGF promotes 

angiogenesis and permeability of both diabetic and healthy vessels [20]. These findings 

established the validity of comparative ligandomics.

An important question is whether ligandomics is broadly applicable to other vascular 

diseases. This study applied comparative ligandomics to LCNV and healthy choroids, 

globally mapped CNV-high and low ligands and identified Scg3 as a CNV-high endothelial 

ligand. Based on LRIs and pharmacological MOAs, we predict that CNV-high ligands 

are more promising therapeutic targets than CNV-low ligands, because therapies targeting 

CNV-low ligands with reduced receptor expression on CNV vessels will exert diminished 

modulatory effects on diseased vessels. In the extreme case with completely abolished 

receptor expression, no therapies targeting the cognate ligands can exert any effects on 

diseased vasculatures. In addition to Scg3, other identified CNV-high endothelial ligands 

are currently under independent characterization for their binding selectivity, functional 

activity, pathogenic role and therapeutic potential. Some validated CNV-high ligands are 

under investigation for drug development. These results suggest that ligandomics is broadly 

applicable to vascular diseases beyond DR and is a valuable tool for drug target discovery.

We recently proposed that an angiogenic factor can contribute to pathological 

neovascularization through upregulation of the angiogenic ligand itself, its cognate receptor 

or both [26]. Our previous study showed that anti-Scg3 mAb alleviates CNV high efficacy 

[27], implying that Scg3 may contribute to CNV pathogenesis through one of these modes. 

We previously reported that Scg3 is minimally upregulated in mouse models of DR and 

ROP [19]. Similarly, immunohistochemistry in this study confirmed that Scg3 expression 

is not upregulated in LCNV (Fig. 2E), implicating that Scg3 binding upregulation may 

confer CNV pathogenesis. Indeed, comparative ligandomics found that Scg3 is a CNV-high 

endothelial ligand. This result is supported by independent in vivo ligand binding assay and 

functional immunohistochemistry using clonal Scg3-Phage (Fig. 2A–D).

An interesting question is the huge discrepancy in Scg3 binding activity quantification 

by comparative ligandomics versus clonal Scg3-Phage ligand binding assay. The former 

detected ~935-fold increase in Scg3 binding to LCNV relative to healthy choriocapillaris 

(Fig. 1D), whereas the latter found only 3.13-fold (Fig. 2A). This discrepancy is likely 

due to differences in technical platforms between these two assays. Ligandomics detected 

and quantified cDNA copy number of vessel-bound Scg3-displaying library phages by 

next-generation DNA sequencing (NGS) after PCR amplification, whereas ligand binding 

assay detected vessel-bound clonal Scg3-Phage by plaque assay. The presence of trillions 

of other OPD library clones in ligandomics profiling competitively reduced non-specific 
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binding of library Scg3 clones with only 70 copies of Scg3 cDNA inserts detected for 

healthy vessels (Fig. 1D). In contrast, the ligand binding assay with clonal Scg3-Phage 

lacked the competitive blockade of non-specific binding by library clones and had much 

higher background binding with 11,515 plaque forming unit (pfu)/mg tissue detected in 

healthy choroids (Fig. 2A). The high background binding may derive from non-specific 

phage binding to choroidal endothelia through Scg3 displayed on phage surface as well 

as other phage own surface proteins (e.g., capsid and tail fiber proteins). As a result, the 

Scg3-Phage binding increase to CNV vessels was markedly reduced to only 3.13-fold in 

the binding assay, which more closely resembles traditional binding assays with protein 

ligands than ligandomics. These data suggest that Scg3 receptor(s) (Scg3R) expression is 

markedly upregulated in CNV vessels. The identity of the Scg3R is currently under intense 

investigation (unpublished data).

Another question is why minimal VEGF binding was detected (Fig. 1D, 2B, 2D), even 

though VEGF regulation of CNV vessels was therapeutically detected by aflibercept (Fig. 

4). Both Scg3-Phage and VEGF-Phage have been validated in vitro for their binding to 

anti-Scg3 hFab and aflibercept and competitively blocked by recombinant protein Scg3 

and VEGF, respectively [28]. These results suggest that Scg3 and VEGF displayed on 

phage surface have conformations closely related to their native proteins. Furthermore, 

the binding of VEGF-Phage to human retinal microvascular endothelial cells and SK-N-

AS neuroblastoma cell line was significantly blocked by aflibercept [28]. Thus, minimal 

detection of aflibercept-sensitive VEGF-Phage binding in Fig. 2B and 2D suggests the 

low expression of VEGF receptors (VEGFRs) on both healthy choriocapillaris and LCNV 

vessels in adult mice. Likewise, minimal VEGF-Phage binding to mature retinal vasculature 

in adult mice with or without DR was detected (unpublished data). In contrast, in vivo 
ligand binding and functional immunohistochemistry detected aflibercept-sensitive VEGF-

Phage binding to the developing retinal vasculature of neonatal mice at postnatal day 17 

with or with oxygen-induced retinopathy [28]. These findings suggest that VEGFRs are 

mostly expressed on neonatal retinal vessels but minimally on mature retinal and choroidal 

vasculatures. This may also explain why preterm ROP infants are more susceptible to 

adverse side effects of anti-VEGF therapy than adults or the elderly with DR or wet AMD 

[29].

In vivo ligand binding and functional immunohistochemistry are new techniques developed 

by our group. VEGF in vivo binding has hitherto been impossible because VEGF dimer 

with only 45 kDa can readily leak out of vasculatures and be trapped in the extravascular 

space [30, 31]. Furthermore, choriocapillaris is well-characterized fenestrated vessels that 

are permeable to proteins less than ~232 kDa or 5.5 nm in diameter [32, 33]. We previously 

discussed that ligands displayed on the surface of the T7 phage with ~55 nm in diameter, 

equivalent to ~90,000 kDa, are impermeable to both healthy and diseased vessels [19]. 

Indeed, the zoom-in image of FLAG-tagged Scg3-Phage binding to CNV microcapillaries 

without any sign of signal diffusion is indicative of no phage leakage (Fig. 2D, Column 3, 

top panel).

Scg3 belongs to the granin family that comprises chromogranin A (CgA), CgB, 

secretogranin II (Scg2, or SgII), HISL-19 antigen (SgIV), neuroendocrine secretory protein 
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7B2 (SgV), NESP55 (SgVI), nerve growth factor inducible protein VGF (SgVII), and 

proSAAS (SgVIII) [34]. The family plays an important role in the biogenesis of secretory 

granules, including protein sorting, proteolytic cleavage of prohormones, secretory vesicle 

formation and condensation. In contrast to other protein families defined by sequence 

homology, such as VEGF protein family [35], the granin family is formed by arbitrary 

criteria of their biochemical and structural characteristics. These include their localization 

in secretory vesicles, acidic isoelectric point (pI), calcium-binding activity, propensity to 

form aggregates and presence of multiple dibasic cleavage sites [34]. Although Scg3 shares 

no significant sequence homology to any other proteins, including granins, Scg3−/− mice 

apparently develop normal gross phenotypes, including body weight, behavior and fertility, 

without defect in the secretion of vital hormones, such as insulin [23]. Our studies confirmed 

normal ocular phenotype of Scg3-null mice (Fig. 5, 6) [28]. Detailed analyses revealed 

only subtle metabolic defects in Scg3−/− mice, including maladaptation of endocrine cells 

to inadequate diet and stress by impairing the proteolytic conversion of prohormones in 

secretory granules [36]. Single-nucleotide polymorphisms in the Scg3 gene influence the 

risk of obesity by regulating the secretion of hypothalamic appetite-related neuropeptides 

[37]. The results suggest that intracellular role of Scg3 to regulate the biogenesis of 

secretory granules can be largely compensated by other granins, despite the lack of sequence 

homology.

CgA and Scg2 were reported to regulate angiogenesis with bifunctional activities. While 

Scg2-derived secretoneurin is proangiogenic [38, 39], Scg2 was recently reported to directly 

promote HIF-1α degradation, downregulate VEGF expression and inhibit tumor growth 

and angiogenesis [40]. Similar bifunctional activities were also reported for CgA that 

can be proteolytically processed into pro- or anti-angiogenic polypeptides [34, 41, 42]. 

Interestingly, Scg3 upregulation was reported in several tumors, including neuroendocrine 

tumors, small cell lung cancer and glioma [43–45]. However, it is controversial whether 

Scg3 is a positive or negative prognostic factor for tumors [43, 45]. Because of their minimal 

sequence homology, Scg3 may not share similar molecular mechanisms with CgA and 

Scg2 to regulate angiogenesis. Anti-Scg3 hFab with no access to intracellular compartments 

should not interfere with its functional role in regulating biogenesis of secretory granules.

All currently approved drug therapies for neovascular AMD target VEGF, and about half of 

the patients after the treatment have limited efficacy to improve vision with potential adverse 

side effects on healthy vessels and cells [5, 6, 8, 21, 46]. VEGF is a well-known growth 

and survival factor for endothelial cells as well as neurons and RPE cells [47, 48]. Excessive 

anti-VEGF treatment may result in significant CNV regression but minimal improvement 

in vision. For example, clinical studies reported that ranibizumab in excessively high 

doses had worse improvements in visual acuity than in moderate doses, despite marked 

improvements in the anatomical structure of the retina [49, 50]. Moreover, anti-VEGF 

therapy may increase the risk of geographic atrophy with the degeneration of RPE and 

photoreceptors [8, 9]. Therefore, developing novel disease-targeted anti-angiogenic therapies 

against VEGF-independent targets will help improve treatment efficacy and circumvent 

adverse side effects. Indeed, our recent studies detected significant safety advantages of 

anti-Scg3 mAb and hFab over aflibercept in animal models [21, 28].
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In summary, this study identified Scg3 as a CNV-restricted endothelial ligand by 

comparative ligandomics and independently confirmed the finding by in vivo ligand binding 

assay and functional immunohistochemistry. In vivo studies in wild-type and Scg3-KO mice 

confirmed that Scg3 is a therapeutic target for CNV and that anti-Scg3 hFab alleviates 

CNV with high efficacy. Because of its disease selectivity with minimal binding to no CNV 

vessels, anti-hFab has the potential to be developed as the next-generation disease-targeted 

anti-angiogenic therapy for ocular vascular diseases with optimal safety.

Materials and Methods

Animals and materials

C57BL/6J mice (6–8 weeks old) were purchased from the Jackson Laboratory (Bar 

Harbor, ME). Scg3-KO mice were from Taconic Biosciences (Model #TF3191) and were 

backcrossed to C57BL/6J mice for at least five generations. Scg3−/− mice were verified by 

genotyping (not shown), reverse transcription-PCR and Western blot (unpublished data). All 

animal procedures were approved by the Institutional Animal Care and Use Committee at 

the University of Miami or Baylor College of Medicine.

Anti-Scg3 hFab was engineered from a mouse mAb by Everglades Biopharma, LLC and 

was characterized in a separate study [28]. HUVECs previously described [51] were used 

in this study because commercial human choroidal endothelial cells failed to develop 

VEGF-induced tube formation and express minimal CD31 (data not shown). VEGF-Phage 

displaying VEGF110 was described in a recent study [19]. Scg3-Phage displaying full-

length human Scg3 was constructed in a similar manner [19].

LCNV

CNV was generated as previously described [52]. Briefly, C57BL/6J and Scg3 KO mice 

were subjected to laser photocoagulation (Argon laser, 532 nm, 100 mW, 0.8 s, 50 μm, 4 

spots per retina around the optic disc) on Day 0 (D0) using MICRON IV system (Phoenix). 

Lesions with choroidal hemorrhage on D0 and linear or fused lesions on D7 were excluded.

Comparative ligandomics

Ligandomics was carried out, as described [19]. Briefly, OPD libraries from mouse adult 

eyes and E18 embryos were amplified in BLT5615 bacteria and combined. VEGF-Phage 

was amplified and diluted into the combined libraries (1:1,000), which were purified by 

CsCl gradient centrifugation, dialyzed against PBS and titrated by plaque assay. Purified 

library phages were injected i.v. (1 × 1012 pfu/mouse, 200 μl/mouse) into LCNV mice at D7 

post laser photocoagulation and healthy mice (six eyes per group for Round 1 and four eyes 

for Round 2 and 3). After circulation for 20 min, mice were euthanized by CO2 inhalation, 

immediately followed by intracardial perfusion with PBS (10 ml/min) to remove unbound 

phages. After the removal of retinas from enucleated eyes, CNV lesions were precisely 

dissected along the demarcation line of the lesion from RPE eyecups under a dissecting 

microscope. Control RPE eyecups in approximately equivalent area size were isolated from 

healthy mice. Isolated tissues were weighed and homogenized in PBS with 1% Triton 

X-100 to release vessel-bound phages. After titration by plaque assay, released phages were 
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amplified in BLT5615 bacteria, purified as above, and used as input for the next round of in 
vivo binding selection in mice with or without LCNV (Fig. 1A). A total of three rounds of 

the binding selection were performed to enrich endothelium-binding phages. cDNA library 

inserts of enriched phages were amplified by PCR, purified on agarose gels and analyzed by 

NGS. Identified sequences were aligned against the NCBI CCDS database [19].

In vivo ligand binding assay

Clonal Scg3-Phage and VEGF-Phage were amplified in BLT5615 bacteria, purified, titrated, 

preincubated with or without anti-Scg3 hFab (4 μg/ml) or aflibercept (4 μg/ml), respectively, 

and injected i.v. into mice with LCNV on D7 post laser photocoagulation (1 × 1012 

pfu/mouse). After circulating for 20 min, mice were euthanized by CO2 inhalation and 

immediately subjected to intracardial perfusion with 70 ml PBS for 7 min to wash out 

unbound phages. Choroids with or without CNV lesion in similar sizes were isolated 

from the same RPE eyecups, weighed and homogenized in PBS with 1% Triton X-100 

to release vessel-bound phages, which were quantified by plaque assay. To determine 

ligand-binding specificity and background binding, we also preincubated Scg3-Phage and 

VEGF-Phage with HRV 3C protease (100 units/ml, ACROBiosystems, Cat. # 3CC-N3133) 

at 4°C overnight to release Scg3 or VEGF from the phage surface before the binding assay 

[22].

Immunohistochemistry

Mice with or without LCNV were euthanized with CO2 inhalation 7 days post laser 

photocoagulation and perfused with PBS and 4% paraformaldehyde. Enucleated eyes were 

re-fixed and embedded in optimal cutting temperature compound (OCT). Cryosections of 

eyes in 6-μm thickness were immunostained with anti-Scg3 rabbit polyclonal antibody 

(Proteintech, #10954-AP, 1:50) [19] and anti-CD31 mouse mAb (Abcam, #ab24590, 1:250), 

followed by Alexa Fluor 594 (AF594)-conjugated anti-rabbit IgG F(ab’)2 (Cell Signaling, 

#8889S; 1:1000) and AF488-conjugated anti-mouse Ab (Abcam, #ab150113; 1:500) and 

analyzed using a Keyence BZ-X810 structured illumination microscope (SIM).

Functional immunohistochemistry

Scg3-Phage and VEGF-Phage were amplified in BLT7FLAG bacteria to label phage capsid 

10A protein with FLAG tag, as described [22]. Amplified phages were purified and 

injected i.v. into anesthetized mice with or without LCNV for in vivo ligand binding 

as described above. After intracardial perfusion with PBS, mice were further perfused 

with 4% paraformaldehyde to fix vessel-bound phages in situ to prevent ligand-receptor 

dissociation. Eyes were enucleated, embedded in OCT, cryosectioned and immunostained 

with anti-FLAG mAb (Sigma, #F1804, 1:200), followed by AF594 anti-mouse Ab (Abcam, 

#ab150113; 1:500) and AF488-IB4 (10 μg/ml) and analyses using the SIM.

In vitro migration assay

Endothelial wound healing migration assay was conducted as described [51]. Briefly, 

HUVECs were seeded overnight at 90% confluency in 12-well plates precoated with 1% 

gelatin. A scratch with approximately 1 mm in width in each well was created using sterile 
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200-μl pipette tips. After the removal of dislodged cells by washing, Scg3 (1 μg/ml), VEGF 

(100 ng/ml) or PBS was added to HUVECs in the presence or absence of anti-Scg3 hFab 

(5 μg/ml) or aflibercept (1.5 μg/ml), respectively. Migration of cells was monitored at 0 and 

24 h under a light microscope. The denuded area covered by migrated cells was quantified 

using ImageJ software (NIH).

Endothelial tube formation assay

The assay was performed as previously described [51]. In brief, after starvation for 3 h in 

serum-free EBM-2 medium (Lonza), HUVECs were seeded on 96-well plates precoated 

with growth factor-reduced Matrigel (Corning Life Science, Cat. #354263) in EBM-2 

medium. Scg3 (300 μg/ml), VEGF (50 ng/ml) or PBS was added to HUVECs with or 

without anti-Scg3 hFab (1.5 μg/ml) or aflibercept (500 ng/ml), respectively. After incubation 

for 4 h, cells were photographed under a light microscope and quantified for tube number, 

tube length and branch points per viewing field using ImageJ.

Therapy of LCNV

Anti-Scg3 hFab, aflibercept, or control human IgG Fab (2 μg/1μl/eye) was blind coded 

and intravitreally injected on D3 post laser photocoagulation. FA was conducted on D7. 

All FA images were taken 6 min post injection of fluorescein sodium (0.1 ml, 2.5 %) 

in anesthetized mice with standardized instrument settings. FA images were analyzed by 

ImageJ. The intensity of the laser spots was normalized to cognate entire viewing field of 

the eye. After FA, RPE eyecups were harvested from euthanized mice, fixed, stained with 

AF488-IB4 (10 μg/ml) [27], flat-mounted, imaged using the SIM and analyzed using the 

Keyence software.

H & E staining

Eyeballs were collected on D7 post laser photocoagulation. After fixation in Davidson’s 

solution [53] overnight, they were embedded in OCT, cryosectioned and stained with H&E.

Statistics

NGS data analyses were performed, as described [19]. Other data are shown as mean ± SEM 

and analyzed by one-way ANOVA or Student’s t-test.

Acknowledgments.

We thank Dr. Yingbin Fu for scientific discussion and instruments. This work was partially supported by 
NIH R01EY027749 (W.L.), R24EY028764 (W.L. and K.A.W.), R24EY028764-01A1S1 (W.L. and K.A.W.), 
R43EY031238 (H.T., K.A.W. and W.L.), R43EY031643 (H.T.), R43EY032827 (H.T. and W.L.), R41EY027665 
(W.L. and H.T.), American Diabetes Association 1-18-IBS-172 (W.L.), NIH P30EY002520, P30EY014801, 
Knights Templar Eye Foundation Endowment in Ophthalmology (W.L.) and unrestricted institutional grants from 
Research to Prevent Blindness (RPB) to Department of Ophthalmology, University of Miami and Department of 
Ophthalmology, Baylor College of Medicine. NGS was performed on an Illumina sequencer supported by NIH 
shared instrument grant S10OD023469 (R.C).

Abbreviations

AF488 Alexa Fluor 488

Ji et al. Page 12

FEBS J. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AF594 Alexa Fluor 594

AMD age-related macular degeneration

CgA chromogranin A

CNV choroidal neovascularization

DR diabetic retinopathy

FA fluorescein angiography

hFab humanized antibody Fab fragment

HRV human rhinovirus

HUVEC human umbilical vein endothelial cell

IB4 isolectin B4

KO knockout

LCNV laser-induced CNV

LRI ligand-receptor interaction

mAb monoclonal antibody

MOA mechanisms of action

NGS next-generation DNA sequencing

OCT optimal cutting temperature compound

OPD open reading frame phage display

ROP retinopathy of prematurity

RPE retinal pigment epithelium

Scg2 secretogranin II

Scg3 secretogranin III

Scg3R Scg3 receptor

SIM structured illumination microscope

VEGF vascular endothelial growth factor

VEGFR VEGF receptor
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Fig. 1. 
Comparative ligandomics profiling of LCNV vs. healthy choroids to identify Scg3 as 

a disease-selective endothelial ligand. (A) Schematic of comparative ligandomics. Open 

reading frame phage display (OPD) cDNA libraries were purified and injected i.v. into 

anesthetized mice with or without LCNV for 3 rounds of in vivo binding selection to 

choroidal vessels. Enriched vessel-bound clones were identified by NGS and quantitatively 

compared. (B) Quantification of vessel-bound phage clones at Round 1 (1 min washing), 2 

(3 min washing) and 3 (7 min washing) with increased washing time for binding stringency. 

(C) Binding activity plot of all enriched vessel-binding ligands. Pearson correlation 

coefficient (r) for all ligands binding to LCNV versus healthy choriocapillaris is 0.2174. (D) 

Comparative ligandomics identifies Scg3, but not VEGF, as a LCNV-selective endothelial 

ligand.
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Fig. 2. 
Independent verification of Scg3, but not VEGF, as a LCNV-selective endothelial ligand. 

(A,B) In vivo ligand binding assay to quantify Scg3-Phage and VEGF-Phage binding to 

healthy and LCNV choroidal vessels. (A) Clonal Scg3-Phage binding to LCNV was blocked 

by preincubation with anti-Scg3 hFab (4 μg/ml) or HRV 3C protease (100 units/ml) to cleave 

displayed Scg3 from the phage surface (see C). Vessel-bound Scg3-Phage was quantified 

by plaque assay. n=10 eyes in 5 mice/group (Scg3-Phage) and 6 eyes in 3 mice/group (Scg3-

Phage with anti-Scg3 hFab blocking or 3C protease treatment). (B) Clonal VEGF-Phage 

binding as described in A. Aflibercept (4 μg/ml) or HRV 3C was used to block VEGF 
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binding. n=6 eyes in 3 mice/group. ±SEM; *P<0.05, ***P<0.001, ****P<0.0001, n/s for 

not significant; One-way ANOVA test. (C) Illustration of Scg3 blockade by anti-Scg3 hFab 

(top) or Scg3 ligand removal from the T7 phage surface by HRV 3C protease cleavage 

(bottom) in A and B. (D) Functional immunohistochemistry to visualize Scg3-Phage binding 

to LCNV but not healthy choroidal vessels. FLAG-tagged Scg3-Phage or VEGF-Phage 

was preincubated with or without anti-Scg3 hFab or aflibercept, respectively, for in vivo 
binding as described in A and B. After perfusion and in situ fixation, retinal sections were 

incubated with anti-FLAG mAb (red) and AF488-IB4 (green, staining vessels) to visualize 

vessel-bound Scg3-Phage. (E) Immunohistochemistry to detect Scg3 expression (red) in 

healthy and LCNV eyes. Vessels were stained with anti-CD31 mAb (green). Scale bar = 200 

μm.

Ji et al. Page 19

FEBS J. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Neutralizing activity of anti-Scg3 hFab. (A) Representative image of wound healing 

migration assay using HUVECs. (B) Quantification of migrated cells in A. n=6 wells/group. 

(C) Tube formation assay. (D) Quantification of tube number in C. (E) Quantification of tube 

length in C. (F) Quantification of branch points in C. n=5 wells/group for D-F. Scale bar = 

200 μm. ±SEM; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; one-way ANOVA test.
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Fig. 4. 
Anti-Scg3 hFab alleviates LCNV. (A) H&E staining of LCNV after treatment with anti-

Scg3 hFab, aflibercept or control hFab (2 μg/1 μl/eye). Mice were induced for LCNV 

on Day 0, received intravitreal treatment on Day 3 and isolated for H&E staining on 

Day 7. (B) Representative images of fluorescein angiography (FA) for LCNV in mice 

on Day 7. Treatment is described in A. (C) Quantitation of CNV leakage intensity in B. 

(D) Quantification of CNV leakage area in B. (E) Representative images of LCNV in 

flat-mounted RPE eyecups stained with AF488-IB4. RPE eyecups were isolated from B. 

Scale bar = 200 μm. (F) Quantitation of CNV maximal area in E. (G) Quantification of CNV 
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3D volume in E. n (# laser spots/group) is indicated inside graphs. ±SEM; ***P<0.001, 

****P<0.0001; one-way ANOVA test.
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Fig. 5. 
LCNV severity in Scg3-KO mice. (A) Representative images of FA for LCVN in Scg3+/+ 

and Scg3−/− mice at 7 days post laser photocoagulation. (B) Quantification of CNV 

leakage intensity in A. (C) Quantification of CNV leakage area in A. (D) Representative 

images of LCNV in flat-mount RPE eyecups stained with AF488-IB4. RPE eyecups were 

isolated from A. Scale bar = 200 μm. (E) Quantification of CNV maximal area in D. (F) 

Quantification of CNV 3D volume in D. n (# laser spots/group) is indicated inside graphs. 

±SEM; ***P<0.001, ****P<0.0001; one-way ANOVA test.

Ji et al. Page 23

FEBS J. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Anti-angiogenic therapy in Scg3-null mice. Scg3−/− mice were treated with laser on Day 0 

to induce CNV and intravitreally treated with anti-Scg3 hFab, aflibercept or control hFab (2 

μg/1 μl/eye) at 3 days post laser photocoagulation, as described in Fig. 4. (A) Representative 

images of FA at Day 7. (B) Quantification of CNV leakage intensity in A. (C) Quantification 

of CNV leakage area in A. (D) Representative images of CNV in flat-mount RPE eyecups 

stained with AF488-IB4. RPE eyecups were isolated from A. Scale bar = 200 μm. (E) 

Quantification of CNV maximal area in D. (F) Quantification of CNV 3D volume in D. 
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n (# laser spots/group) is indicated inside graphs. ±SEM; **P<0.01, ***P<0.001; n/s, not 

significant; one-way ANOVA test.
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