
Retina

SZN-413, a FZD4 Agonist, as a Potential Novel Therapeutic
for the Treatment of Diabetic Retinopathy
Huy Nguyen1, Hui Chen1, Meghah Vuppalapaty1, Elizabeth Whisler1,
Kelsey Ronarda Logas1, Parthasarathy Sampathkumar1, Russell Byron Fletcher1,
Asmiti Sura1, Nicholas Suen1, Suhani Gupta1, Tom Lopez1, Jay Ye1, Shengjiang Tu1,
Menaka Bolaki1, Wen-Chen Yeh1, Yang Li1, and Sung-Jin Lee1

1 Surrozen Operating, Inc., South San Francisco, CA, USA

Correspondence: Sung-Jin Lee,
Surrozen Operating, Inc., 171 Oyster
Point Boulevard, Suite 400, South
San Francisco, CA 94080, USA.
e-mail: sungjin@surrozen.com
Yang Li, Surrozen Operating, Inc., 171
Oyster Point Boulevard, Suite 400,
South San Francisco, CA 94080, USA.
e-mail: yang@surrozen.com

Received:May 10, 2022
Accepted: August 15, 2022
Published: September 23, 2022

Keywords: Wnt; FZD4; FZD4-specific
agonist; endothelial cells; diabetic
retinopathy

Citation: Nguyen H, Chen H,
Vuppalapaty M, Whisler E, Logas KR,
Sampathkumar P, Fletcher RB, Sura
A, Suen N, Gupta S, Lopez T, Ye J, Tu
S, Bolaki M, Yeh WC, Li Y, Lee SJ.
SZN-413, a FZD4 agonist, as a
potential novel therapeutic for the
treatment of diabetic retinopathy.
Transl Vis Sci Technol. 2022;11(9):19,
https://doi.org/10.1167/tvst.11.9.19

Purpose: There remains a high unmet need for therapies with new mechanisms of
action to achieve reperfusion of ischemic retina in diabetic retinopathy. We examined
whether a novel frizzled class receptor 4 (FZD4) agonist could promote regeneration of
functional blood vessels in animal models of retinopathy.

Methods:We developed a novel Norrin mimetic (SZN-413-p) targeting FZD4 and low-
density lipoprotein receptor-related protein 5 (LRP5) and examined its effect on retinal
andbrain endothelial cells in vitro. SZN-413-pwas subsequently humanized, resulting in
the therapeutic candidate SZN-413, andwas examined in animalmodels of retinopathy.
In anoxygen-induced retinopathymousemodel, avascular andneovascularizationareas
were measured. Furthermore, in a vascular endothelial growth factor (VEGF)-induced
retinal vascular leakage rabbit model, the impact on vascular leakage by SZN-413 was
examined by measuring fluorescein leakage.

Results: SZN-413-p induced Wnt/β-catenin signaling and upregulated blood–brain
barrier/blood–retina barrier gene expressions in endothelial cells. In the oxygen-
induced retinopathy mouse model, SZN-413-p and SZN-413 significantly reduced the
neovascularization area size (P < 0.001) to a level comparable to, or better than the
positive control aflibercept. Both agonists also showed a reduction in avascular area size
compared to vehicle (P < 0.001) and aflibercept groups (P < 0.05 and P < 0.01 for SZN-
413-p and SZN-413, respectively). In the VEGF-induced retinal vascular leakage rabbit
model, SZN-413 reduced retinal vascular leakage by ∼80%, compared to the vehicle-
treated group (P < 0.01).

Conclusions: Reduction of neovascular tufts and avascular areas and of VEGF-driven
retinal vascular leakage suggests that SZN-413 can simultaneously address retinal non-
perfusion and vascular leakage.

Translational Relevance: FZD4 signalingmodulation by SZN-413 is a novelmechanism
of action that can offer a new therapeutic strategy for diabetic retinopathy.

Introduction

Diabetic retinopathy (DR), a specific microvascu-
lar complication of diabetes, is a major cause of
vision loss in the middle-aged, economically active
demographic.1–3 The increasing number of diabetic
retinopathy patients is currently recognized as a serious
public health problem. In fact, studies have shown that,

although all causes of blindness and visual impairment
(all ages) declined significantly between 1990 and 2015,
diabetic retinopathy increased steadily.4

DR may progress to diabetic macular edema
(DME) and proliferative DR, causing loss of vision.5
The pathogenesis of DR, including DME, is charac-
terized by pericyte loss, thickening of endothelial
cell basement membranes, and development of
microaneurysms contributing to the disruption and
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breakdown of the blood–retina barrier (BRB). This
loss of normal retinal vasculature and areas of retinal
non-perfusion, a key pathologic feature of DR, can
lead to tissue ischemia of the metabolically active
retina, resulting in hypoxia and the overproduction
of multiple signaling molecules, such as hypoxia-
inducible factor 1-alpha, vascular endothelial growth
factor A (VEGF-A), angiopoietin-2, tissue inhibitor
matrix metalloproteinase 1, and angiopoietin-like
4.6 These factors will in turn contribute to vascu-
lar leakage, increased vessel permeability, and
pathologic angiogenesis in the oxygen-deprived
retina.

VEGF is an important factor in the develop-
ment of wet-type age-related macular degeneration
(wAMD), proliferative DR, and DME,7,8 induc-
ing pathologic neovascularization and altering retinal
capillary permeability.9 Anti-VEGF agents, such as
aflibercept and ranibizumab, control ocular neovas-
cularization, leakage, and intraocular inflammation10
and are currently the standard of care in the treat-
ment of DME and wAMD. These agents have also
been shown to improve DR severity score (DRSS)
levels in eyes both with and without DME and to
reduce the progression of non-proliferative DR to
proliferative DR.11–14 Multiple prospective datasets
have reported that retinal non-perfusion may continue
to accumulate despite regular anti-VEGF dosing in
many DR patients and that anti-VEGF therapy does
not induce reperfusion of ischemic retinal areas.5
Therefore, there remains a high unmet need for
therapies with new mechanisms of action to achieve
clinically meaningful retinal reperfusion of ischemic
areas in DR, reduce retinal ischemia, and reduce the
ensuing production of factors contributing to vascu-
lar leakage and pathologic angiogenesis. Furthermore,
although anti-VEGF therapy is effective in treating
DME and DR, frequent dosing is required, and there
is still a need for agents with a longer treatment
effect.

Frizzled class receptor 4 (FZD4)-specific Wnt/β-
catenin signaling plays a critical role in proper vascu-
lar development and barrier function in the central
nervous system and the retina and in the mainte-
nance of the integrity of the adult blood–brain barrier
(BBB) and BRB.15–18 Growing genetic evidence from
human and rodent studies further supports the impor-
tance of FZD4-dependent Wnt/β-catenin signaling in
retinal vasculature. Human mutations in genes encod-
ing either receptors (FZD4, LRP5, and TSPAN12)
or the ligand Norrin (NDP), involved in Wnt/β-
catenin signaling, result in a variety of inherited vitre-
oretinopathies.19–21 Mutations of these genes in mice

also show the typical aberrant vasculature seen in
human retinopathy.15,18,21,22

Activation of FZD4 signaling induces protein
expressions for vascular barrier functions (e.g.,
claudin-5 [Cldn5], zonula occludens-1 [Zo-1], major
facilitator superfamily domain containing 2 [Mfsd2])
and reduces the expression of plasmalemma vesicle-
associated protein (Plvap), a marker of immature
or leaky retinal vessels,23–25 which restrains vascular
leakage. Additionally, it has been shown that intravit-
real injection of Norrin can restore the BRB properties
to some degree in streptozotocin-induced diabetic
rats26 and that stabilizing β-catenin in the choriocap-
illaris switches its permeable nature to a BRB-like
state.27 Taken together, these findings underscore
the potential of targeting the FZD4-specific Wnt/β-
catenin pathway as a new therapeutic strategy for the
treatment of diabetic retinopathies.

In the current study, we generated a novel FZD4-
specific agonist, SZN-413, and observed that it
potently inhibited pathologic neovascularization (NV)
in mouse models of oxygen-induced retinopathy
(OIR). Furthermore, SZN-413 induced proper retinal
vessel regrowth, suggesting the potential to re-perfuse
the ischemic retina in DR. The FZD4-specific agonist
also prevented the retinal leakage induced by VEGF,
a prominent factor in the pathogenesis of DR. The
current findings suggest that activation of FZD4
signaling may simultaneously address the retinal
non-perfusion and leakage characteristics of DR
pathology.

Materials and Methods

Molecular Cloning and Protein Generation

Constructs for SZN-413-p and SZN-413 were
cloned into pcDNA3.1(+) mammalian expression
vector (Thermo Fisher Scientific, Waltham, MA).
Recombinant proteins were produced in Expi293F
cells (Thermo Fisher Scientific) by transient trans-
fection. The SZN-413-p and SZN-413 proteins were
first purified with CaptivA Protein A Affinity Resin
(Repligen, Waltham, MA) and further polished with
Superdex 200 Increase 10/300 GL (GEHealthcare Life
Sciences, Piscataway, NJ) size-exclusion chromatog-
raphy (SEC) using 1× HEPES buffered saline (20-
mM HEPES, pH 7.4; 150-mM NaCl) or 2× HEPES
buffered saline (40-mM HEPES, pH 7.4; 300-mM
NaCl). The cysteine-rich domains (CRDs) of 10 FZDs
were expressed and purified as previously described.28
All proteins were also examined by sodium dodecyl
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sulfate–polyacrylamide electrophoresis and estimated
to be >90% pure.

AffinityMeasurement and Binding Specificity

Binding kinetics and specificity of anti-FZD4
immunoglobulin G (IgG), anti-FZD4 Fab, SZN-413-
p, and SZN-413 to human FZD CRDs were deter-
mined by biolayer interferometry using anOctetRed 96
instrument (Pall ForteBio, Fremont, CA) at 30°C and
1000 rpm with streptavidin (SA) biosensors. Biotiny-
lated FZD4 CRD was diluted to 50 nM in the running
buffer (phosphate-buffered saline, 0.05% Tween-20,
0.5% bovine serum albumin, pH 7.2) and captured
by the SA biosensor (Sartorius, Göttingen, Germany),
followed by dipping into wells containing the anti-
FZD4 IgG, anti-FZD4 Fab, or SZN-413-p at different
concentrations in a running buffer or into a well with
only the running buffer as a reference channel. SZN-
413 or mouse Fzd4-Fc (R&D Systems, Minneapolis,
MN) were diluted to 50 nM in the running buffer
and captured by an anti-human IgG capture (AHC)
biosensor (Sartorius), followed by dipping into wells
containing the FZD4CRDor anti-FZD4 Fab at differ-
ent concentrations in a running buffer or into a well
with only the running buffer as reference channel. The
dissociation of the interaction was followed with the
running buffer. The monovalent KD for each binder
was calculated using the Octet system software, based
on fitting to a 1:1 binding model. For the binding
specificity test, 10 human FZD CRDs were diluted
to 50 nM in the running buffer and captured by the
SA biosensor, followed by dipping into wells contain-
ing anti-FZD4 IgG and SZN-413-p. SZN-413 was
diluted to 50 nM in the running buffer and captured
by the AHC biosensor, followed by dipping into wells
containing the 10 human FZD CRDs in the running
buffer.

SuperTop Flash Assay

Wnt/β-catenin signaling activity was measured
using human embryonic kidney endothelial cell line 293
(HEK293), human retinal microvascular endothelial
cells (HRMECs), mouse brain microvascular endothe-
lial cells (bEnd.3), and rabbit retinal microvascular
endothelial cells. In brief, Wnt/β-catenin signaling
activity was measured using HEK293 cells contain-
ing a luciferase gene controlled by a Wnt-responsive
promoter (Super Top Flash reporter assay [STF]), as
previously reported.29 The bEnd.3 cells were stably
transfected with the STF plasmid and a constitu-
tively expressed renilla luciferase. HRMECs and rabbit
retinal microvascular endothelial cells were transiently

transfected with the STF plasmid for the STF assay.
Cells were seeded at a density of 10,000 cells per
well in 96-well plates 24 hours prior to treatment
in the presence of 3-μM inhibitor of Wnt produc-
tion 2 (IWP2) to inhibit the production of endoge-
nous Wnts. SZN-413-p or SZN-413 proteins were
then added to the cells for 16 to 18 hours. Recom-
binant human WNT3A (R&D Systems) and the
recombinant human Norrin (R&D Systems) were
used as response comparators. Cells were lysed with
Luciferase Cell Culture Lysis Reagent (Promega,
Madison, WI), and luciferase activity was measured
with the Promega Luciferase Assay System using
vendor-suggested procedures.

Western Blot Analysis

Western blot analysis was performed as previ-
ously reported,30 with minor modifications. In brief,
HRMECs were treated with 10-nM SZN-413-p 24
hours before harvesting for cell lysis. The anti-ZO-
1 (ab216880; Abcam, Cambridge, UK), anti-CLDN5
(ab131259; Abcam), and anti-β actin (A5441; Sigma-
Aldrich, St. Louis, MO) primary antibodies were used,
followed by horseradish peroxidase-conjugated anti-
rabbit or anti-mouse secondary antibodies for chemi-
luminescent signals.

Quantitative Polymerase Chain Reaction
Analysis of Gene Expression

RNAs from HRMECs, bEnd.3 cells, or human
umbilical vein endothelial cells (HUVECs) were
extracted using the Qiagen RNeasyMicroKit (Qiagen,
Hilden, Germany). cDNA was produced using the
SuperScript IV VILO cDNA Synthesis Kit (Thermo
Fisher Scientific). RNA was quantified using TaqMan
Fast Advanced Master Mix (Thermo Fisher Scien-
tific) with the following Thermo Fisher Scientific
probes: Mm00445405_s1 Fzd1, Mm02524776_s1
Fzd2, Mm00445423_m1 Fzd3, Mm00433382_m1
Fzd4, Mm00445623_s1 Fzd5, Mm00433387_m1
Fzd6, Mm00433409_s1 Fzd7, Mm01234717_s1
Fzd8, Mm01206511_s1 Fzd9, Mm00558396_s1
Fzd10, Mm01227476_m1 Lrp5, Mm00999795_m1
Lrp6, Hs00268943_s1 FZD1, Hs00361432_s1 FZD2,
Hs00907280_m1 FZD3, Hs00201853_m1 FZD4,
Hs00258278_s1 FZD5, Hs01095627_m1 FZD6,
Hs00275833_s1 FZD7, Hs00259040_s1 FZD8,
Hs00268954_s1 FZD9, Hs00273077_s1 FZD10,
Hs00182031_m1 LRP5, Hs00233945_m1 LRP6,
Hs01547250_m1 LEF1, Hs00293017_m1 MFSD2A,
Hs00610344-m1 AXIN2, and Mm00443610_m1



A Novel Norrin Mimetic for Retinopathy Treatment TVST | September 2022 | Vol. 11 | No. 9 | Article 19 | 4

Figure1. FZD4andLRP5, primary receptors forWnt signaling in vascular endothelial cells. (A) FZD1–10 and LRP5 and LRP6mRNAexpression
in HRMECs, bEnd.3 cells, and HUVECs quantified by quantitative polymerase chain reaction (qPCR) and normalized by the housekeeping
gene Actin. Bars represent mean± SD. (B) Data fromMacosko et al.31 were reanalyzed to derive scaled average gene expression by cell type
of Wnt receptors in mouse retina. (C) Data fromMenon et al.34 were reanalyzed to derive scaled average gene expression by cell type of Wnt
receptors in human retina.

Axin2. Cycle threshold (Ct) values were normal-
ized to the expression of constitutive ActinB RNA
using Mm02619580_g1 or ACTINB RNA using
Hs01060665_g1.

Single-Cell RNA Sequencing Data Analysis

Droplet single-cell RNA sequencing (scRNA-seq)
data from naïve, uninjured mice at P1431 were reana-
lyzed. Briefly, the datawere filtered based on cell quality
metrics using SCONE 1.14.0,32 the number of genes
detected, and percentage of mitochondrial gene expres-
sion, yielding 44,489 cells. Gene expression values were
normalized by deconvolution scaling using the Scran
1.18.633 and Scuttle 1.04 packages for R (R Founda-
tion for Statistical Computing, Vienna, Austria). Cells
were clustered into broad cell-type categories, and the
average normalized expression for each cell type or

group of cell types was scaled for each gene presented
in the heatmap in Figure 1B. Droplet scRNA-seq data
from postmortem human retinas34 were reanalyzed.
The processed counts matrix including 20,091 cells and
19,719 genes was downloaded. Gene expression values
were normalized by deconvolution scaling using the
Scran 1.18.633 and Scuttle 1.04 R packages. Cell-type
annotations provided by the authors were used, and
the average normalized expression for each cell type
was scaled for each gene presented in the heatmap in
Figure 1C.

OIR Study

A mouse model of OIR was created as previously
described.35 Briefly, newborn pups at postnatal day 7
(P7) were exposed to a hyperoxic environment with
a 75% inspired oxygen level for 5 days. As a result,
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the pups developed avascular (AV) retina from vaso-
obliteration of newly formed capillaries in the center
retina from P7 to P12. After the pups were moved to
room air at P12, the AV central retina became hypoxic
and intravitreal neovascular (NV) tufts formed at the
junctions of the vascular and AV retina from P12 to
P17. For treatment, P12 pups received an intravitreal
injection of a test article (68 ng of SZN-413-p, 13.6 ng
of SZN-413, or 60 μg of aflibercept) or vehicle control
(see Fig. 4). In the dose–efficacy relationship study (see
Fig. 5), 13.6 ng, 136 ng, and 1360 ng of SZN-413 or
vehicle control were injected. To evaluate the efficacy
of test articles on reducing AV and NV areas, whole-
mount retinas from pups at P17 were stained with
isolectin B4 and imaged. AV,NV, and total retinal areas
were manually scored and presented as a percentage of
either AV or NV area over total retinal area. Statisti-
cal significance between each treatment group and the
vehicle control group was determined using a one-way
analysis of variance (ANOVA) test followed by Tukey’s
multiple comparison test.

VEGF-Induced Retinal Hemorrhage Study

On day 0, Dutch Belted rabbits were dilated with
1% tropicamide hydrochloric acid (HCl), then tranquil-
ized before being given injections of buprenorphine
0.05 mg/kg subcutaneously or meloxicam 0.1 mg/kg
intramuscularly. Both eyes were aseptically prepared
using topical 5% betadine solution, followed by rinsing
with sterile eye wash and application of one drop of
0.5% proparacaine HCl. Immediately after injection
of vehicle, SZN-413 (10 μg/eye), SZN-413 (2 μg/eye),
SZN-413 (0.4 μg/eye), or SZN-413 0.08 (μg/eye), retinal
vascular leakage was induced via injection of VEGF165
(#293-VE-050/CF; R&D Systems) into the left eyes
of all animals using a 30-gauge needle. The dose of
the VEGF165 injections was 1.0 μg in 50 μL balanced
salt solution. Following the injection, one drop of
antibiotic ophthalmic solution (neomycin, polymyxin
B sulfates, and gramicidin) was applied topically to
the ocular surface. Following VEGF165 injection, the
animals were returned to their cages and allowed to
recover normally. Fluorescein angiography (FA) was
done in the left eyes of all animals at days 0, 3, and
5 post-injection. Mydriasis for FA was done using
topical 1% tropicamide HCl (one drop to both eyes
15 minutes prior to examination). Early-phase retinal
photography was performed at 1 to 2 minutes after
intravenous sodium fluorescein injection (12 mg/kg).
Images were assessed, masked, and scored for retinal
vascular leakage by two trained scorers utilizing the
semiquantitative scale below:

Score Retinal Leakage

0 Major blood vessels appear very straight
with limited tortuosity of smaller vessels.

1 Major blood vessels present increased
tortuosity and/or vessel dilation.

2 Leakage is present between major vessels,
no leakage between minor vessels.

3 Leakage is present between major and
minor vessels.

4 Leakage is present between major and
minor vessels. Minor vessels are not visible.

Statistical significance between each treatment
group and the vehicle control group was determined
using a one-way ANOVA test followed by Dunnett’s
multiple comparison test.

A veterinary ophthalmologist performed complete
ocular examinations using a slit-lamp biomicroscope
and indirect ophthalmoscope to evaluate ocular surface
morphology, anterior segment and posterior segment
inflammation, cataract formation, and retinal changes
on all animals prior to intravitreal injections to serve as
a baseline and on days 3 and 5 following administration
of the test articles and VEGF. The modified Hackett
and McDonald ocular grading system36 was used for
scoring. A score of 0 indicates no inflammation, 1 to 4
ismild inflammation, 5 to 10 ismoderate inflammation,
and >11 is severe inflammation. Data are presented
as mean ± standard deviation (SD). Animals were not
tranquilized for the examinations.

Animal Study Treatments

All animal experiments were performed according
to national ethical guidelines and with the guidance
and approval of the Institutional Animal Care and
Use Committee of Surrozen, Inc. All experiments
conformed with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

Results

Wnt Receptor Expression Profiles from
Retinal Vascular Endothelial Cells

Human and rodent genetics have identified FZD4
and low-density lipoprotein receptor-related protein
5 (LRP5) as the important Wnt receptors for retinal
vascular development and its barrier function.17,37,38
We confirmed that FZD4 and LRP5 are abundantly
expressed in HRMECs, HUVECs, and bEnd.3 cells
(Fig. 1A). To further understand the expression
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Figure 2. FZD4-specific Wnt/β-catenin signaling agonist SZN-413-p. (A) Schematic diagram of SZN-413-p. (B) SZN-413-p production and
purification with SEC. SZN-413-p with high purity (insert) after the SEC purification. NR, non-reducing; R, reducing. (C) The binding affinity of
SZN-413-p to human FZD4 CRD (bivalent) measured on the Octet. (D) Binding specificity of SZN-413-p to all 10 human FZD CRDsmeasured
on theOctet. (E) Dose-dependent STF activity of SZN-413-p in 293STF cells or FZD4-transfected 293STF cells. (F) Dose-dependent STF activity
of SZN-413-p or Norrin in 293STF cells transfected with both FZD4 and LRP5. (G, H) Dose-dependent STF activities of the SZN-413-p or
WNT3A in HRMECs (G) and bEnd.3 cells (H). (I, J). Quantitative reverse transcription polymerase chain reaction (qRT-PCR) results of Axin2
gene expressions in HRMECs (I) and bEnd.3 cells (J). The mRNA expression values were normalized by Actin gene expression. Graphs are
shown as mean ± SD.

patterns of Wnt receptors in different cell types in
the retina, we analyzed previously published scRNA-
seq data on uninjured, naïve P14 mouse retinas.31 We
identified the major cell types of the mouse and human
retina based on previously established markers and
published annotations and then assessed the expres-
sion of Wnt signaling pathway components (Figs. 1B,
1C). This analysis confirmed that FZD4 and LRP5
are the most abundant and relatively specific recep-
tors expressed in the endothelial cells (ECs). Therefore,
targeting the FZD4/LRP5 combination not only allows
induction of Wnt signaling in the ECs but also may
provide more specificity for ECs.

The Bioengineered FZD4 Agonist, SZN-413-p,
Is Active in Vascular Endothelial Cells

Given the evidence supporting the importance of
FZD4 and LRP5 in retinal vascular biology and to
more specifically induce Wnt/β-catenin signaling in
ECs, we generated a FZD4/LRP5-targeting Norrin
mimetic molecule to study its effects on retinal vascular
EC function. A FZD4-binding IgGwas identified from
a phage library containing human single-chain variable
fragments. The anti-FZD4 IgG showed high affinity
binding to human FZD4 CRD but not to the other
nine human FZDCRDs (Supplementary Fig. S1). The
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Figure 3. SZN-413-p induced BBB/BRB gene expression. (A) The qRT-PCR results for LEF1 and MFSD2A gene expression in HRMECs. The
mRNA expression values were normalized by ACTIN gene expression. (B) Upregulation of ZO-1 and CLDN5 protein expression in HRMECs
after the SZN-413-p treatment. Values are mean ± SEM; ***P < 0.001.

FZD4 CRD sequences are highly conserved among
human, mouse, and rabbit (Supplementary Fig. S2A).
The anti-FZD4 Fab showed tight bindings to both
human and mouse FZD4 CRDs (Supplementary Fig.
S2B). The extracellular domain sequences of LRP5
are also highly conserved across species (Supplemen-
tary Fig. S2C). We selected a proprietary LRP5-biased
binder39 and fused it to the N-terminal end of the
anti-FZD4 IgG light chain in the tetravalent bispecific
formats, yielding the Norrin-mimetic molecule, SZN-
413-p (Fig. 2A). SZN-413-p was expressed and purified
to homogeneity, and its binding specificity and affin-
ity to FZD4 were confirmed with a biolayer interfer-
ometry assay (Figs. 2B–2D). The ability of SZN-413-p
to activate Wnt/β-catenin signaling was assessed in the
Wnt-responsive HEK293 STF reporter cells (293STF
assay).29 Although SZN-413-p did not induce a strong
response in parental 293STF cells due to low expres-
sion levels of endogenous FZD4, SZN-413-p strongly
activated Wnt/β-catenin signaling in the 293STF cells
transfected with FZD4 in a dose-dependent manner
(Fig. 2E). The STF response with SZN-413-p was far
stronger than thatwith the recombinantNorrin protein
in the assay (Fig. 2F).

We further performed the STF reporter assay in
two microvascular ECs, HRMECs (human retina) and
bEnd.3 cells (mouse brain). Unlike in the 293STF cells,
SZN-413-p induced dose-dependent STF responses in
both vascular ECs without overexpression of FZD4,
and again the response with SZN-413-p was stronger
than that with the comparator, recombinant WNT3A
(Figs. 2G, 2H). These results not only showed that
SZN-413-p was a potent Wnt/β-catenin agonist but
also indicated that Wnt/β-catenin signaling can be
induced in ECs with an endogenous level of FZD4

expression. To further confirm the induction of Wnt/β-
catenin signaling, expression of the Wnt target gene,
Axin2, was assessed. Axin2 mRNA was potently
expressed by the SZN-413-p treatment in both ECs
(Figs. 2I, 2J). The dose-dependent activity of SZN-413-
p was further observed in rabbit retinal microvascular
endothelial cells (Supplementary Fig. S2D).

SZN-413-p Induces Tight Junction Proteins in
Retinal Vascular Endothelial Cells

Accumulation of lymphoid enhancer binding factor
1 (Lef1) and major facilitator superfamily domain-
containing protein 2 (Mfsd2a) has been observed in the
BBB vessels with specialized EC tight junctions, which
are under Wnt/β-catenin signaling regulation.25,27,40
mRNA expression of the LEF1 and MFSD2A was
also significantly upregulated by SZN-413-p treat-
ment in HRMECs (Fig. 3A). Furthermore, the expres-
sion of endothelial tight junction proteins, claudin-5
(CLDN5) and zonula occludens-1 (ZO-1), was upregu-
lated in the retinal vascular ECs after SZN-413-p treat-
ment (Fig. 3B). These results suggest that the bioengi-
neered tetravalent antibody targeting FZD4 and LRP5
is active in vascular ECs and can increase vascu-
lar integrity through upregulation of barrier function
proteins.

The Novel FZD4 Agonist Inhibits Pathologic
Neovascular Tuft Formation and Reduces AV
Areas in the Ischemic Retina

In order to develop SZN-413-p into a potential
therapeutic candidate, both anti-LRP5 and anti-FZD4
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Figure 4. FZD4-specific agonists inhibited retinopathy pathology in OIR mice. (A) Dose-dependent STF activities of SZN-413-p or SZN-413
in bEnd.3 cells. (B) Timeline of theOIRmousemodel. Vehicle, SZN-413-p, SZN-413, and afliberceptwere administered by intravitreal injection
at P12, and all mice were euthanized at P17 for retinal flatmounts. (C) Representative retinal flatmount images. The NV areas are indicated
in red, and the AV areas are highlighted in yellow (middle panels). The enlarged areas (bottompanels) in the dotted boxes (upper panels) show
the pathologic NV tufts. (D, E) Histograms representing the results of morphometric analysis of retinal flatmounts measuring the area of NV
tufts (D) and AV areas (E). Values are mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001.

domains were humanized, and potential chemical
instability sites in complementarity-determining
regions were mutagenized to more stable residues. We
named the final variant SZN-413. SZN-413 retained its
binding specificity to FZD4 (Supplementary Figs. S3A,
S3B), with slightly increased affinity (Supplementary

Figs. S2B, S3C), and induced Wnt/β-catenin signaling
in bEnd.3 cells with and an EC50 approximately five
to ten times lower than its parental form, SZN-413-p
(Fig. 4A).

We next examined how the FZD4 agonists affected
retinal vasculature in the OIR mouse model. Mouse
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Figure 5. Dose–efficacy relationship for SZN-413 in OIRmice. (A) SZN-413 (13.6 ng/eye, 136 ng/eye, or 1360 ng/eye) or vehicle was admin-
istered by intravitreal injection at P12, and all mice were euthanized at P17 for retinal flatmounts. Representative retinal flatmount images
are shown. The NV areas are indicated in red, and the AV areas are highlighted in yellow (middle panels). The enlarged areas (bottompanels) in
the dotted boxes (upper panels) show the pathologic NV tufts. (B, C) Histograms representing the results of morphometric analysis of retinal
flatmounts measuring the area of NV tufts (B) and AV areas (C). Values are mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001.

pups were moved into 75% oxygen at P7 for 5 days,
followed by a return to room air until P17. Mice
received intravitreal injections of vehicle, aflibercept,
SZN-413-p, or SZN-413 at P12 (Fig. 4B). Compared
with negative control (vehicle), both SZN-413-p and
SZN-413 significantly reduced the pathologic NV
area to an extent comparable to the positive control

(aflibercept-treated) group (Figs. 4C, 4D). Surpris-
ingly, the FZD4 agonists also significantly reduced the
retinal AV area to a larger degree than the vehicle-
or aflibercept-treated groups (Figs. 4C, 4E), suggesting
that a FZD4 agonist can induce normal retinal vessel
regrowth while suppressing pathologic vessel growth.
We further examined the dose–efficacy relationship
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of SZN-413 in the OIR model. Mice received intrav-
itreal injections of 13.6 ng, 136 ng, and 1360 ng
of SZN-413 or vehicle at P12. All tested doses of
SZN-413 showed significant reductions of both patho-
logic NV and retinal AV areas to a larger degree
than the vehicle-treated group (Fig. 5). These results
suggest that the novel FZD4 agonist SZN-413 not
only potently inhibits pathologic NV tuft formation
in retinal ischemic conditions but also potentially
promotes proper vessel regeneration to re-perfuse the
damaged retina.

SZN-413 Treatment Dramatically Inhibits
VEGF-Induced Pathologic Vascular Leakage

We further examined whether our FZD4 agonist
could inhibit VEGF-driven retinal leakage. Intravitreal
injections of vehicle or four different doses (0.08, 0.4, 2,
or 10 μg/eye) of SZN-413 were followed by intravitreal
injections of 1 μg of recombinant human VEGF165
into Dutch Belted rabbits. Scanning ocular fluoropho-
tometry was used to non-invasively measure fluores-
cein leakage from retinal vasculature at days 0, 3, and 5

Figure 6. SZN-413 inhibited VEGF-driven retinal vascular leakage. (A) Timeline of the VEGF-induced retinal vascular leakage rabbit model.
Vehicle or four dose levels of SZN-413 were administered by intravitreal injection at day 0. Retinal leakage was monitored at days 0, 3, and
5 by FA. (B) Representative FA images from each group of indicated treatments. (C) Trends of retinal leakage score changes in each group.
The leak levels peaked on day 3, after which they regressed on day 5 in all groups. (D) Histograms representing the FA scores of each group
at day 3. Values are mean ± SEM; *P < 0.05, **P < 0.01.
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(Fig. 6A). The leakage was assessed in a blinded
manner, and the collected images were scored for
retinal leakage by two trained scorers. Maximal vascu-
lar leakage was observed on day 3 after the VEGF
intravitreal injection (Figs. 6B, 6C). All doses of SZN-
413 successfully inhibited the VEGF-driven retinal
vascular leakage, reaching ∼80% at the dose of 10
μg/eye compared to the control group (Figs. 6B, 6D).
This efficacy was observed in all animals treated with
SZN-413 (Supplementary Fig. S4), suggesting that
SZN-413 can effectively and directly inhibit retinal
vascular leakage in the presence of VEGF. Ocular
inflammation and tolerability were assessed with
ocular examinations on days 3 and 5 post-injection,
and the ocular examination scores for all animals
among all groups were generally 0 at both time points
measured, indicating that SZN-413 is well tolerated in
rabbit eyes (Supplementary Table S1).

Discussion

In the diabetic retina, hyperglycemia-induced
microangiopathy results in vascular leakage, causing
DME and capillary occlusion, as well as retinal
ischemia leading to the overproduction of multiple
signaling molecules responsible for the development
of pathologic neovascularization and the proliferative
stage of diabetic retinopathy.5,17,41,42 In addition to
anti-VEGF therapy, peripheral retinal ischemia can be
treated with laser photocoagulation by destroying the
ischemic retina leading to peripheral visual field loss
and a reduction of total VEGF production in the eye
and the drive toward neovascularization.43 However,
there are currently no treatments for diabetic macular
ischemia. Laser treatment would not be appropri-
ate, as it could result in central vision loss. Also, the
currently approved anti-VEGF treatments for DME
andDR reduce vascular leakage and regress pathologic
neovascularization but have not been shown to induce
reperfusion.5

Norrin/FZD4 signaling is indispensable in both
proper formation of the retinal vessels during devel-
opment and for maintaining the barrier function of
the retina vessels in adults.16,17,20,22,26,42 Indeed, our
data showed that the FZD4-specific agonist SZN-413
significantly reduced not only pathologic NV tufts but
also the damage-induced AV area in an OIR mouse
model (Figs. 4, 5), suggesting that SZN-413may be able
to transform pathologic neovascularization into physi-
ological neovascularization, reducing retinal ischemia
and the ensuing overproduction of signaling molecules
such as VEGF in DR.

In addition, SZN-413 strongly inhibited VEGF-
driven retinal vascular leakage in rabbit eyes (Fig. 6).

Unlike the current standard-of-care anti-VEGF thera-
pies, our FZD4 agonist acts directly on damaged
blood vessels, restoring vascular integrity and physi-
ological neovascularization. The totality of these
findings suggests that FZD4 agonism can simultane-
ously address the retinal non-perfusion and leakage
characteristics of DR pathology and may serve as a
new therapeutic approach for patients with DR with
or without DME. To measure efficacy in future clinical
trials, in addition to the accepted endpoints of improve-
ments in visual acuity and reductions in the DRSS,
we may want to include optical coherence tomography
angiography and ultra-widefield FA to assess the effect
of SZN-413 on diabetic macular ischemia.44

Recently, a distinct FZD4 agonist, F4L5.13, a
tetravalent diabody with a dumbbell-like structure
against FZD4 andLRP5, showed comparablemaximal
STF response to recombinant Norrin.23 Interestingly,
the F4L5.13 did not significantly decrease the AV area
in an OIR mouse model study. Although this discrep-
ancy must be further investigated, it may have been
caused by differences in potency between the different
FZD4 agonists, as SZN-413-p and SZN-413 are more
potent than recombinant Norrin (Fig. 2F). Though
these different Norrin mimetics were not compared
side-by-side nor against the same Norrin preparation,
these results may suggest that appropriate molecular
format and geometry may be critical to induce Wnt/β-
catenin signaling.28

This novel mechanism of action of our Norrin
mimetic opens new possibilities to treat diabetic and
potentially other retinopathies. Furthermore, it is
possible that, because SZN-413 regenerates normal
retinal vasculature in ischemic areas of the retina, the
frequency of anti-VEGF intravitreal injections can be
reduced. Moreover, because Norrin/FZD4 signaling is
essential for BBB function,17,24 FZD4 agonism could
be also beneficial in circumstances where the BBB is
compromised, such as stroke, potentially expanding the
indications for SZN-413.
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