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Abstract

Conventional angiogenic factors, such as vascular endothelial growth factor (VEGF), regulate both pathological and physi-
ological angiogenesis indiscriminately, and their inhibitors may elicit adverse side effects. Secretogranin III (Scg3) was
recently reported to be a diabetes-restricted VEGF-independent angiogenic factor, but the disease selectivity of Scg3 in
retinopathy of prematurity (ROP), a retinal disease in preterm infants with concurrent pathological and physiological angio-
genesis, was not defined. Here, using oxygen-induced retinopathy (OIR) mice, a surrogate model of ROP, we quantified an
exclusive binding of Scg3 to diseased versus healthy developing neovessels that contrasted sharply with the ubiquitous bind-
ing of VEGF. Functional immunohistochemistry visualized Scg3 binding exclusively to disease-related disorganized retinal
neovessels and neovascular tufts, whereas VEGF bound to both disorganized and well-organized neovessels. Homozygous
deletion of the Scg3 gene showed undetectable effects on physiological retinal neovascularization but markedly reduced
the severity of OIR-induced pathological angiogenesis. Furthermore, anti-Scg3 humanized antibody Fab (hFab) inhibited
pathological angiogenesis with similar efficacy to anti-VEGF aflibercept. Aflibercept dose-dependently blocked physi-
ological angiogenesis in neonatal retinas, whereas anti-Scg3 hFab was without adverse effects at any dose and supported a
therapeutic window at least 10X wider than that of aflibercept. Therefore, Scg3 stringently regulates pathological but not
physiological angiogenesis, and anti-Scg3 hFab satisfies essential criteria for development as a safe and effective disease-
targeted anti-angiogenic therapy for ROP.
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Introduction

Angiogenesis can be classified into two major categories:
physiological and pathological angiogenesis [1]. The for-
mer involves neovessel formation in embryos, neonates,
tissue repair and the female reproductive system, such as
the ovary, uterus, and placenta [2, 3]. The latter includes
neovascularization in cancer, inflammatory and autoim-
mune diseases [4]. Pathological angiogenesis is also a
common manifestation in multiple ocular diseases, such
as proliferative diabetic retinopathy (DR) and retinopathy
of prematurity (ROP) with pathological retinal neovascu-
larization (RNV), neovascular age-related macular degen-
eration (AMD) with choroidal neovascularization (CNV),
corneal neovascularization and neovascular glaucoma [5,
6].

Conventional angiogenic factors, such as vascular
endothelial growth factor (VEGF), drive both physiologi-
cal and pathological angiogenesis and play an important
role in vasculogenesis and neovessel formation in nearly
all types of neovascularization. Despite their broad clini-
cal indications for cancer and ocular neovascular diseases,
anti-VEGF drugs inhibit both pathological and physiologi-
cal angiogenesis indiscriminately and, therefore, exert
not only therapeutic benefits on diseased vessels but also
adverse side effects on healthy vasculatures [7-9]. Devel-
oping disease-targeted VEGF-independent anti-angiogenic
therapies with wide safety margins remains a challenge but
is of mechanistic and translational importance to unravel
disease etiology, improve treatment efficacy and circum-
vent adverse side effects.

ROP, a retinal vasoproliferative disease primarily
occurring in premature infants, is a leading cause of blind-
ness in children [10]. Of all neovascular diseases, ROP is
unique because of its concurrent physiological and path-
ological angiogenesis [11]. Compared with mature and
quiescent vessels in adults and the elderly that can toler-
ate non-specific angiogenic inhibition, neovessels in the
developing retina of preterm infants are highly susceptible
to such non-specific blockade. In this regard, ROP repre-
sents a formidable challenge to develop targeted therapies
for preferential inhibition of pathological vs. physiological
angiogenesis.

By applying comparative ligandomics profiling we
recently reported that secretogranin III (Scg3) is a dia-
betes-restricted VEGF-independent angiogenic factor that
binds selectively to diabetic but not healthy retinal ves-
sels, whereas VEGF binds equally to both diabetic and
healthy vasculatures [12]. These distinct binding patterns
were independently confirmed by in vivo functional stud-
ies, in which Scg3 preferentially stimulated angiogenesis
and vascular leakage in diabetic but not healthy vessels,
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while VEGF-induced angiogenesis and vascular leakage
in both diabetic and healthy mice [12, 13]. Furthermore,
Scg3-neutralizing monoclonal antibodies (mAbs) allevi-
ated retinal vascular leakage in diabetic mice, pathological
RNV in ROP mouse models and CNV in mouse models of
neovascular AMD with high efficacy [12, 14, 15]. How-
ever, no studies have characterized the disease selectivity
of Scg3 in ROP or its surrogate animal models of oxygen-
induced retinopathy (OIR). A critical question is whether
anti-Scg3 therapy can suppress pathological RNV during
OIR without affecting physiological RN'V.

Here, we quantitatively compared the binding activity
of Scg3 and VEGF to OIR and healthy neovessels in live
mice and visualized their distinct binding patterns to differ-
ent vascular structures by “functional immunohistochem-
istry (IHC)”. We further investigated the role of Scg3 in
physiological and pathological angiogenesis in Scg3-knock-
out (KO) mice with or without OIR. Despite their similar
efficacy to alleviate OIR, dose-escalation studies revealed
severe side effects of the anti-VEGF drug aflibercept, includ-
ing complete blockade of retinal vessel development, but
not anti-Scg3 humanized hAb (hAb) Fab fragment (hFab)
in neonatal mice, with striking differences in therapeutic
windows. Anti-Scg3 hFab is presented with safety and effi-
cacy profiles that satisfy essential criteria for development
as a ligand-guided disease-targeted anti-angiogenic therapy
for ROP.

Materials and methods
Materials

Anti-Scg3 hFab (Clone EBP2) was generated from anti-Scg3
MLA49.3 mAb by Everglades Biopharma, LLC [16]. Briefly,
EBP2 hFab recognizes both human (hScg3) and mouse
Scg3 (mScg3), which share 88.3% identity in amino acid
sequences, and has the binding affinity (Kp) of 8.7 nM to
hScg3 as compared to the binding affinity of 35.0 nM for the
parental ML49.3 mAb. EBP2 hAb and ML49.3 mAb com-
petitively bind to the same site of hScg3 or mScg3. Human
retinal microvascular endothelial cells (HRMVECs) were
from Cell Systems [12]. The human SK-N-AS neuroblas-
toma cell line was kindly provided by Dr. Leonid Metelitsa.

Animals and OIR mice

C57BL/6 J mice were purchased from the Jackson Labo-
ratory. Scg3-KO mice from Taconic Bioscience (Model
#TF3191) were backcrossed to C57BL/6 J for at least five
generations and verified by genotyping. Deletion of the Scg3
gene in Scg3 ™~ mice was independently confirmed by West-
ern blot using anti-Scg3 polyclonal antibody (unpublished
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data). OIR mice (males and females) were prepared as
described [12, 15]. Briefly, mice (male and female) at P7
were exposed to 75% oxygen for 5 days with their nursing
mothers, returned to room air at P12 and analyzed for OIR
at indicated time points. OIR mice at P17 with body weights
between 6 and 7.5 g were included in the studies [17, 18].

In vitro phage binding assay

Clonal T7 phage displaying VEGF,,, (VEGF-Phage) was
described in a previous study [12]. Clonal phage displaying
full-length hScg3 (Scg3-Phage) was constructed in a similar
manner. Scg3-Phage and VEGF-Phage were analyzed for
their binding to anti-Scg3 hFab and aflibercept, respectively,
in ELISA plates. Briefly, Scg3-Phage, VEGF-Phage and
control phage displaying no foreign protein were amplified
in BLT5615 bacteria, purified by CsCl gradient centrifuga-
tion, dialyzed against PBS and titrated for plaque forming
unit (pfu) by phage plaque assay [12]. Purified phages were
coated onto ELISA plates (1x 103 pfu/ml, 100 ul/well),
washed, blocked, and incubated with anti-Scg3 hFab or
aflibercept (0.1 pg/ml) in the presence or absence of hScg3
or VEGF (1 pg/ml), respectively. After washing, bound
anti-Scg3 hFab or aflibercept was detected using horserad-
ish peroxidase-conjugated goat anti-human IgG Ab (Sigma,
#A8667), followed by colorimetric assay [19].

In vivo ligand binding assay

Purified Scg3-Phage, VEGF-Phage or control phage was
preincubated with anti-Scg3 hFab, aflibercept (4 pg/ml) or
PBS for 30 min and injected i.v. to OIR and healthy mice
at P17 (1x 10'? pfu/mouse). After circulating for 20 min,
mice were euthanized by CO, inhalation, immediately fol-
lowed by intracardial perfusion with 25 ml of PBS for 5 min
to remove unbound phages from the blood. The eye, lung,
kidney and cortex of the brain were isolated. The retina and
lens, including the vitreous, were collected after the removal
of the cornea, iris, retinal pigment epithelium, choroid and
sclera. All the isolated tissues, including the whole eye and
retina/vitreous/lens, were weighed and homogenized in PBS
with 1% Triton X-100 using a polytron homogenizer until no
solid tissues were visible. Vessel-bound phages were quan-
tified by phage plaque assay and normalized against tissue
weights.

In vitro ligand-cell binding assay

HRMVECs and SK-N-AS neuroblastoma cells were seeded
in 48-well plates precoated with 1% gelatin at 70-80%
confluency and cultured overnight. Purified Scg3-Phage
or VEGF-Phage was preincubated with anti-Scg3 hFab,
aflibercept (4 pg/ml) or PBS for 30 min and added to cells

(1x 10'? pfu/well). After incubation at 37 °C for 30 min in
PBS supplemented with 1% BSA, cells were washed three
times with PBS/1% BSA and lysed with PBS/0.5% SDS.
Cell-bound phages were quantified by plaque assay [19].

Functional IHC

To visualize in vivo phage binding and distribution, Scg3-
Phage or VEGF-Phage was amplified in BLT7FLAG bacte-
ria to label each phage particle with ~400 FLAG tags [19].
Amplified phages were purified for in vivo binding as above,
followed by intracardial perfusion with PBS and subsequent
4% paraformaldehyde (PFA). Retinas were isolated, perme-
abilized, blocked in Blocking Solution A (5% BSA, 20%
goat serum and 1% Triton X-100 in PBS) for 1 h at room
temperature (RT) and incubated with anti-FLAG M2 mAb
(Sigma, #F1804; 1:200) in Blocking Solution A for 2 days
at 4°C. After washing, retinas were incubated with Alexa
Fluor 594-conjugated anti-mouse IgG H&L (Cell Signal-
ing, #8890S; 1:1,000) and Alexa Fluor 488-isolectin B4
(AF488-1B4, 10 pg/ml, Thermo Fisher Scientific, #121411)
in Blocking Solution A overnight at 4 °C. After washing,
retinas were flat-mounted in 50% glycerol in PBS and ana-
lyzed using a Keyence structured illumination fluorescence
microscope (SIM, Model BZ-X800). Signal intensity was
quantified using ImageJ.

Anti-angiogenic therapy

OIR mice at P14 received intravitreally (ivt) injection of
anti-Scg3 hFab, aflibercept, control hFab or PBS at indi-
cated doses (0.5 ul/eye). Eyes were enucleated from eutha-
nized mice at P17 and fixed in 4% PFA (pH 7.4) for 45 min.
Retinas were isolated, stained for vessels with AF488-1B4
overnight at RT, washed, flat-mounted and analyzed using
the SIM. Images were blind-coded and quantified for neo-
vascularization, neovascular tufts, number of branch points
and the central avascular area, as described [12, 15]. Branch
points were quantified in a defined area (0.21 mm?), which
was 800 pm away from the retinal optic nerve head. Vessel
density was quantified as the ratio of a vessel-covered area
vs. the same total area. All data were normalized to non-
injection control.

Inhibition of physiological angiogenesis

C57BL/6 J mice at P1 were anesthetized by chilling on ice,
and an incision was made in the eyelid with a corneal scis-
sor to fully expose the eye. Sharp end glass micropipettes
were backfilled with the solution of anti-Scg3 hFab, afliber-
cept (4—40 pg/pl) or PBS using microloading pipette tips.
We injected ivt 0.5 pl/eye solution using a microinjector
(Eppendorf FemtoJet 41 Model #5252000021) at 500 hPa for
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2 pulses at 0.2 s. Retinas were isolated at P4 from euthanized
mice, stained with AF488-1B4, flat-mounted and quantified
for the percentage of the vascularized retinal area, radius
of vascularized area and vessel density as above. Alterna-
tively, therapeutic agents (5 pg/0.5 ul/eye) were injected ivt
at P5, and eyes were isolated at P7, fixed and subjected to
the similar analysis.

Supplementary methods

Additional methods for wound healing migration assay,
fluorescein angiography (FA), optical coherence tomogra-
phy (OCT), electroretinography (ERG), IHC, histology and
electron microscopy are available online as Supplementary
Materials.

Statistics

Results are expressed as means + SEM. Statistical analysis
was performed using GraphPad Prism (version 8.0, Graph-
Pad Software). Results were analyzed using Student’s t test
(for differences between two groups), one-way ANOVA (for
multiple groups). Differences between groups with P <0.05
were considered statistically significant.

Results
Scg3 expression in OIR retina

We previously reported that Scg3 expression does not
increase in the retina and vitreous of OIR mice as measured
by Western blot [12]. To confirm this finding, we compared
Scg3 expression in OIR and healthy retinas by IHC. The
results revealed that Scg3 is predominantly expressed in
the retinal ganglion cell layer (GCL), inner plexiform layer
(IPL), outer plexiform layer (OPL), and immature photo-
receptor segment layer (PRL) (Fig. 1). Scg3 expression is
reduced in the inner nuclear layer (INL) and barely detected
in the outer nuclear layer (ONL). Scg3 is predominantly
expressed in endocrine/neuroendocrine cells and neurons,
but not endothelial cells (ECs), where it is directed via a
classical signal peptide to secretory vesicles, including neu-
rotransmitter vesicles, to regulate the biogenesis of secretory
granules [20]. The results in Fig. 1 are consistent with this
expression pattern as well as the pattern in mouse retinas
with or without DR [12, 21]. Scg3, primarily expressed in
neurotransmitter vesicles, is not expected to be present in
the nucleus. Therefore, Scg3 signals are largely absent in the
outer nuclear layer and are detected only at reduced levels
in the INL, because of the presence of neurites in that layer.
Neither the level of Scg3 expression nor its distribution was
changed by OIR, and no differences in Scg3 expression
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Fig.1 Scg3 expression in healthy and OIR retina. a The expression
of Scg3 (red) and endothelial marker CD31 (green) in healthy and
OIR retina was detected by IHC. Arrowheads indicate the superfi-
cial, intermediate and deep retinal vascular plexuses. Arrow indicates
pathological neovascular tufts. GCL, retinal ganglion cell layer; IPL,
inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform
layer; ONL, outer nuclear layer; PRL, immature photoreceptor layer.
b Zoom-in images: Image 1 for healthy retina, Image 2 for OIR retina
with pathological RNV, and Image 3 for OIR retina in the avascular
area. Scale bar=100 pm

were detected between the avascular and vascular retinas
of OIR mice (Fig. 1). The specificity of IHC was confirmed
by the presence of Scg3 signals only in wild type but not
Scg3~/~ retinas (Supplementary Fig. 1).

Quantitative comparison of Scg3 and VEGF binding
selectivity in OIR and healthy retinal neovessels

Pathological angiogenesis can be driven by the upregula-
tion of angiogenic factors, their cognate receptors or both
[22]. Whereas Scg3 expression remains unchanged by OIR
(Fig. 1) [12], our data and other reports show that VEGF
expression is upregulated in OIR (Supplementary Fig. 2)
[23]. As a result, we speculated that OIR increases the
expression or availability of an as yet unidentified Scg3
receptor (Scg3R), a condition that would account for the
therapeutic activity of Scg3-neutralizing mAbs to allevi-
ate OIR-induced pathological angiogenesis [12, 15]. To
address this possibility and measure the binding of Scg3
to healthy versus OIR retinas, we developed a new assay
to quantify and compare in vivo ligand binding of Scg3
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and VEGF by modifying a previous phage-based ligan-
domics methodology [12]. Clonal Scg3-Phage and VEGF-
Phage displaying full-length Scg3 and VEGF, , were con-
firmed by ELISA for binding to Scg3-neutralizing hFab
and aflibercept, respectively (Supplementary Fig. 3). The
ELISA binding profiles were competitively blocked by
excess Scg3 or VEGF recombinant protein (Supplemen-
tary Fig. 3), consistent with the retention of native confor-
mations of the phage-displayed proteins.

In vivo binding assay was performed by i.v. injection of
Scg3-Phage or VEGF-Phage into OIR and healthy mice,
followed by 20-min circulation to allow vessel binding
and subsequent intracardial perfusion to remove unbound
phages (Fig. 2a). Vessel-bound phages in isolated tissues
were released by homogenization and quantified by plaque
assays. OIR mice develop not only pathological RNV
but also intravitreal neovascularization, which is techni-
cally difficult to dissect. Therefore, we quantified in vivo
ligand binding to vessels of the whole eye as well as a
mixture of the retina, vitreous and lens (retina/vitreous/
lens). We found that Scg3-Phage binding to the vascula-
ture of the whole eye markedly increased by 7.0-fold in
OIR vs. healthy mice, and this increase was fully blocked
by Scg3-neutralizing hFab (Fig. 2b). No such differen-
tial binding to the OIR eye was detected for VEGF-Phage
(Fig. 2d). We further confirmed that Scg3-Phage bind-
ing to the OIR retina/vitreous/lens increased by 1.9-fold
(Fig. 2c) and was also blocked by anti-Scg3 hFab. Once
again, VEGF-Phage binding to the OIR tissues was only
marginally increased (Fig. 2e). Minimal Scg3-Phage bind-
ing to the healthy eye and retina/vitreous/lens was blocked
by anti-Scg3 hFab (Fig. 2b, c). Despite the absence of
increased binding to OIR retinas, the basal VEGF-Phage
binding to healthy and OIR vasculatures was blocked by
aflibercept (Fig. 2d, ). Both Scg3-Phage and VEGF-Phage
had similar background binding after blockade by anti-
Scg3 hFab and aflibercept, respectively (Fig. 2b vs. 2d
and 2c vs. 2e). These findings indicate that Scg3 binds
minimally to healthy developing vessels, but the binding
to OIR vasculatures is markedly increased. In contrast,
VEGF binds equally to both healthy and OIR vessels in
the developing eye.

Because pathological neovessels become more perme-
able, we checked for selective leakage of phage from patho-
logical versus normal vessels that could affect the validity
of the binding assay. Although such selective leakage seems
unlikely because of the large size of phage particles (see
Discussion), we quantified the binding of an empty control
phage vector to the eye, retina/vitreous/lens fractions and
other organs of both healthy and OIR mice and confirmed
similar background binding profiles and minimal increase
in phage leakage from OIR eyes (Supplementary Fig. 4a—e).

Exposure of premature infants to hyperoxia may also cause
vasculopathy in other organs, including the brain and lung
[24]. Interestingly, Scg3-Phage binding to the vasculatures of
the brain, lung and kidney in OIR mice minimally increased
over healthy controls, and Scg3 binding was not significantly
blocked by anti-Scg3-hFab (Supplementary Fig. 5a—c). Simi-
larly, no significant increase in VEGF-Phage binding to the
vasculature of the brain, lung and kidney of OIR mice over
controls was detected, and excess aflibercept failed to signifi-
cantly block VEGF-Phage binding to other organs in healthy
or OIR mice (Supplementary Fig. 5d—f). These findings sug-
gest that Scg3 is an OIR-inducible, ocular-restricted angio-
genic factor.

Visualizing in vivo Scg3 binding to OIR but not healthy
neovessels

To independently verify the binding selectivity of Scg3, we
visualized the binding of Scg3-Phage to OIR neovessels by
“Functional IHC”, which combines in vivo ligand-receptor
binding with IHC. To improve detection sensitivity, we ampli-
fied clonal phages in BLT7FLAG bacteria, so that each phage
particle concurrently displayed 5—15 copies of Scg3 and ~400
copies of FLAG tag on different capsid proteins on the phage
surface [19]. After in vivo binding and in situ fixation, [HC
of flat-mount OIR retinas revealed that clustered signals of
FLAG-tagged Scg3-Phage predominantly colocalized with
disorganized neovessels and neovascular tufts, rather than
well-organized retinal neovessels (Fig. 2f,h). As a control,
VEGF-Phage signals clustered and colocalized with all types
of the retinal vessels, including large vessels, microcapillaries
and tips of neovessels (Fig. 2g,i). VEGF signals were scat-
tered across the OIR vasculature and sporadically associated
with both well-organized and disorganized vessels, includ-
ing neovascular tufts. The binding of both Scg3- and VEGF-
Phage was specifically blocked by their cognate antagonists
(Fig. 2f-1). Minimal binding of control phage was detected
in OIR retinas by functional IHC (Supplementary Fig. 4f).
Furthermore, functional IHC detected the binding of VEGF-
Phage, but not Scg3-Phage and control phage, to the healthy
retina (Supplementary Fig. 6). Differential binding patterns
of Scg3-Phage and VEGF-Phage independently confirm that
Scg3 selectively binds OIR but not healthy retinal neovessels,
whereas VEGF binds to both. Few signals of Scg3-Phage,
VEGF-Phage or control phage were detected in the extravas-
cular space, including VEGF-binding retinal neurons [25],
consistent with minimal phage leakage during the in vivo
ligand binding assay.
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«Fig.2 In vivo binding selectivity of Scg3 and VEGF to OIR and
healthy retinal vessels. a Schematic of the in vivo phage-binding
assay. b, ¢ Scg3-Phage binding to the whole eye (b) or retina/vitre-
ous/lens (c) of healthy and OIR mice (pfu/mg tissue) with or with-
out the blockade by anti-Scg3 hFab. d, e VEGF-Phage binding to
the whole eye (d) or retina/vitreous/lens (e) of healthy and OIR
mice in the presence or absence of aflibercept.+SEM; Sample
sizes (n=# mice/group) are indicated below graph bars; **P <0.01,
*##%P <(0.001, ****P <0.0001, ns for not significant; ¢ test. f, g Func-
tional IHC to visualize the binding of FLAG-tagged Scg3-Phage (f)
or VEGF-Phage (g) to vessels of flat-mounted OIR retinas with or
without the blockade of their cognate inhibitors. Arrows and arrow-
heads indicate OIR-related disorganized neovessels and neovascular
tufts, respectively. Bar=50 pum

Physiological and pathological angiogenesis
in Scg3-deficient mice

Scg3 shares no amino acid sequence homology with other
proteins, thereby implying an absence of genetic redundancy.
Although Scg3-null mice were previously reported to pre-
sent with normal gross phenotypes, including viability, body
weight and fertility [26], vascular and ocular phenotypes of
the mice have not been characterized but would be indicative
of Scg3 involvement in physiological RNV. Careful com-
parison of Scg3™~ and Scg3™* mice revealed no difference
at P6 or P21 by H&E staining, vascular immunostaining, or
electron microscopy (Fig. 3a—i and Supplementary Fig. 7).
These findings suggest that Scg3 plays no role in physiologi-
cal angiogenesis and retinal development.

To investigate Scg3 contribution to pathological angio-
genesis in OIR, we analyzed and compared OIR severity in
Scg3-KO vs. healthy mice. The results revealed that Scg3-
deficient mice had reduced severity of OIR, including patho-
logical RNV, neovascular tufts and branch points (Fig. 3j—n).
These findings confirm that Scg3 plays an important role in
OIR-induced pathological RNV.

Anti-Scg3 hAb efficiently alleviates pathological
angiogenesis

To facilitate therapeutic translation, we engineered an anti-
Scg3 hFab from a previously reported Scg3-neutralizing
ML49.3 mAbs [12] (see Methods) and confirmed inhibition
of Scg3-induced migration of HRMVECs by the hFab (Sup-
plementary Fig. 8). As a positive control, VEGF-induced
HRMVEC migration was blocked by aflibercept.

To analyze therapeutic activities, we induced OIR in
mice and ivt injected anti-Scg3 hFab, aflibercept, control
hFab or PBS into OIR mice at P14 and analyzed disease
status at P17. Scg3-neutralizing hFab (2 ug/eye) significantly
inhibited OIR-induced pathological RNV and neovascular
tufts and reduced branch points and central avascular region
(Fig. 4a—e). As a positive control, aflibercept at the same
dose alleviated these symptoms with similar therapeutic

efficacy, whereas the control human Fab was without effect
(Fig. 4a—e). Interestingly, treatment with anti-Scg3 hFab at
P14 did not markedly affect VEGF expression at P17 (Sup-
plementary Fig. 2).

To compare dose-response curves, we further titrated
therapeutic activity at different doses. At 0.5 ug/eye, both
anti-Scg3 hFab and aflibercept significantly inhibited patho-
logical RNV, neovascular tufts and branch points (Fig. 4f-i
and Supplementary Fig. 9). At this lower dose, the central
avascular area was still significantly reduced by anti-Scg3
hFab (P <0.05, vs. PBS, Fig. 4i and Supplementary Fig. 9¢),
but not by aflibercept. At 0.1 ug/eye, anti-Scg3 hFab signifi-
cantly inhibited branch points (P <0.01, vs. control hFab,
Fig. 4h and Supplementary Fig. 10d), but no other thera-
peutic activities were detected for either anti-Scg3 hFab or
aflibercept (Fig. 4f—i and Supplementary Fig. 10). Control
hFab conferred no therapeutic benefits at any doses. These
data indicate that anti-Scg3 hFab alleviated OIR with similar
efficacy to aflibercept and a minimal effective dose at 0.5 pg/
eye for both.

Anti-Scg3 hAb ameliorates retinal arterial tortuosity
and vein dilation in OIR mice

Tortuous retinal arteries and dilated veins are the hallmarks
of severe ROP called plus disease [10]. After treatments of
OIR mice as described above, FA was used to non-invasively
visualize retinal arteries and veins in anesthetized mice at
P17. FA images confirmed straight retinal arteries in healthy
mice but tortuous arteries with dilated veins in OIR mice
(Fig. 5a). We quantified arterial tortuosity by measuring the
relative length, triangular index and angle metrics of the
retinal arteries. Both anti-Scg3 hFab and aflibercept at 2 pug/
eye significantly ameliorated tortuosity indices (Fig. 5b—d).
We further found that OIR conferred markedly dilated retinal
veins that was significantly ameliorated by either anti-Scg3
hAbD or aflibercept (Fig. 5a, e).

Adverse effects on physiological angiogenesis

Based on their binding selectivity (Fig. 2), we predicted that
aflibercept, but not anti-Scg3 hFab, would inhibit physio-
logical angiogenesis in the developing retina. To investigate
this, we microinjected ivt anti-Scg3 hFab or aflibercept into
healthy mice at P1, a stage where retinal vessels begin to
sprout out of the optical nerve head of the avascular retina
and expand outward to reach the peripheral retina at approxi-
mately P8 [27]. Flat-mount retinas treated with PBS showed
a typical pattern of the developing mouse retina with a par-
tially vascularized central region (labeled with green fluores-
cence, Fig. 6a) and peripheral avascular region at P4 (shad-
owed area, Fig. 6a). Aflibercept at 2, 5 and 20 ug/eye dose
dependently inhibited retinal vascularization in the central
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«Fig. 3 Phenotypes of Scg3 KO in healthy and OIR mice. a—e No
abnormality in the retinal vascular development in flat-mount retinas
of Scg3™~ mice. a Representative images of flat-mount retinas from
Scg3** and Scg3™~ mice at P6 and P21 with retinal vessels stained
with AF488-IB4. Bar=500 (top) and 100 pm (bottom). b Percentage
of the vascularized area in (a). ¢ Radius of the vascularized area. d
Vessel density. e Number of branch points. n=6 eyes/group in (b—e).
f—i Normal phenotype of retinal vascular plexuses in Scg3~'~ mice.
f Representative images of retinal superficial, intermediate and deep
plexuses in retinal sections from Scg3** and Scg3™~ mice at P21.
Bar=100 (top) and 50 pm (bottom). g Number of vessels in the
superficial layer (bright spots per 1200 pm). h Number of vessels per
1200 pm in the intermediate layer. i Number of vessels per 1200 pm
in the deep layer. n=6 eyes/group in (g—i). j—n Reduced severity of
OIR in Scg3™~ mice. j Representative images of flat-mount retinas
stained with AF488-1B4 from Scg3** and Scg3™~ OIR mice at P17.
Bar=500 (top) and 100 pm (bottom). Arrowheads indicate RNV and
neovascular tufts. k Quantification of RNV in (j). 1 Quantification of
NV tufts. m Quantification of branch points. n Percentage of avas-
cular area. n=8 (Scg3*'*) and 12 eyes (Scg3™") in (k-n).+SEM;
**P<0.01, ****P <0.0001, ns for not significant; ¢ test

area. The total area size of the retina (vascularized + avascu-
lar) was not affected by aflibercept treatment. At its highest
dose, aflibercept completely abolished physiological angio-
genesis of the developing retina, whereas anti-Scg3 hFab at
the same dose was without detectable adverse effects. These
striking differences were confirmed in multiple parameters
of quantifying retinal vascularization, including the percent-
age of the vascularized area, radius of vascularized area and
vessel density (Fig. 6b—d).

To characterize adverse effects at a later developmen-
tal stage, we injected ivt anti-Scg3 hFab or aflibercept into
healthy mice at P5 and quantified retinal vascularization at
P7. Retinal vasculature at P7 covered the entire retina except
for a narrow region at the periphery (Fig. 6¢). Aflibercept
(5 pg/eye) significantly reduced the percentage of the vascu-
larized area, radius of vascularized area, vessel density and
branch points, whereas anti-Scg3 hFab at the same dose had
no detectable effects (Fig. 6e—i).

Taken together, these two independent studies suggest
that blockade of Scg3 has no adverse side effects on physi-
ological angiogenesis in the developing retina even at an
excessively high dose. In contrast, aflibercept markedly
inhibits physiological angiogenesis at a therapeutic dose.

Adverse effects on retinal structure and function

Inhibition of physiological angiogenesis in the develop-
ing retina may adversely impact the development of retinal
structures in neonatal mice. Indeed, we found that aflibercept
(2 pg/eye) injected ivt at P14 significantly reduced the total
retinal thickness and the thickness of the INL and photore-
ceptor inner/outer segments (PIS/POS), but not the ONL, at
P42 (Fig. 7a—e). No such adverse reduction was found for
anti-Scg3 hFab at the same dose.

The adverse effects of aflibercept on retinal structures
were also independently confirmed by OCT imaging
(Fig. 7f). The results showed that the same treatment with
aflibercept reduced the total retinal thickness (Fig. 7g) as
well as the inner retinal thickness (Fig. 7h), but not the outer
retinal thickness at P42 (Fig. 7i). Scg3-neutralizing hFab
at the same dose had no detectable side effects (Fig. 7f-1).

We predicted that anti-Scg3 hFab with minimal side
effects on retinal vessels should not compromise retinal
functions. To characterize retinal function, we treated OIR
mice ivt with anti-Scg3 hFab, aflibercept (2 pg/eye) or PBS
at P14 and performed electroretinography (ERG) at P21, P42
and P60. Aflibercept significantly inhibited a-wave ampli-
tude (i.e., magnitude of photoreceptor response to a flash)
at P60 but not at other timepoints (Fig. 8a-d). Aflibercept
significantly suppressed b-wave amplitude at P21, P42 and
P60 (Fig. 8a—c, f). Aflibercept increased b-wave latency (i.e.,
time needed to respond a flash) at P42 but not at other time
points (Fig. 8g), consistent with previous findings [15, 28].
In contrast, anti-Scg3 hFab had no such adverse effects on
the amplitude or latency of a- and b-waves at any timepoint
(Fig. 8a—g).

Suppression of b-wave by aflibercept implies possible
disruption of retinal development that affects neuronal
impulse transmission from photoreceptors to bipolar cells.
Indeed, aflibercept injected ivt into OIR mice at P14 mark-
edly reduced the number of bipolar cells at P42, as detected
by IHC using anti-PKC-o mAb (Fig. 8h, i). Furthermore,
frequent ectopic dendrites associated with bipolar cells
were observed in mice treated with aflibercept (arrowheads,
Fig. 8h) [29]. No abnormality in the number of bipolar cells
and their ectopic dendrites were detected in mice treated
with anti-Scg3 hFab.

Scg3-Phage binding to neuronal cells

The neurotrophic actions of VEGF are well established
[25], and the side effects of aflibercept on the retina
(Figs. 7 and 8) likely involve direct inhibition of such
actions on retinal neurons as well as indirect actions of
anti-angiogenesis that restrict blood supply to developing
neurons in immature retinas. Whereas anti-Scg3 does not
inhibit physiological angiogenesis, it is possible that anti-
Scg3 therapy will adversely impact neurons. Therefore, as
a possibly prognostic indicator, we investigated putative
interactions of Scg3 with retinal neurons by quantitatively
comparing the binding of Scg3-Phage and VEGF-Phage
to cultured HRMVECs and SK-N-AS neuronal cells in
the presence and absence of their cognate blockers. As
shown in Fig. 9a—d, the specific binding of Scg3-Phage to
HRMVECs was only 10.1% of background (P =0.023),
compared with 54.3% (P =0.0000004) for VEGF-Phage.
Specific binding of Scg3-Phage to SK-N-AS cells was

@ Springer



63 Page100f 18 C.Daietal.
A OIR
Control hFab Aflibercept Anti-Scg3 hFab
Healthy  Non-injection @ ugleye) (2 ug/ eyg & pggeye

g

©
ec
£
©
(T

Zoom-in

Fig.4 Anti-Scg3 hFab and aflibercept to dose-dependently inhibit
OIR-induced pathological angiogenesis. a Representative images of
flat-mount retinas. Anti-Scg3 hFab, aflibercept, control hFab (2 pg/
eye) or PBS was injected ivt into OIR mice at P14. At P17, retinas
were isolated, stained with AF488-IB4 to label vessels. Bar=500
(top row) and 100 pm (bottom row). Arrowheads indicate RNV and
neovascular tufts. b Percentage of neovascularization in (a). ¢ Num-
ber of neovascular tufts in (a). d Number of branch points. e Percent-

not significant, whereas the equivalent binding of VEGF-
Phage was 30.0% (P =0.0003). The results suggest that
Scg3 does not interact directly with neurons, consistent
with the apparently normal neuronal development seen in
Scg3-knockout mice (Supplementary Fig. 7) [26].
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age of avascular area. n=12 (non-injection for data normalization),
10 (PBS), 10 (control hFab), 12 (aflibercept) and 15 eyes (anti-Scg3
hFab) in (b-e). f-i Quantifications as in (b—e) at different doses.
Representative images of flat-mount OIR retinas, quantifications
and sample sizes for 0.5 and 0.1 pg/eye are in Supplementary Fig. 9
and 10, respectively. + SEM; *P<0.05, **P<0.01, *** P<(0.001,
*#%% P <(0.0001, ns for not significant; one-way ANOVA test

Discussion

Physiological and pathological angiogenesis share many
similarities, including the growth of neovessels and reg-
ulation by various angiogenic factors, such as VEGF.
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Fig.5 Anti-Scg3 hFab alleviates OIR-induced arterial tortuosity
and vein dilation. Anti-Scg3 hFab, aflibercept, control hFab (2 pg/
eye) or PBS was injected ivt into OIR mice at P14. At P17, reti-
nas were examined using FA. a Representative FA images. Arrows
indicate tortuous arteries, and arrowheads indicate dilated veins.
Bar=200 pm. b Quantification of relative length as a tortuosity index

Despite these common features, some distinctions between
these two events are overt, implying subtle differences
in underlying mechanisms. For example, physiological
angiogenesis forms well-organized vascular networks,
whereas pathological neovascularization drives aberrant
growth of disorganized vasculatures with abnormal neo-
vascular tufts and increased susceptibility to rupture and
hemorrhage, as occurs in ROP, proliferative DR, CNV and
cancer (Fig. 4a) [5, 30, 31]. Despite such clear phenotypi-
cal distinctions, molecular mechanisms and stimuli that
distinguish pathological from physiological angiogenesis
are much less clear. Over the past three decades, multiple
potential selective regulators of pathological angiogenesis
have been proposed, including a,f; integrin, rapamycin
to inhibit Akt signaling, TEMS8, CCR3, CC-chemokine
inhibitor “35 K”, prion-like protein doppel, RUNXI,
miR-30a-5p, Epacl and adenosine A,, receptor [32—41].
However, most of these regulators have limited disease
selectivity and/or involve VEGF-dependent pathways [40].
In addition, few therapies based on these alternative path-
ways have been precisely compared with anti-VEGF drugs

O
m

N N
o [6)]

o o
o o
Retinal vein width
(Normalized to non-injection)

Tortuosity index_sum of angle metrics
(Normalized to non-injection)

in (a), which is equal to the ratio of curved line/straight line. ¢ Tortu-
osity index by triangular index. d Tortuosity index by sum of angle
metrics. e Relative vein width. n=14 (non-injection for data nor-
malization), 12 (PBS), 10 (control hFab), 11 (aflibercept) and 16 eyes
(anti-Scg3 hFab).+ SEM; **P <0.01, ***P <0.001, ****P <(.0001;
one-way ANOVA test

for disease selectivity and therapeutic windows. Conse-
quently, disease-targeted anti-angiogenic therapies are not
currently available, and such feasibility remains uncertain.

All currently approved anti-angiogenic therapies for
neovascular AMD and cancer target VEGF and do not dis-
criminate between physiological and pathological angio-
genesis [7, 9]. The critical role of VEGF in physiological
angiogenesis is demonstrated by the phenotype of mice
with deletion of a single VEGF allele or homozygous dele-
tion of either VEGF receptor (VEGFR) 1 or 2, all of which
die in utero with severe defects in vasculogenesis [42—44].
Therefore, blockade of VEGF pathways is predicted to
elicit side effects for regeneration and repair in adults and
especially vascular development in immature subjects.
Indeed, aflibercept was reported to inhibit development
of the retinal vasculature in neonatal mice and dogs [15,
28, 45]. The developmental disruption of retinal structure
and brain function was described in ROP infants treated
with anti-VEGF [46, 47]. Consequently, although the anti-
VEGF drug ranibizumab is approved for ROP therapy in
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Fig.6 Aflibercept, but not anti-Scg3 hFab, adversely inhibits physi-
ological retinal angiogenesis. a—d Adverse inhibition at P1-P4.
Aflibercept, anti-Scg3 hFab or PBS was microinjected ivt into nor-
mal mice at P1. At P4, retinas were isolated and stained with AF488-
IB4. a Representative images of flat-mount retinas. Bar=500 pm.
b Percentage of vascularized retinal area in (a). ¢ Radius of vascu-
lar area. d Vessel density. n=15 (PBS), 9 (aflibercept 2 pg/eye), 8
eyes (aflibercept 5 pg/eye), 9 (aflibercept 20 pg/eye) and 10 (anti-
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Scg3 hFab) in (b-d). e-i Adverse inhibition at P5-P7. Aflibercept,
anti-Scg3 hFab (5 pg/0.5 ul/eye) or PBS was injected ivt at P5, and
retinas were analyzed at P7 as in (a—d). e Representative images of
retinas. Bar=500 (top) and 100 pm (bottom). f Percentage of vascu-
larized retinal area in (e). g Radius of vascular area. h Vessel den-
sity. i Branch points. n=13 (PBS), 12 (aflibercept) or 12 eyes (anti-
Scg3 hFab) in (f-i).+SEM; *P<0.05, **P<0.01, ***P<0.001,
###%P <0.0001, ns for not significant; one-way ANOVA test
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Fig.7 Aflibercept, but not anti-Scg3 hFab, decreases the retinal
thickness in OIR mice. a—e Histological examination of the retinal
thickness. Aflibercept, anti-Scg3 hFab (2 pg/eye) or PBS was injected
ivt into OIR mice at P14. Eyes were enucleated at P42, and tissue
sections were stained with H&E. Retinal images were analyzed. a
Representative images of retina images. Bar=500 (top) and 100 pm
(bottom). b Total retinal thickness in (a). ¢ Thickness of the inner
nuclear layer (INL). d Thickness of the outer nuclear layer (ONL).
e Thickness of the photoreceptor inner segments and outer segments
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(PIS/POS). n=12 (PBS), 13 (aflibercept) and 11 eyes (anti-Scg3
hFab) in (b-e). f-i OCT analysis of the retinal thickness. OIR mice
were treated as in (a—e). At P42, retinas were analyzed by OCT.
f Representative OCT images. Bar=200 (top) and 100 pm (bot-
tom). g Total retina thickness (Line 1-3) in (f). h Thickness of the
inner retina (Line 1-2). i Thickness of the outer retina (Line 2-3).
n=18 (PBS), 10 (control hFab), 22 (aflibercept) and 18 eyes (anti-
Scg3 hFab) in (g-i).+SEM; *P<0.05, **P<0.01, ***P<0.001,
###%kP <(0.0001, ns for not significant; one-way ANOVA test
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Fig.8 Anti-Scg3 hFab has no detectable adverse effects on retinal
function. Aflibercept, anti-Scg3 hFab (2 pg/eye) or PBS was injected
ivt into OIR mice at P14. ERG was performed at P21, P42 and P60.
a—c Average scotopic ERG curves of all mice in each group at P21,
P42 and P60, respectively. d a-wave amplitude at P21, P42 and P60.
e Latency of a-wave at P21, P42 and P60. f b-wave amplitude at
P21, P42 and P60. g Latency of b-wave at P21, P42 and P60. Sam-
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Fig.9 Anti-Scg3 therapy selectively targets pathological, but not
physiological, angiogenesis in the OIR retina. a The healthy retina
has only physiological angiogenesis. VEGFRs are expressed on the
surface of endothelial cells and neurons while Scg3R is not detect-
able. b The OIR retina has concurrent physiological and pathologi-
cal angiogenesis. Scg3R selectively expresses on pathological ECs.
In contrast, VEGFRs express on both pathological and physiological
ECs as well as retinal neurons. Consequently, Scg3 stringently regu-
lates OIR neovessels, whereas VEGF modulates both healthy and
OIR neovessels. While anti-Scg3 therapy selectively targets patho-
logical but not physiological angiogenesis with optimal safety, anti-
VEGEF suppresses both pathological and physiological angiogenesis
with adverse side effects

the European Union, there are currently no approved drug
therapies for the disease in the U.S.

Scg3 was recently reported to be a diabetes-restricted
angiogenic and vascular leakage factor that binds to DR but
not healthy vessels, whereas VEGF binds equally to both
diabetic and healthy vasculatures [12]. In contrast to VEGF
that is upregulated by neovascular conditions [48, 49], Scg3
is minimally induced during DR or OIR (Fig. 1) [12]. Such
differential binding and expression patterns have profound
implications for disease therapy. Because secreted VEGF
diffuses extracellularly to regulate both diseased and healthy
vessels, VEGF inhibitors are predicted to adversely affect
healthy vessels in addition to their therapeutic benefits on
diseased vasculatures [15]. On the other hand, Scg3 pro-
motes pathological angiogenesis by binding selectively to
diseased vasculatures that express elevated Scg3-binding
sites stationary on diseased endothelium without cross-
reaction with healthy vessels. Therefore, Scg3 inhibition
has minimal adverse side effects on healthy vasculatures.

However, such correlations between binding selectivity and
safety advantage have not been established for any angio-
genic diseases and related therapies.

We reported here that Scg3 binding to OIR neovessels
increased by 7.0-fold over control neovessels, as opposed
to the 1731-fold binding increase to DR vessels (1731:0 for
diabetic:healthy) quantified by previous ligandomics profil-
ing [12]. Therefore, it is appropriate to ask why the fold
binding increase is much smaller in OIR than that in the DR
model, and is the lower Scg3 binding increase sufficient to
confer the requisite safety advantages for OIR/ROP therapy?

Reasons for an artificially elevated binding fold in the
ligandomics study include an excessively low background
binding due to the presence of trillions of cDNA library
phage particles that efficiently blocked non-specific binding
of Scg3-phage to retinal vessels through phage own sur-
face proteins [12]. Additionally, the high copy number of
Scg3-phage detected by ligandomics was arbitrarily exag-
gerated by PCR amplification of Scg3 cDNA from enriched
vessel-bound phages for next-generation sequencing (NGS).
An absence to detect Scg3-phage in the healthy vessels by
ligandomics was partially due to the limited coverage and
depth of the NGS [12]. In contrast, the binding assay in the
current study showed a relatively high background binding
(Fig. 2b) due to the absence of cDNA library phages that
would interfere with quantification of vessel-bound Scg3-
Phage by plaque assay. As the high background binding
in this study was primarily attributed to the differences in
the binding assay platforms, Scg3 binding increase in OIR
was arbitrarily reduced to only 7.0-fold. Indeed, the similar
binding assay in DR models also detected only 17.8-fold
increase in clonal Scg3-Phage binding to retinal vessels in
diabetic versus healthy mice (unpublished data). Because
the clonal Scg3-Phage binding assay more closely resembles
conventional ligand binding than ligandomics, the results of
7.0-fold increase in Scg3 binding to OIR vessels is a more
accurate measurement.

In contrast to the relatively low target specificity and high
frequent off-target adverse effects of many small molecule
drugs, anti-VEGF biologicals have high target specificity,
and adverse effects are caused primarily by on-target toxic-
ity, including suppression of developing retinal vessels and
neurons (Figs. 6-8) [22]. It is challenging to accurately pre-
dict side effects of anti-Scg3 therapy that may be directed at
cells and tissues beyond the vasculature. However, quantifi-
cation of Scg3 binding to different cell types in the presence
and absence of neutralizing antibodies may provide indica-
tions of such on-target toxicity. Because Scg3 displayed low
specific binding to neuronal cells, quantitatively similar to
the binding to healthy ECs (Fig. 9a, b), we predict minimal
adverse effects of anti-Scg3 therapy on neuronal function.
Similarly, minimal binding of Scg3 to healthy and OIR
brain, lung or kidney vessels as determined by our functional
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[HC assay, predicts low to negligible side effects of anti-
Scg3 hAb on the vasculatures of these organs. Although
these predictions are supported by the normal development
of Scg3™'~ mice (Fig. 3), it is clear that only clinical tri-
als can provide full validation of the safety in the human
context.

Compared to conventional THC to detect protein expres-
sion, functional IHC in this study visualized the location
of ligand—receptor interactions by combining IHC with
ligand binding. Co-localization of Scg3-Phage signals with
disorganized vessels and neovascular tufts in OIR (Fig. 2f)
implies that Scg3 likely promotes neovessel sprouting from
these vascular structures, which are the hallmarks of ROP
vasculature [50]. In contrast, the association of VEGF-Phage
signals with large vessels and well-organized microcapil-
laries implicates that VEGF may drive vascular remodeling
and neovessel sprouting from these VEGFR-expressing
vasculatures.

The two new binding methods developed in this study
represent valuable tools to quantify and visualize endothe-
lial ligand binding. It was technically difficult for conven-
tional approaches to quantify VEGF-cell binding activity,
as VEGF had to be labeled with a radioisotope for sensitive
detection of in vitro binding [51]. It is even more daunting
to quantify VEGF binding in vivo [52], owing to vascular
leakage of 45 kDa VEGF homodimer [53]. Healthy ves-
sels are impermeable to serum albumin with 66 kDa, and
pathological vasculatures may be permeable to proteins up
to 1000-2000 kDa [53]. T7 phage with 55 nm in diameter is
equivalent to a protein of approximately 90,000 kDa. Thus,
we predicted and confirmed that control phage, Scg3-Phage
and VEGF-Phage were not leaky in OIR neovessels (Fig. 2f,
g and Supplementary Fig. 4 and 6). In unpublished data (not
shown), we confirmed that Scg3-Phage is impermeable even
to fenestrated choriocapillaris with or without laser-induced
CNV, which is impermeable to proteins larger than 5.2 nm
[54]. The new methods will provide much needed conveni-
ence to assess the involvement and disease selectivity of
Scg3 and VEGF in other vascular diseases, such as CNV,
DR and cancer before the expansion of their therapeutic
indications. Additionally, we are using this new assay to
validate Scg3R candidates.

The normal phenotype of vascular and retinal develop-
ment in Scg3™'~ mice suggest that Scg3 does not regulate
physiological angiogenesis (Fig. 3a—i) [26], as opposed to
embryonic lethality of VEGF™* mice [42]. These findings
support the safety advantage of anti-Scg3 therapy, because
the homozygous deletion of the Scg3 gene is equivalent to
100% Scg3 blockade. Furthermore, pathological role of
Scg3 was revealed by the reduced severity of OIR-induced
pathological RNV. Together, these data of Scg3~~ mice sup-
port the stringent regulation of Scg3 in pathological but not
physiological angiogenesis for targeted anti-Scg3 therapy.

@ Springer

To establish a binding selectivity—safety correlation, this
study quantitatively compared therapeutic windows of anti-
Scg3 hFab and aflibercept in OIR mice by characterizing
their dose—response curves for efficacy and safety (Figs. 4
and 6). We estimate that anti-Scg3 hFab has a therapeutic
window of >40X (20 ug/eye without side effects vs. minimal
effective dose 0.5 pg/eye or less), whereas aflibercept has a
window of <4X (2 pg/eye with detectable side effects vs.
0.5 ug/eye) (Fig. 6a—d vs. Figure 4f—i). The safety difference
is highlighted by the striking differential effects of afliber-
cept versus anti-Scg3 hFab on physiological angiogenesis
(Fig. 6a). The preferential binding of Scg3 to the OIR retina
vs. other non-ocular organs (Fig. 2b, ¢ and Supplementary
Fig. 5a—f) and optimal systemic safety profile of anti-Scg3
mAb [15] suggest that this new therapy could be developed
for systemic delivery to circumvent ivt injection-related
adverse effects in ROP eyes.

In summary, this study provides the following new infor-
mation: (a) Scg3 is a highly OIR-restricted angiogenic fac-
tor that binds only to OIR neovessels, but not to healthy
retinal neovessels or other organs subjected to conditions
of OIR. (b) Anti-Scg3 hFab stringently targets pathological
but not physiological angiogenesis in OIR mice with mini-
mal adverse side effects and at least 10X wider therapeutic
window than aflibercept. (c) Two new ligand binding meth-
ods described in this study provide valuable tools to quan-
tify and visualize endothelial ligand binding in vivo. Our
work confirms the feasibility of developing ligand-guided
disease-targeted anti-angiogenic therapies and establishes a
framework to develop such therapies by delineating the cor-
relation between binding selectivity and safety, applicable to
other signaling pathways and disease conditions. Anti-Scg3
hFab has the potential to be developed not only as a new
anti-angiogenic drug, but also a founding member of a new
class of selective angiogenesis blockers for targeted therapy
of ROP with high efficacy and safety.
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tary material available at https://doi.org/10.1007/s00018-021-04111-2.
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