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Abstract
Retinopathy of prematurity (ROP) with pathological retinal neovascularization is the most common cause of blindness in 
children. ROP is currently treated with laser therapy or cryotherapy, both of which may adversely affect the peripheral vision 
with limited efficacy. Owing to the susceptibility of the developing retina and vasculatures to pharmacological intervention, 
there is currently no approved drug therapy for ROP in preterm infants. Secretogranin III (Scg3) was recently discovered 
as a highly disease-restricted angiogenic factor, and a Scg3-neutralizing monoclonal antibody (mAb) was reported with 
high efficacy to alleviate oxygen-induced retinopathy (OIR) in mice, a surrogate model of ROP. Herein we independently 
investigated the efficacy of anti-Scg3 mAb in OIR mice and characterized its safety in neonatal mice. We developed a new 
Scg3-neutralizing mAb recognizing a distinct epitope and independently established the therapeutic activity of anti-Scg3 
therapy to alleviate OIR-induced pathological retinal neovascularization in mice. Importantly, anti-Scg3 mAb showed no 
detectable adverse effects on electroretinography and developing retinal vasculature. Furthermore, systemic anti-Scg3 mAb 
induced no renal tubular injury or abnormality in kidney vessel development and body weight gain of neonatal mice. In 
contrast, anti-vascular endothelial growth factor drug aflibercept showed significant side effects in neonatal mice. These 
results suggest that anti-Scg3 mAb may have the safety and efficacy profiles required for ROP therapy.

Keywords  Secretogranin III · Scg3 · Angiogenic factor · Anti-angiogenic therapy · Oxygen-induced retinopathy · 
Retinopathy of prematurity

Introduction

To date, nearly all conventional angiogenic factors are dis-
covered based on their functional activity on normal ves-
sels and subsequently characterized for their involvement in 
disease pathogenesis. Therapies targeting these conventional 
angiogenic factors may inhibit both pathological and physi-
ological angiogenesis. This is highlighted by anti-vascular 
endothelial growth factor (VEGF) drug bevacizumab that 
exerts not only therapeutic inhibition on cancer vessels but 
also adverse side effects on normal vasculatures [1]. The 
lack of disease selectivity is particularly a safety concern 
for anti-angiogenic therapy of neonatal diseases, in which 
premature vasculatures are highly susceptible to angiogen-
esis inhibition.

Retinopathy of prematurity (ROP) with pathological 
retinal neovascularization (RNV) is the most common 
cause of vision loss in children [2]. The disease primarily 
affects preterm infants weighing 1250 g or less, or born 
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before 31 weeks of gestation. About 28,000 of newborn 
babies in the USA fall into this category annually, and of 
these 14,000–16,000 are afflicted by ROP [3]. The disease 
may progress toward partial or complete retinal detach-
ment with severe vision loss and even blindness [2].

ROP is currently treated with laser therapy or cryother-
apy, both of which destroy the peripheral vision to save the 
central vision with limited efficacy and do not address the 
underlying cause of pathological RNV [2, 4]. The advent 
of VEGF inhibitors, such as ranibizumab and aflibercept, 
is a major breakthrough for pharmacological therapy of 
adult ocular vascular diseases, such as neovascular age-
related macular degeneration (AMD) and diabetic retinop-
athy [5]. Although clinical studies showed limited efficacy 
of anti-VEGF drugs to treat ROP [6–8], bevacizumab and 
ranibizumab caused adverse side effects in ROP infants 
[9, 10]. Aflibercept was also associated with retinal and 
vascular adverse effects in neonatal mice and dogs [11, 
12]. Consequently, no drug has been approved for ROP.

We recently discovered secretogranin III (Scg3) as a 
highly disease-selective angiogenic factor by compara-
tive ligandomics [13]. Scg3 preferentially bound to and 
stimulated angiogenesis of diseased but not normal ves-
sels, whereas VEGF bound to and promoted angiogenesis 
of both diseased and healthy vessels [13]. Furthermore, we 
developed anti-Scg3 ML49.3 monoclonal antibody (mAb) 
and demonstrated its high efficacy to alleviate oxygen-
induced retinopathy (OIR), a surrogate animal model of 
ROP [13, 14].

In this study, we characterized ML49.3 and ML78.2 
mAbs as two non-competing Scg3-neutralizing antibodies 
and independently established Scg3 as a therapeutic target 
by demonstrating the therapeutic activity of ML78.2 mAb 
to inhibit OIR-induced pathological RNV. More impor-
tantly, our data showed that anti-Scg3 mAb has minimal 
adverse side effects on the developing retina and other 
organs. These results suggest that anti-Scg3 mAbs with 
high disease selectivity represent a new class of selective 
angiogenesis blockers that may have the safety and efficacy 
profiles required to treat ROP.

Materials and methods

Animals

C57BL/6J mice and NOD scid gamma (NSG) mice were 
purchased from the Jackson Laboratory. All animal experi-
mental procedures were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) at University of 
Miami. All organs were isolated after euthanasia.

Anti‑Scg3 monoclonal antibodies

Seven clones of anti-Scg3 mAbs, including ML7.1, ML16, 
ML 49.3, ML78.2, ML153.2, ML162.1 and ML190.2, were 
generated and sequenced, as described [13, 15]. Hybridomas 
were cultured in RPMI 1640 medium supplemented with 
10% fetal bovine serum (FBS), 1× GlutaMAX and 1× pen/
strep, and gradually adapted to Hybridoma-SFM medium 
(Thermo Fisher). mAbs were purified from serum-free condi-
tioned medium using protein G columns [16]. Alternatively, 
ML78.2 mAb was purified from ascites of NGS immunode-
ficient mice (male and female) in a large quantity for in vivo 
studies, as described [17]. Ascites were harvested from mice, 
centrifuged, and filtered, followed by mAb purification as 
above. Purified mAb was washed with phosphate-buffered 
saline (PBS) in filter spin units (Millopore, 10 kDa cutoff), 
concentrated and quantified against a standard curve of human 
IgG (Sigma).

Epitope binning

Human Scg3 (Sino Biological) was labeled with biotin using 
EZ-Link™ Sulfo-NHS-Biotin labeling reagent (NHS-Biotin, 
Thermo Fisher) according to the manufacturer’s protocol. 
Briefly, Scg3 in PBS was incubated with NHS-Biotin for 
30 min at room temperature, followed by incubation with 
1/10 volume of 100 mM Tris–HCl pH 8.0 to stop the reaction. 
Scg3-biotin was purified using desalt spin columns (Bio-Rad).

Epitope binning was performed to analyze epitope binding 
specificity of mAbs [18, 19]. In brief, Scg3-biotin was incu-
bated with streptavidin biosensors (Pall ForteBio). After wash-
ing, anti-Scg3 mAbs were incubated with Scg3 on biosensors 
as blocking mAbs, followed by washing and incubation with 
different anti-Scg3 mAbs using Octet RED96 instrument (Pall 
ForteBio) to monitor binding kinetics.

scFv

Antibody single-chain variable fragments (scFv) with variable 
regions of the heavy (VH) and light chains (VL) were gener-
ated by PCR using overlapping primers. scFv with a flexible 
linker (VH-GGGGSGGGGSGGGGS-VL) was cloned into 
pComb3xSS phagemid vector (Addgene, Cat. #63890) at SfiI 
sites and verified by DNA sequencing [20]. ML49.3 scFv and 
ML78.2 scFv with a C-terminal polyhistidine tag and a HA 
tag were expressed in bacteria and purified using Ni2+ columns 
[21, 22].

ELISA

For ELISA binding competition assay, Scg3 was immobi-
lized on ELISA plates, blocked, and incubated with purified 
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scFv in the presence or absence of excess ML49.3 or 
ML78.2 mAb. Bound scFv was detected using peroxidase-
conjugated anti-HA mAb (Sigma) and colorimetric assay 
[23].

Neutralization assay

Endothelial cell proliferation assay was carried out as 
described [13]. Briefly, human umbilical vein endothelial 
cells (HUVECs) at 4–8 passages were plated in 96-well 
plates (2 × 103 cells/well). After overnight culture, a quarter 
of the medium in each well was substituted with conditioned 
medium of different hybridoma clones or control medium. 
Cells were cultured for additional 48 h in the presence 
or absence of Scg3 (1 µg/ml), collected by trypsin diges-
tion, and counted in PBS with 1 mM trypan blue using a 
hemocytometer.

Anti‑angiogenic therapy

C57BL/6J mice (male and female, randomly assigned) 
were exposed to 75% oxygen at postnatal day 7 (P7) and 
switched back to room air at P12 to induce OIR [13, 24]. At 
P14, pups received a single intravitreal injection of afliber-
cept (2 µg/0.5 µl/eye), anti-Scg3 mAb, control mouse IgG 
(4 µg/0.5 µl/eye), PBS or non-injection control. Eyes were 
enucleated from euthanized mice at P17 and fixed in 4% par-
aformaldehyde for 1 h. Retinas were isolated, stained with 
Alexa Fluor 488-isolectin B4 (10 µg/ml, Thermo Fisher) 
overnight at 4 °C, and analyzed by confocal microscopy. 
Neovascularization (i.e., relative fluorescence intensity or 
pixel), neovascular (NV) tufts, branch points and central 
avascular area were blind coded and quantified to deter-
mine OIR-induced RNV [13, 24]. All data were normalized 
against non-injection control.

Alternatively, we administered i.p. aflibercept (5 and 
10 mg/kg body weight), anti-Scg3 mAb (10 mg/kg) or PBS 
at P14, P16 and P18, and isolated retinas at P19 to analyze 
OIR-induced RNV as above. Additionally, we injected i.p. 
aflibercept, anti-Scg3 mAb or PBS at P12, P14 and P16, and 
harvested retinas at P17 to quantify RNV.

Scotopic electroretinography (ERG)

C57BL/6J mice (male and female) received intravitreal 
injection of ML78.2 mAb or aflibercept (4 µg/0.5 µl/eye) in 
one eye with PBS for the fellow eye at P14. ERG was per-
formed at P21 and P42 to evaluate retinal function. Before 
ERG, mice were subjected to dark adaptation overnight. 
Pupils were dilated with sequential application of tropi-
camide and phenylephrine eyedrops. Anesthetized mice 
were positioned on a platform with a heating pad to maintain 
the body temperature at 37 °C. Heads were stabilized with 

mouth bite bar and a nose holder that allowed unobstructed 
vision, and corneas were moisture with balanced salt solu-
tion (BSS) ophthalmic solution.

For ERG, a reference electrode with stainless needle was 
inserted into skull skin, and ground electrode with stain-
less needle was placed into tail skin. Two platinum corneal 
electrodes were laid on the both eyes. ERG was recorded 
under a scotopic condition using a series of white LED light 
stimulus with an intensity setting of 5 dB (10.5 Candela/m2). 
The number of sweeps was 30, and the time between sweeps 
was 1 s. Signals were amplified and recorded by a computer. 
Each mouse was tested 3 times to get an average value. The 
a-wave amplitude was measured from baseline to the trough 
of the a-wave, and the b-wave amplitude was measured from 
the trough of the a-wave to the peak of the b-wave.

Systematic toxicity

We injected i.p. aflibercept (5 and 10 mg/kg), anti-Scg3 mAb 
(10 mg/kg) or PBS into C57BL/6J mice (male and female) at 
P1, P3 and P5. Retinas were isolated at P6 and stained with 
Alexa Fluor 488-isolectin B4 for analysis of the retinal vas-
culature by confocal microscopy as above [13]. The radius 
of total retinas and vascularized retinas was measured. Per-
centage of vascularized retinal area (i.e., vascularized area/
total retina area × 100%) was calculated. Vessel density was 
quantified by Photoshop. The number of branch points was 
also quantified in a defined area (0.16 mm2) [13].

Alternatively, mice received aflibercept, anti-Scg3 mAb 
or PBS at P3, P5, P7, P9, P11 and P13 as above. Body weight 
was monitored from P1 to P15. Mice were sacrificed at P15. 
Retinas were isolated, stained with Alexa Fluor 488-isolectin 
B4 and quantified for vessel density and branch points. Fur-
thermore, kidneys were isolated at P15, fixed overnight and 
embedded in paraffin.

Histopathology and immunohistochemistry

Kidney sections in 7 µm thickness were deparaffinized [25], 
heated in Rodent Decloaker solution (Biocare Medical) for 
30 min to retrieve antigens and blocked with 1% BSA and 
0.1% Triton-100 in PBS for 1 h. Tissue sections were incu-
bated with FITC- or Alexa Fluor 594-labeled anti-CD31 
mAb (Biolegend) at 4 °C overnight. Nuclei were stained 
with DAPI. Tissue sections were analyzed under an Axio-
Imager fluorescence microscope (Carl Zeiss). Furthermore, 
tissue sections were stained with hematoxylin and eosin 
(H&E) for structural examination using a light microscope.

Tubular injury was evaluated in each viewing field. 
Tubular injury was defined as tubular dilatation, tubular 
atrophy and vacuolization. Briefly, only cortical tubules 
were quantified with the following scoring system: 0 = no 
tubular injury; 1 = < 10% of tubules injured; 2 = 10–25% 
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of tubules injured; 3 = 26–50% of tubules injured; 
4 = 51–75% of tubules injured; 5 = > 75% of tubules 
injured [26]. The size of individual glomeruli was calcu-
lated as the average of the largest and smallest glomerular 
diameters within viewing fields [27]. Vessel density was 
quantified using Photoshop [13].

Statistical analysis

Data are expressed as mean ± SEM and analyzed using 
one-ANOVA test or Student’s  t test. Data are considered 
significant when p < 0.05.

Results

Non‑competing Scg3‑neutralizing mAbs

We developed seven clones of anti-Scg3 mAbs (Fig. 1a), 
including Scg3-neutralizing ML49.3 mAb that was char-
acterized in a recent study [13]. Antibody sequencing 
revealed that all seven mAbs are independent clones. Except 
ML190.2, all other six clones of mAbs were capable of neu-
tralizing Scg3-induced proliferation of HUVECs (Fig. 1b). 
Epitope binning analyses revealed that ML49.3 mAb did not 
compete with all other mAb clones for Scg3 binding and that 
ML78.2 mAb competed with ML7.1, ML16, ML153.2 and 
ML162.1 mAbs (Fig. 1c). These results suggest that ML78.2 
and ML49.3 mAbs bind to Scg3 non-competitively.

Fig. 1   ML78.2 and ML49.3 mAbs are non-competing Scg3-neutral-
izing antibodies. a Seven independent clones of anti-Scg3 mAbs were 
analyzed for their binding activity to immobilized Scg3 by ELISA. 
n = 3 wells. b Six out of seven anti-Scg3 mAbs are capable of neutral-
izing Scg3-induced proliferation of HUVECs. n = 3 wells. *p < 0.05, 
**p < 0.01. c Epitope binning of seven clonal anti-Scg3 mAbs using 
Octet RED96. Biotin-labeled Scg3 was immobilized on streptavidin 

biosensors for mAb binding detection twice. The 1st bound mAbs 
served as blockers to the 2nd mAbs. ML49.3 and ML78.2 were char-
acterized as non-competing mAbs. d ELISA to confirm that ML49.3 
scFv binding to immobilized Scg3 was blocked by ML49.3 mAb but 
not ML78.2 mAb. n = 3 wells. e ELISA to verify ML78.2 scFv bind-
ing to Scg3 was blocked by ML78.2  mAb, but not ML49.3  mAb. 
n = 3 wells. ± SEM; one-way ANOVA test
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To independently verify these findings, we labeled Scg3-
neutralizing mAbs with NHS-Biotin for ELISA competition 
assay. However, all labeled mAbs lost their Scg3 binding 
activity, implying that lysine residue(s) in mAbs may be 
critically important for Scg3 binding. To circumvent the 
problem, we produced ML49.3 scFv and ML78.2 scFv with 
an HA tag. ELISA competition assay confirmed that ML49.3 
scFv binding to Scg3 was blocked by ML49.3 mAb but not 
by ML78.2 mAb, and vice versa (Fig. 1d, e). These results 
confirmed that ML78.2 and ML49.3 recognize different 
Scg3 epitopes without competition.

Anti‑Scg3 therapy through intravitreal 
administration

Our recent study discovered Scg3 as a novel angio-
genic factor and demonstrated high efficacy of anti-Scg3 
ML49.3 mAb to alleviate pathological RNV in OIR mice 
[13]. To independently validate these findings, we char-
acterized the therapeutic activity of non-competing Scg3-
neutralizing ML78.2 mAb in OIR mice. OIR induced the 

central avascular region and peripheral RNV at P17 with 
increased vessel intensity (i.e., pixel) and NV tufts (Fig. 2a, 
healthy retina vs. non-injection or PBS) as described [13, 
24]. The normal pattern of retinal vasculature was also dis-
rupted with increased branch points. Intravitreal injection of 
ML78.2 mAb at P14 reduced the intensity of OIR-induced 
RNV and NV tufts (Fig. 2b, c). The disorganized vascula-
ture was also restored to the normal pattern, as indicated by 
the quantification of branch points (Fig. 2d). Interestingly, 
ML78.2 mAb significantly reduced the central avascular 
region (Fig. 2e). As a positive control, intravitreal afliber-
cept also significantly inhibited RNV intensity, NV tufts 
and branch points (Fig. 2). Aflibercept slightly reduced the 
central avascular area, albeit without statistical significance 
(Fig. 2e). Control IgG showed no therapeutic activity.

Anti‑Scg3 therapy through intraperitoneal injection

A potential pitfall of OIR therapy is that intravitreal injec-
tion into small mouse eyes at P14 may increase intraocular 
pressure (IOP), thereby disrupting pathological RNV [11]. 

Fig. 2   Anti-Scg3 mAb to treat OIR via intravitreal injection. Anti-
Scg3 ML78.2 mAb (4 µg/eye), control mouse IgG1, aflibercept (2 µg/
eye) or PBS was injected at P14. a Representative images of flat-
mount OIR retina. Arrows indicate neovascularization and NV tufts. 

b Retinal neovascularization. c NV tufts. d Branch points. e Avas-
cular area. n = 10 eyes (PBS), n  = 7 eyes (control IgG), n = 11 eyes 
(aflibercept), n n = 9 eyes (anti-Scg3 mAb). Bar = 100 µm (zoom-in). 
± SEM, one-way ANOVA test
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This concern was partially alleviated by the inclusion of 
control groups, such as PBS or control IgG with all data 
normalized against non-injection controls. Nonetheless, 
we investigated the therapeutic activity of ML78.2 mAb 
through i.p. administration to circumvent potential arti-
facts associated with intravitreal injection. ML78.2 mAb 
injected i.p. at P14, P16 and P18 significantly inhibited 
OIR-induced RNV analyzed at P19, including vessel 
intensity, NV tufts and branch points (Fig. 3). Likewise, 
aflibercept injected i.p. in the similar therapeutic scheme 
also ameliorated RNV.

The above therapies were to treat OIR at P14 or 2 days 
after mice were switched from 75% oxygen to room air to 
induce OIR. We also investigated the potential of systemic 
anti-Scg3 therapy to prevent OIR onset by starting the 
therapy at P12 when OIR was induced. We injected thera-
peutic agents at P12, P14 and P16 and analyzed RNV at 
P17. The results showed that both anti-Scg3 ML78.2 mAb 
and aflibercept prevented OIR-induced RNV, NV tufts and 

branch points with similar results to the therapies started at 
P14 (Supplementary Fig. 1).

Adverse effects on retinal function

Previous studies reported that anti-VEGF drugs induce 
adverse effects in preterm ROP infants or neonatal animals 
[9, 11, 12]. Because of Scg3 disease selectivity, we predicted 
that anti-Scg3 mAb may have optimal safety in neonatal 
mice. To investigate adverse effects of anti-Scg3 mAb on 
retinogenesis, mice received intravitreal anti-Scg3 mAb 
at P14 were characterized for retinal function of ERG at 
P21 and P42. The results showed that ML78.2 mAb did not 
alter the amplitude and latency of a- or b-wave at P21 (not 
shown) or P42 (Fig. 4b–f). Aflibercept reduced the ampli-
tudes of a- and b-waves at P21, albeit without statistical sig-
nificance (not shown). This trend continued to increase at 
P42 with a significant reduction in b-wave amplitude at P42 
(p < 0.05, Fig. 4a–e), consistent with a previous study [11]. 

Fig. 3   Anti-Scg3 mAb to treat OIR via intraperitoneal injection. 
Therapeutic agents were injected at P14. a Representative images of 
OIR retina. b Retinal neovascularization. c NV tufts. d Branch points. 

Bar = 100 µm (zoom-in).   n = 8 eyes (PBS),  n = 13 eyes (aflibercept),  
n= 15 eyes (anti-Scg3 mAb). ± SEM, one-way ANOVA test
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No latency was altered by aflibercept at P21 (not shown) or 
P42 (Fig. 4d–f). These findings suggest that VEGF inhibi-
tors may affect retinal development with long-term adverse 
effects on retinal function and that anti-Scg3 mAb shows no 
such impairment.

Adverse effects on retinal vascular development

Mouse retinal superficial plexus starts to form at birth, 
spreading from the optical nerve head toward the peripheral 
of the retina until P8 [28]. Deep plexus develops from P7 
to P12, followed by the formation of intermediate plexus 
from P14 to P21. Compared to anti-VEGF drugs, one of 
the important advantage of anti-Scg3 therapy is its high 
disease selectivity [13]. Thus, we predicted that anti-Scg3 
mAb should have minimal adverse effects on retinal vas-
cular development. We injected i.p. ML78.2 mAb, afliber-
cept or PBS as early as P1 to circumvent intravitreal injec-
tion-related disturbance and isolated the whole retina at 
P6. Blood vessels of flat-mount retinas were stained with 
Alexa Fluor 488-isolectin B4. The vascularized area was 
compared to the total retinal area. The results showed that 
aflibercept significantly inhibited the retinal vascularization 

as quantified by the percentage of vascularized area, radius 
of vascularized area, vessel intensity and branch points 
(Fig. 5). These results are consistent with severe defect of 
VEGF−/+ mice in vasculogenesis and normal phenotype of 
Scg3−/− mice [29, 30].

Furthermore, retina vascularization was assessed at P15 
(Supplementary Fig. 2). Similar to the results at P6, anti-
Scg3 mAb had no detrimental effect on retinal vascular 
development at P15. By contrast, aflibercept significantly 
reduced vessel density and branch points.

Systemic adverse effects on body weight gain

Previous studies indicated that intravitreally injected bevaci-
zumab can escape from the eye into the systemic circulation 
[31, 32]. It was speculated that leaked anti-VEGF drugs in 
ROP infants have the potential to cause deleterious effects 
on developing organs, vasculatures and neurons [33, 34]. 
To directly investigate systemic adverse effects, we injected 
i.p. anti-Scg3 mAb, aflibercept or PBS into neonatal mice 
every other day, starting at P3. Aflibercept caused significant 
retardation in body weight gain in a dose-dependent manner 
(Fig. 6a, b). Additionally, two mice in high-dose group (3 

Fig. 4   Anti-Scg3 mAb has minimal adverse effects on retinal func-
tion after intravitreal injection. Anti-Scg3 mAb or aflibercept (4 µg/
eye) was intravitreally injected into mice at P14 with PBS for the fel-
low eye. ERG was performed at P21 (not shown) and P42. a Rep-

resentative ERG of aflibercept-treated eye at P42. b Representative 
ERG of anti-Scg3 mAb-treated eye at P42. c Amplitude of a-wave at 
P42. d Latency of a-wave at P42. e Amplitude of b-wave at P42. f 
Latency of b-wave at P42. ± SEM, n = 6 mice, paired t test
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mice/group) and one mouse in low-dose group died at P15. 
By contrast, no untoward effect on body weight gain was 
observed for ML78.2 mAb (Fig. 6a–c).

Renal toxicity

To investigate potential effects of anti-Scg3 therapies on 
the developing kidney, we administered i.p. aflibercept and 
anti-Scg3 mAb as in the body weight study above. H&E 

staining revealed that aflibercept induced tubular dilatation 
at P15 (Fig. 7a, top panel, and 7b), similar to renal cysts with 
dilated tubules in neonatal mice treated with VEGF recep-
tor 2 (VEGFR2) inhibitor [35]. The glomeruli were signifi-
cantly enlarged (Fig. 7a, top panel, and 7c). In contrast, mice 
treated with ML78.2 mAb appeared to have normal kidney 
structure.

To analyze the vascular development, endothelial cells 
in kidney sections were labeled with FITC-conjugated 

Fig. 5   Aflibercept, but not anti-Scg3  mAb, suppresses the develop-
ment of retinal vasculature at P6. Aflibercept (5 or 10  mg/kg body 
weight) or anti-Scg3 ML78.2 mAb (10 mg/kg) was injected i.p. into 
mice at P1, P3 and P5. At P6, retinas were isolated, stained with 
fluorescent isolectin B4, analyzed by confocal microscopy. a Rep-

resentative images of retinas in the bright and fluorescent fields. 
Bar = 500 µm (top two rows), 100 µm (bottom row). b Percentage of 
vascularized area. c Radius of vascularized retina. d Branch points. e 
Vessel density. neyes (PBS), 6 eyes (aflibercept 5 or 10 mg/kg),  n = 4 
eyes (anti-Scg3 mAb). ±SEM, one-way ANOVA test
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anti-CD31 mAb. The results showed marked loss of 
FITC-CD31-positive endothelial cells in the kidney treated 
with aflibercept, but not anti-Scg3 mAb (Fig. 7a, middle 
panel). These results were confirmed using Alexa Fluor 
594-anti-CD31 Ab (Fig. 7a, bottom panel, and 7d). These 
findings suggest that anti-Scg3 therapy is highly safe to the 
developing kidney.

Discussion

Scg3 was recently discovered as a novel angiogenic fac-
tor, and anti-Scg3 polyclonal antibodies (pAbs) and 
ML49.3  mAb were characterized for anti-angiogenic 
therapy of OIR and diabetic retinopathy with high effi-
cacy [13]. Given that Scg3 is a newly identified angiogenic 
factor, it is important to independently validate its thera-
peutic potential. This study characterized ML78.2 and 

ML49.3 mAbs as two non-competing Scg3-neutralizing 
antibodies. In contrast to pAbs with possible off-target 
effects, mAbs minimally cross-react with other proteins 
and are well recognized as selective reagents for target 
validation as well as therapy. Therefore, demonstration 
of ML78.2 and ML49.3 mAb to ameliorate OIR-induced 
RNV in mice with high efficacy in this and previous stud-
ies independently supports Scg3 as a bona fide target for 
anti-angiogenic therapy [13].

Although intravitreal ML78.2  mAb reduced avascu-
lar area in the central retina (Fig. 2e), this effect was not 
observed for the same mAb through intraperitoneal injec-
tion (data not shown) or for intravitreal ML49.3 mAb in our 
recent study [13]. Aflibercept had no significant effect on 
the avascular region in all cases in this study. Interestingly, 
a previous report showed that aflibercept increased avascu-
larization in the central retina of OIR mice [11]. Therefore, 
additional studies are needed to characterize the effects of 

Fig. 6   Aflibercept, but not anti-Scg3 mAb, retards body weight 
gain in neonatal mice. Anti-Scg3 ML78.2  mAb or aflibercept was 
i.p. injected to mice at P3, P5, P7, P9, P11 and P13. a Representa-

tive images of mouse size. b Body weight of aflibercept-treated mice. 
c Body weight of anti-Scg3 mAb-treated mice. n = 3 mice, ± SEM, 
one-way ANOVA test
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anti-Scg3 mAb and aflibercept on the avascular area in OIR 
mice.

Compared to wet AMD, a daunting challenge to develop 
therapeutic drugs for ROP is rigorous safety requirements. In 
general, AMD patients in the later lifespan require therapies 

with minimal adverse effects only for a few years. Simi-
larly, toxicity tolerance threshold for anti-angiogenic therapy 
of cancer could be set at a relatively high level, even with 
some severe or fatal adverse effects as reported for beva-
cizumab [1]. In contrast, drug therapies for ROP infants 

Fig. 7   Anti-Scg3 mAb has no adverse effect on the developing kid-
ney. Anti-Scg3 ML78.3 mAb or aflibercept (10 mg/kg body weight) 
was injected i.p. into mice at P3, P5, P7, P9, P11 and P13. Kidneys 
were isolated at P15 and stained with H&E or anti-CD31 mAb. a 
Representative image of kidney H&E or CD31 Ab staining. Top 
row: H&E staining. Middle row: FITC-anti-CD31 mAb. Bottom row: 

Alexa Fluor 594-anti-CD31 mAb. Arrows indicate dilated tubules. 
Arrowheads indicate CD31-positive signals. b Quantification of tubu-
lar injury. c Quantification of glomerular dimeter. n = 13 (PBS and 
anti-Scg3 mAb) and 16 (aflibercept). d Quantification of vessel den-
sity labeled with Alexa Fluor 594-anti-CD31 mAb. Bar = 75 µm. n  = 
8, ± SEM, one-way ANOVA test
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should have not only short-term safety but also minimal 
long-term adverse impact on their future learning activities, 
career development and quality of life. In this regard, the 
number one priority of developing drug therapies for ROP 
is stringent safety requirements. On the other hand, unlike 
adults, preterm infants with developing vasculatures, neural 
circuits and organs are particularly susceptible to pharmaco-
logical interventions that may disrupt or interfere with nor-
mal vasculogenesis, retinogenesis and other organogenesis. 
The dichotomy between stringent safety requirements and 
developmental vulnerability confers difficulties in ROP drug 
therapy. Consequently, no drug has been approved for ROP.

VEGF is not only an angiogenic factor critical for vas-
culogenesis but also a neurotrophic factor that may play an 
important role in retinogenesis [29, 36]. Thus, blockade of 
VEGF may adversely affect vascular and neural develop-
ment. This notion is supported by the severe defects of vas-
culogenesis in VEGF−/+ mice that die in utero [29]. Indeed, 
a clinical study indicated that significant vascular and macu-
lar abnormalities in ROP eyes treated with bevacizumab [9]. 
Anti-VEGF therapy in other clinical studies and case reports 
of ROP was also associated with serious adverse outcomes 
[10, 37–39]. Intravitreal aflibercept in neonatal dogs inhib-
ited retinal vascular development [12]. Furthermore, intra-
vitreal injection of aflibercept at P14 in OIR mice resulted 
in significant reduction in ERG b-wave amplitude at P21 
and P42 days [11]. Our results also indicated that aflibercept 
intravitreally injected at P14 markedly suppressed b-wave 
amplitude at P42 (Fig. 4). On the other hand, clinical stud-
ies indicated that VEGF inhibitors alleviated ROP only with 
limited efficacy [6, 7, 40, 41]. As a result, no anti-VEGF 
drug has been approved for ROP therapy.

A new trend to reduce adverse effects is to develop novel 
targeted therapies against disease-selective angiogenic 
receptors and ligands. One of the examples is prion-like pro-
tein doppel specifically expressed on the surface of tumor 
endothelial cells [42]. Doppel promoted tumor angiogenesis 
by activating VEGF receptor 2 (VEGFR2). Doppel-binding 
glycosaminoglycan selectively targeted tumor angiogenesis 
but spared normal vasculatures. The drawback is that the 
glycosaminoglycan targeting VEGFR2 via doppel may not 
circumvent cancer resistance to anti-VEGF therapies.

Another example of attempting to develop disease-selec-
tive anti-angiogenic therapy is the inhibitors against CCR3 
receptor, which is predominantly expressed on the vessels 
with choroidal neovascularization (CNV) but not on normal 
vessels [43]. However, CCR3 upregulation was not detected 
in some animal models of CNV [44].

Scg3 was discovered as a highly disease-restricted 
ligand by comparative ligandomics [13]. Among thou-
sands of quantified endothelial ligands, Scg3 was found 
with the highest binding activity ratio to diabetic vs. con-
trol retinal vessels (1731:0) and lowest binding to normal 

vasculature [13]. Indeed, Scg3 stimulated angiogenesis in 
diabetic but not normal mice. In contrast, VEGF bound to 
and promoted angiogenesis of both diabetic and control 
vessels.

In contrast to embryonic lethal VEGF−/+ mice, the nor-
mal phenotype of Scg3−/− mice implies that Scg3 may not 
play an important role in vasculogenesis [29, 30], probably 
because Scg3 receptor is minimally expressed on normal 
vessels [13, 45]. Given that Scg3 is constitutively expressed 
in the normal and OIR retina of neonatal mice, the thera-
peutic activity of anti-Scg3 mAb implicates that Scg3 is 
also an OIR-selective angiogenic factor with OIR-induced 
expression of Scg3 receptor [13]. However, this specula-
tion of Scg3 disease selectivity is yet to be experimentally 
verified. One of the technical challenges to investigate Scg3 
disease selectivity is the unknown identity of Scg3 receptor. 
Comparative ligandomics is the only approach to quantify 
its preferential binding to OIR vessels [13].

We recently proposed that therapies targeting highly dis-
ease-selective ligands may have the safety advantage with 
minimal adverse effects on normal cells or vessels [46]. 
Compared with antibody-drug conjugates (ADCs) for tar-
geted cancer therapy [47], anti-Scg3 mAbs are equivalent 
to “ligand-guided targeted therapy” without conjugation to 
a guiding antibody (Fig. 8). This study not only validated 
Scg3 as a genuine target for anti-angiogenic therapy of OIR 
but more importantly characterized the safety advantage of 
targeted anti-Scg3 therapy. Scg3 mAb showed no adverse 
effect on the developing retinal vasculature (Fig. 5 , Supple-
mentary Fig. 2). ERG was not suppressed by ML78.2 mAb 
at P21 and P42 (Fig. 4), suggesting that anti-Scg3 therapy 
should have no short- or long-term adverse effects on reti-
nal development. Systemic safety of anti-Scg3 mAb is also 
strongly supported by the lack of the adverse effects on body 
weight gain and kidney, implying that Scg3 inhibitors leaked 
from the eye will cause minimal safety concern. Optimal 
safety of anti-Scg3 therapy is also strongly supported by the 
distinct phenotypes of Scg3−/− and VEGF−/+ mice [29, 30]. 
These findings suggest that anti-Scg3 therapy has the poten-
tial to treat not only ROP but also other neonatal angiogenic 
diseases, such as retinoblastoma in children [48].

Intravitreal injection of anti-VEGF drugs to treat wet 
AMD and diabetic retinopathy may cause injection-related 
eye damages, including endophthalmitis, retinal detach-
ment, ocular hemorrhage, increased intraocular pressure 
and cataract, albeit at a relatively low rate [49, 50]. It is 
possible that ROP preterm infants are more susceptible 
to intravitreal injection-related eye injuries than adults. 
Our results showed that systemic anti-Scg3 mAb is also 
effective to treat OIR. Because of its high disease selectiv-
ity with minimal adverse effects on developing vascula-
tures and organs, Scg3 inhibitors could be delivered sys-
temically to circumvent intravitreal injection-associated 
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adverse effects. However, the safety of systemic anti-Scg3 
Ab to other organs is yet to be thoroughly characterized.

Taken together, this study independently corroborated 
Scg3 as a genuine target for anti-angiogenic therapy of 
OIR and demonstrated an optimal safety profile of anti-
Scg3 mAbs for ligand-guided targeted therapy (Fig. 8). 
Anti-Scg3 mAbs with high disease selectivity and safety 
have the potential to be humanized for clinical therapy of 
ROP.
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