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A Frizzled4-LRP5 agonist promotes blood-retina
barrier function by inducing a Norrin-like
transcriptional response

Lingling Zhang,1,* Md. Abedin,1 Ha-Neul Jo,1,2 Jacklyn Levey,1,2 Quynh Chau Dinh,1 Zhe Chen,3

Stephane Angers,4,5,6 and Harald J. Junge1,2,7,*

SUMMARY

Norrin (NDP) and WNT7A/B induce and maintain the blood-brain and blood-
retina barrier (BBB, BRB) by stimulating the Frizzled4-LDL receptor related pro-
tein 5/6 (FZD4-LRP5/6) complex to induce beta-catenin-dependent signaling in
endothelial cells (ECs). Recently developed agonists for the FZD4-LRP5 complex
have therapeutic potential in retinal and neurological diseases. Here, we use
the tetravalent antibody modality F4L5.13 to identify agonist activities in
Tspan12�/� mice, which display a complex retinal pathology due to impaired
NDP-signaling. F4L5.13 administration during development alleviates BRB de-
fects, retinal hypovascularization, and restores neural function. In mature
Tspan12�/�mice F4L5.13 partially induces a BRB de novowithout inducing angio-
genesis. In a genetic model of impaired BRB maintenance, administration of
F4L5.13 rapidly and substantially restores the BRB. scRNA-seq reveals perturba-
tions of key mediators of barrier functions in juvenile Tspan12�/� mice, which are
in large parts restored after F4L5.13 administration. This study identifies tran-
scriptional and functional activities of FZD4-LRP5 agonists.

INTRODUCTION

The BBB and BRB regulate transport at the interface of the circulatory system and the CNS. These bar-

riers limit the nonspecific movement of solutes and instead provide specific transport mechanisms for

nutrients, hormones, and waste products. BBB and BRB protect the CNS from harmful plasma compo-

nents and contribute to the CNS immune privilege. Several major retinal diseases are associated with

BRB dysfunction, including diabetic macular edema, neovascular age-related macular degeneration,

and retinal vein occlusion, as well as rare congenital diseases such as familial exudative vitreoretinopathy

(FEVR) and Norrie disease.1–3 Among the neurological diseases associated with BBB dysfunction are

stroke, traumatic brain injury, neurodegenerative diseases, CNS tumors, and epilepsy.4–9 Barrier dysfunc-

tion may have a predominant role in driving pathological states (e.g., in macular edema), or constitute an

exacerbating factor that worsens the outcome. Therapeutic interventions that target permeability-

inducing factors in retinopathies, e.g., VEGF,10 have been developed. However, an intervention that

actively promotes or restores barrier function is lacking. Drug candidates that promote BRB functions

have the potential to address an unmet medical need in case anti-VEGF is not effective or patients

develop resistance over time. Furthermore, such interventions may have broader applications in neuro-

logical diseases characterized by barrier dysfunction. Thus, drug candidates that promote or restore

blood-CNS barrier function are of high interest for the treatment of a range of prevalent retinal and

neurological diseases.11

The major cellular components of the blood-CNS barriers are vascular ECs, which are supported by peri-

cytes (PCs) and astrocytes. CNS ECs are characterized by efficient tight junctions, low rates of transcytosis,

low rates of immune cell extravasation, and the expression of transporter proteins that provide specific

transport mechanisms into and out of the CNS.12–14 A central pathway for inducing and maintaining EC

barrier functions is the beta-catenin-dependent (canonical) Wnt signaling pathway.15,16 Among the 10

Wnt receptors of the Frizzled family, FZD4 is an important mediator of canonical signaling in the CNS

vasculatures.17,18 The best characterized ligands for FZDs in CNS ECs are Norrin – gene symbol
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NDP –19,20 and WNT7A/B.16,21,22 NDP is a non-Wnt protein released from multiple retinal and brain neural

cell types, including horizontal cells, Müller cells, Bergman glia, and brain astrocytes.23–25 It activates a re-

ceptor complex composed of FZD4, LRP5, and the tetraspanin-12 (TSPAN12) co-receptor26–28 in ECs.

WNT7A and WNT7B are released from neuroepithelium and mature neural cell types29 and activate mul-

tiple FZD receptors, including FZD4. WNT7A/B signaling in ECs requires two additional membrane-asso-

ciated proteins, GPR124 and RECK, for ligand-specific co-activation.30–39 Gene ablation approaches in

mice revealed the critical roles of NDP- and WNT7A/B-signaling systems in CNS angiogenesis and

blood-CNS barrier function. Comparison of single and compound mutant mice affecting NDP or

WNT7A/B signaling identified predominant roles of each signaling system in a CNS region-specific and

developmental stage-specific manner (e.g., NDP-signaling in the developing and mature retina,

WNT7A/B signaling in the developing medial ganglionic eminence) next to redundant roles (e.g., in the

developing hindbrain and mature brain).40,41

Norrin and Wnt signaling in ECs has been studied for its roles in pathological retinal vasculature. For

instance, transgenic Norrin overexpression reduced neovascularization (NV) in the oxygen-induced reti-

nopathy (OIR) model42 and FZD4-LRP5 agonists have a similar effect.43,44 On the other hand, Chen et al.

reported that expression of several Wnts is increased in the OIR model and that loss of Wnt signaling re-

duces NV in this model.45 Together, these results highlight that context-dependent roles of Norrin andWnt

signaling, e.g., in developmental angiogenesis, quiescent vasculature, and pathological vasculatures, are

very poorly understood and that developmental, protective, or pathological roles of the pathway need to

be better defined.46

We recently reported the efficacy of a FZD4-LRP5 agonist, F4L5.13, in activating FZD4 signaling, promoting

blood-CNS barrier function, and suppressing NV in theOIRmodel.43 The agonist does not require the NDP

co-receptor TSPAN12 for signaling initiation, which is exclusively required for NDP-induced FZD4

signaling.26,27,30,41 F4L5.13 is a tetravalent engineered antibody modality47 that binds FZD4 with sub-nano-

molar affinity using two identical paratopes, and LRP5 with low nanomolar affinity using two distinct para-

topes. F4L5.13 is selective for LRP5 over LRP6. F4L5.13 is a potent agonist for FZD4 in the presence of LRP5,

presumably by mediating proximity of FZD4 and LRP5, leading to signal initiation.48 Thus, it has properties

of a canonical NDPmimetic. However, F4L5.13 is not expected to mimic potential functions of NDP that are

FZD4-independent. F4L5.13 is expected to also mimic those WNT7A/B functions that are mediated by

FZD4. Therefore, it is best described as a Frizzled-LRP agonist (FLAg) specific for FZD4. Before anti-

body-based agonists were available, beta-catenin gain-of-function approaches provided evidence for pro-

tective functions of canonical signaling in ECs in murine stroke models.34 Recombinant NDP has been used

to promote canonical signaling in ECs to antagonize VEGF-induced permeability.49 Furthermore, viral

gene delivery of engineered WNT7 variants was efficacious in normalizing barrier functions in mouse

models of stroke and brain tumor models,50 and a Frizzled4-selective Wnt surrogate improved outcomes

in stroke models.51 However, the biological basis of FZD4-LRP5 agonist activities in the CNS vasculature is

not well understood. Furthermore, responsiveness of mature blood vessels is a critical prerequisite for ther-

apeutic intervention, but if mature blood vessels are fully responsive to modulation by FZD4-LRP5 agonists

is uncertain.43

Here, we find that F4L5.13 restores neural function in the Tspan12 KO model of FEVR and that this effect

correlates with restoration of developmental angiogenesis and alleviation of hypoxia. We define the devel-

opmental time window during which vascular and neural functions can be restored in Tspan12 KO mice

before the responsiveness of the maturing pathological vasculature decreases. Importantly, we find that

mature blood vessels with barrier defects in a distinct disease model (late-induced Tspan12 EC-specific

KO mice) are fully responsive to F4L5.13. Single cell RNA-sequencing (scRNA-seq) reveals gene sets

related to transport and BRB function that are dysregulated by loss of NDP/FZD4 signaling and restored

by administration of agonist antibody. These gene sets provide detailed insights into the biological basis

underlying the biological activity of a FZD4-LRP5 agonist and the role of beta-catenin-dependent FZD4

signaling in CNS ECs.

RESULTS

F4L5.13 restores developmental retinal angiogenesis

In the first week of murine postnatal life, the superficial vascular plexus extends radially from the optic nerve

head toward the retinal rim. The formation of deep vascular networks (in the outer plexiform layer) and
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intermediate capillary layers (in the inner plexiform layer) begins in the second week. In Tspan12�/� retinas,

the deep vascular plexus never forms, and the intermediate and superficial vessels are malformed. In addi-

tion, the mutant mice display strong BRB defects.26,28 We recently demonstrated that administration of

F4L5.13 to postnatal Tspan12�/� mice restores developmental retinal angiogenesis and BRB formation

but it appeared to have no effect on vascular density if administered to mature mice.43 To better define

the effects of F4L5.13 administration in restoring retinal angiogenesis, we administered the FLAg in three

distinct time windows (P6–P30, P15–P30, and P28–P42) to Tspan12�/�mice. While treatment from P6 to P20

is sufficient for full vascular restoration,43 we continued treatment until P30 to conduct ERG and fluorescein

angiography (FA) using mice with larger eyes. Optical sectioning of whole-mount retinas from Tspan12 KO

mice revealed that the development of intermediate and deep intraretinal capillary beds was virtually

completely restored by F4L5.13 administration during the P6-P30 time window (Figure 1A). Quantification

of the vascular area in the deep vascular layer revealed full restoration without excess vascularization (Fig-

ure 1B). Administration from P15 to P30 resulted in partial formation of deep layer capillaries (Figures 1C

and 1D), and administration from P28 to P42 did not restore the deep layer vasculature (Figures 1E and

1F). Furthermore, administration of F4L5.13 from P24 to P40 in combination with an intravitreal injection

of 1 mg of VEGF-164 at P27 was not sufficient to induce formation of the deep vascular plexus or resolve

vascular malformations in the intermediate vascular plexus and at the vascular front (Figure S1A). To further

investigate if F4L5.13 induces NV, we analyzed retinal sections. Misdirected angiogenesis or excess angio-

genesis after prolonged F4L5.13 treatment was not observed and the results also corroborated the dimin-

ishing degree of vascular restoration in late treatment time windows (Figures S1B–S1D). Our findings

extend earlier studies using inducible transgenic NDP overexpression and demonstrate that FLAg admin-

istration is more effective in restoring retinal vascularization compared to transgenic overexpression of

NDP from Müller glia.18 The data define a developmental time window in which retinal angiogenesis can

be stimulated by F4L5.13. Once this time window is closed, the FLAg appears to be insufficient to induce

angiogenesis, even in the presence of intravitreal VEGF-164. Our findings that F4L5.13 does not induce NV

or restore angiogenesis in mature Tspan12 KO mice is significant in the context of a potential use of Friz-

zled4 agonists as intervention in CNS vascular diseases, where the induction of NV would constitute an

adverse effect.

F4L5.13 restores retinal function in developing Tspan12�/� mice

Loss of NDP/FZD4 signaling causes a reduction of the ERG b-wave, which is generated by neural cells in the

inner nuclear layer.52 Conditional genetic disruption of NDP receptor complex components in ECs is suf-

ficient to cause both vascular and ERG defects.17 Scotopic ERGs revealed a strongly diminished ERG

b-wave generated by Tspan12�/� retinas, while the a-wave was relatively normal (the trend toward a reduc-

tion of the a-wave was not significant). Administration of F4L5.13 from P6 to P30 fully restored the ERG

b-wave (Figures 2A and 2B), indicating that retinal functional defects in Tspan12�/� mice are secondary

to vascular defects, and that therapeutic approaches targeting EC-expressed receptors can result in pro-

found improvements of neural functions.

To test if F4L5.13 treatment was effective in restoring the ERG of older Tspan12�/� mice, we administered

the FLAg from P15 to P30 and P28 to P42. We found that the ERG b-wave could still be largely restored

during the P15–P30 time window (Figure 2C), however, administration from P28 to P42 was no longer effec-

tive (Figure 2D). These results are of interest in the context of therapeutic intervention in Norrie disease or

FEVR, two related congenital diseases that are caused by mutations in genes mediating NDP/FZD4

signaling, including TSPAN12.53

To explore how retinal vascular defects cause secondary neural dysfunction, we injected mice with pimo-

nidazole and probed retinal cross sections with hypoxyprobe mAb to detect the pimonidazole adducts

formed in hypoxic tissue. Hypoxic areas in Tspan12�/�mice were detected in the inner nuclear layer, which

is normally supplied by the flanking intraretinal deep and intermediate capillary beds (whereas the outer

nuclear layer cells are predominantly supplied by choriocapillaris adjacent to the retinal pigment epithe-

lium). Restoration of intraretinal capillaries by administration of F4L5.13 from P6 to P30 or P15 to P30 re-

sulted in alleviation of hypoxia (Figures 3A and 3B), whereas administration from P28 to P42 did not restore

intraretinal capillary formation or effectively alleviate hypoxia (Figure 3C). Furthermore, aberrant expres-

sion of the stress marker GFAP (glial fibrillary acidic protein) in Müller cells correlated with effective resto-

ration of intraretinal capillaries (Figure S2). Thus, the developmental effects of the FLAg on intraretinal

capillary development and retinal function (ERG) are most likely linked by alleviation of hypoxia.
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F4L5.13 restores BRB function in developing and mature mice

Next, we determined if F4L5.13 can promote BRB functions of developing and mature blood vessels in the

presence and absence of compounding pathologies. Interestingly, we found that the time window in which

F4L5.13 can restore BRB function is distinct from the time window in which angiogenesis can be restored.

FA revealed strong BRB defects in retinas of Tspan12�/� mice, which were fully restored by administration

of the FLAg from P6 to P30 or P15 to P30. After administration from P28 to P42, a time window in which

intraretinal angiogenesis and hypoxia can no longer be restored, BRB dysfunction was alleviated, and

even administration from P60 to P75 resulted in attenuation of barrier dysfunction (Figure 4A). While

both the P28-P42 and P60-P75-treated retinas are characterized by vascular malformations and hypoxia,

the restorative effect of F4L5.13 in the P28–42 group was more pronounced than in the P60–P75 group.

Figure 1. F4L5.13 restores developmental angiogenesis in Tspan12�/� mice

(A) Optical sectioning of vehicle treated Tspan12 KO whole-mount retinas reveal a lack of deep layer capillaries in

Tspan12�/� mice and that intermediate layer capillaries are malformed. F4L5.13 administration from P6 to P30 restores

intraretinal capillary development to a degree comparable to wildtype controls. Scale bar: 100 mm.

(B) Quantification of vascular area from n = 3–4 mice. For each mouse, one retina was imaged, 5–6 images per retina were

averaged. One-way ANOVA with Tukey post hoc, bars represent average +/� SD.

(C–F) The same analysis was performed for two different time windows of administration as indicated in the figure.
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This finding suggests that the prolonged state of vascular dysfunction causes indirect pathological conse-

quences that limit the full restoration of the BRB and/or that the drug-response of developing and mature

blood vessels is not identical. Together, our observations indicate that (1) the time windows for restoring

intraretinal capillary formation vs. promoting BRB function are not fully congruent, and (2) even in the pres-

ence of malformed blood vessels, hypoxia, and a prolonged state of vascular dysfunction, the BRB can be

partially induced de novo by stimulating beta-catenin signaling.

To further investigate the BRB restoring effects of the FLAg inmature blood vessels we turned to amodel of

Tspan12 gene disruption without angiogenesis defects and the associated compounding pathologies. This

model is generated by inducing the ablation of Tspan12 in ECs at P28 (i.e., after vascular development is

complete) using EC-specific and inducible Cdh5-CreERT2. Induction of recombination at P28 results in the

maintenance of a virtually normal vascular architecture for at least 6 months after recombination in the pres-

ence of BRB defects.28 The systemic Tspan12 KO provides a model in which the BRB never forms in devel-

opment. In contrast, the late-induced Tspan12 EC-specific KO (iECKO) model is initially characterized by an

intact barrier, which is however not fully maintained. By performing FA on systemic Tspan12 KO mice and

Tspan12 iECKOmice (genotype: Tspan12f/-; Cdh5CreERT2+) we found that BRB defects in the iECKOmice

are milder than in systemic Tspan12 KOmice (Figure 5A). Furthermore, continuous monitoring of the same

iECKO mice by FA revealed that the onset of barrier defects after tamoxifen-induced administration pro-

gressed over 2–3months (Figure 5B). This finding indicates that a properly formed BRB inmaturemice does

not rapidly become dysfunctional upon reduction of NDP/FZD4 signaling. We found that Cdh5-CreERT2-

induced recombination in adult retinal vascular ECs was efficient, yet it was not complete (Figure S3). To

test if the remaining non-recombined ECs caused the milder BRB defects in Tspan12 iECKO mice

compared to systemic Tspan12 KO mice, we performed additional experiments using Tspan12�/� mice

restored with F4L5.13. After restoration of the retinal vasculature from P6 to P27, treatment with the

FLAg was discontinued, and the onset of BRB dysfunction was continuously monitored by FA. BRB

Figure 2. F4L5.13 restores retinal function in developing Tspan12-/- mice

(A) Example of scotopic electroretinograms recorded from the indicated groups at 1 cd*s/m2. F4L5.13 administration was

from P6-P30. Although treatment from P6-P20 is sufficient to restore the retinal vasculature in Tspan12�/� mice, the

cohorts were treated until P30 when eyes were large enough to easily acquire ERGs.

(B) The b-wave is strongly reduced in ERGs obtained from P30 Tspan12�/� mice, administration of F4L5.13 from P6-P30

restores the ERG b-wave. N = 28 (control retinas), n = 12 (Tspan12 KO retinas), n = 16 (F4L5.13-treated Tspan12 KO

retinas). One-way ANOVA with Tukey post hoc, bars represent average +/� SD.

(C) F4L5.13 administration from P15-P30 restores the b-wave in ERGs obtained from P30 Tspan12�/� mice. N = 28

(control), n = 12 (Tspan12 KO), n = 10 (F4L5.13-treated Tspan12 KO retinas). The same P30 WT and KO eyes were used in

panel B and C. One-way ANOVA with Tukey post hoc, bars represent average +/� SD.

(D) F4L5.13 administration from P28-P42 does not substantially restore the b-wave in ERGs obtained from P42 Tspan12�/�

mice. N = 4 (control retinas), n = 4 (Tspan12 KO retinas), n = 7 (F4L5.13-treated Tspan12 KO retinas). One-way ANOVA

with Tukey post hoc, bars represent average +/� SD.
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dysfunction manifested progressively as in Tspan12 iECKO mice and did not nearly reach the same extent

as observed in systemic Tspan12�/� mice (Figure 5C). Therefore, the strong BRB defects in Tspan12�/�

mice may represent a compound phenotype, in which one component is directly related to loss of NDP/

FZD4 signaling and target gene expression, and another component is associated with indirect patholog-

ical consequences of early angiogenesis defects. In addition, failure of BRB formation in development

appears to cause more severe leakage than disturbed maintenance of the BRB.

Figure 3. F4L5.13 alleviates hypoxia in retinas of developing Tspan12�/� mice

(A) Pimonidazole-adducts stained with Hypoxyprobe MAb reveal localized hypoxia in the inner nuclear layer of

Tspan12�/� mice P30 retinas, especially in areas where intermediate layer capillaries do not compensate for the loss of

deep layer capillaries. The outer nuclear layer is not hypoxic due to supply by the adjacent choriocapillaris.

F4L5.13 administration from P6-P30 prevents the occurrence of hypoxia. GCL– ganglion cell layer, INL – inner nuclear

layer, ONL – outer nuclear layer. Scale bar: 100 mm.

(B) Administration of F4L5.13 from P15-P30 alleviates hypoxia, the partially developed intraretinal capillary bed is largely

sufficient to supply oxygen to the inner nuclear layer.

(C) Hypoxia remains after administration of F4L5.13 from P28-P42, albeit the extent appears reduced. Results in Figure 3

are representative of 3 independent experiments with similar results.
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In contrast to our results in systemic Tspan12�/� mice with compounding pathologies, administration of

F4L5.13 to adult Tspan12 iECKOmice (4 injections i.p., every two days) with properly formed blood vessels

resulted in a striking degree of restoration of the BRB, suggesting that the role of FZD4 signaling in the

mature BRB is profound (Figure 6A, see also Figure 4). In agreement with these data, we found that

F4L5.13 more completely normalized PLVAP expression in mutant ECs of adult Tspan12 iECKO mice,

compared to mutant ECs of adult Tspan12 systemic KOmice (Figure S4). Furthermore, we found that a sin-

gle intravitreal dose of 2 mg F4L5.13 into the eyes of adult Tspan12 iECKO mice rapidly (within 3 days) and

profoundly restored BRB function (Figure 6B). The effect of the intravitreal injection diminished progres-

sively; major BRB defects returned about 3–4 weeks after the single dose. These results are significant as

they demonstrate that mature retinal blood vessels fully respond to F4L5.13 and that the intravitreal route

of administration is effective, suggesting that local injection is an option to limit potential systemic effects

of F4L5.13 administration. Given that BRB dysfunction is associated with macular edema, proliferative ret-

inopathies and retinal occlusive diseases, these results highlight the potential of FZD4-LRP5 agonists to

promote BRB function in ocular disease.

F4L5.13 decorates retinal vascular cells in vivo

We injected Tspan12�/� mice with a single dose of F4L5.13 (i.p.) and harvested the retinas 1 h later for im-

munostaining against the human Fc domain of F4L5.13. Retinal blood vessels (the images show retinal cross

sections with blood vessels in the intermediate plexus) were decorated with F4L5.13 (Figure 7A), indicating

that the FLAg was bound to its EC-expressed receptors within 1 h of intraperitoneal injection. In the

absence of F4L5.13 administration, no substantial immunoreactivity for F4L5.13 was observed (Figure 7B).

These observations indicate that F4L5.13 binds to receptors on retinal ECs, consistent with its functional

effects.

Biological basis of the activity of F4L5.13 in the retinal vasculature

To better understand the BRB and retinal functional phenotypes in Tspan12�/� retinas and the response to

F4L5.13 treatment, we performed a scRNA-seq experiment using a droplet-based scRNA-seq platform. A

total of 26,696 cells were sequenced from P26WT, Tspan12�/� retinas and F4L5.13 treated Tspan12�/� ret-

inas. The clusters on a t-distributed stochastic neighbor embedding (t-SNE) plot were matched to the ma-

jor retinal cell populations based on known cell type markers (Figure 8A). ECs and PCs were not completely

separated on t-SNE plots and therefore analyzed jointly as vascular cell population. When the individual

retinal cells were color-coded by genotype/treatment group, a clear sub clustering within the Müller cell

and bipolar cell populations became obvious, i.e., WT and treated cells overlapped, whereas the untreated

Figure 4. F4L5.13 fully restores BRB function in developing Tspan12�/� mice and partially restores the BRB in

mature mice

(A) Fluorescein angiography images reveal strong BRB defects in Tspan12�/� mice. F4L5.13 administration from P6-P30

and P15-P30 restores BRB function virtually to the full extent, F4L5.13 administration from P28-P42 partially restores BRB

function, and even in mature mice BRB function is enhanced by administration of F4L5.13. Results in Figure 4 are

representative of 3–7 independent experiments with similar results.
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Tspan12�/� cells were separated (Figure 8B). This separation indicates a substantial transcriptional dysre-

gulation in Tspan12�/� retinas in inner nuclear layer cells and is consistent with the reduction of the ERG

b-wave and localized hypoxia in the inner nuclear layer (Figure 3). FLAg-treated Tspan12�/� cells were

largely overlapping with the corresponding wildtype cell populations, indicating a high degree of tran-

scriptional normalization after F4L5.13 treatment.

We identified differentially expressed genes (DEGs) in Müller glia, bipolar cells, and vascular cells (WT vs.

untreated KO) by performing ANOVA analysis and considered genes with p value <0.05 as differentially ex-

pressed.We highlight genes of interest (identified by gene set enrichment analysis or subjectively included)

using heat maps. The DEGs in vascular cells (Figure 8C) were examined for established Wnt signaling

response genes in retinal ECs (e.g., Cldn5, Mfsd2a, Apcdd1, Lef1, Tnfrsf19, Tnfrsf21, Sox17). These tran-

scripts were reduced in Tspan12�/� vascular cells, whereas Plvap was increased, as expected. Among the

Figure 5. Barrier defects caused by disruption of NDP/FZD4 signaling in developing vs. mature mice

(A) Fluorescein angiography reveals quantitative differences between Tspan12 KO mice and Tspan12 iECKO mice. In

Tspan12 iECKO mice leakiness is milder than in Tspan12 KO mice. Tspan12 iECKO mice (Cdh5creER+; Tspan12f/-) are

generated by inducing recombination at P28, i.e., after vascular development is complete, resulting in a model with

barrier maintenance defects but otherwise intact vasculature.

(B) BRB dysfunction in the Tspan12 iECKO model occurs in a slow and progressive manner after tamoxifen-induced

recombination.

(C) A similar model of BRB defects is generated by a rescue/cessation of treatment approach in Tspan12�/�mice. Retinal

vascular development is restored by F4L5.13 administration until P27. After cessation of treatment, progressive BRB

dysfunction is monitored over time. The Tspan12 gene is mutated in all endothelial cells in the rescue/cessation of

treatment model, yet, the model has milder phenotypes than the systemic KO model, indicating that BRB defects are

more severe in the presence of compounding vascular malformations. Results in Figure 5 are representative of at least 3

independent experiments with similar results.
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downregulatedDEGs inmutant vascular cells weremanymediators of transport andBRB function, i.e., gene

products that limit unspecific extravasation (e.g., Cldn5, Olcn, Lsr/angulin-1) or mediate specific transport

(glucose, amino acids, lipids, vitamins, organic anions, and divalent cations). For example, the glucose

transporter Glut1/Slc2a1, the amino acid transport mediators Slc7a5 and Slc7a1, the lipid transporter

Mfsd2a, the divalent cation transporter Slc39a8/Zip8, thiamine transporter Scl19a3, or the efflux pumps

Abcg2 and Abcb1a/Pgp/Mdr were reduced in Tspan12�/� vascular cells. Loss of NDP/FZD4 signaling is

associated with reduced PC coverage of retinal blood vessels,17,28 and PCs promote blood-CNS barrier

function.54 Wnt signaling in ECs was reported to induce a mediator of EC/PC interactions Pdgfb,34,55 which

we found downregulated in mutant vascular cells. Vtn, a matricellular protein expressed in PCs that regu-

lates EC-mediated barrier functions,56 was downregulated in Tspan12�/� vascular cells. Upstream of

many of the DEGs may be transcription factors controlled by NDP/FZD4 signaling. Indeed, several tran-

scription factors were found downregulated in Tspan12�/� vascular cells, including factors that are impli-

cated in BBB maturation, e.g., Irx3, Tbx1, Zic3, and Foxq1.57,58 Together, loss of Tspan12 causes a very

broad dysregulation of specific transport mechanisms and a simultaneous breakdown of mechanisms

that limit unspecific extravasation, reflecting a fundamental and extreme dysfunction of the BRB.

Among theDEGs inMüller cells (Figure 8D) were several genes involved in glycolysis or the response to hyp-

oxia, consistent with the hypoxia localized to the inner nuclear layer (Figure 3) and consistent with a previous

scRNA-seq study on Ndp�/� mice.59 Furthermore, multiple secreted modulators of the vasculature were

upregulated, for example Vegfa and Apln. Several stress response genes and/or potential drivers of neural

pathology were upregulated, including complement components C3 and C4b, in support of our previous

study on long-term pathological consequences of BRB defects.28 Another population of inner nuclear layer

cells, i.e., rod bipolar cells, also displayed dysregulation of hypoxia and glycolysis related genes (Figure 8E).

Consistent with the phenotypic restoration induced by F4L5.13, FLAg administration also resulted in wide-

spread transcriptional normalization in ECs and Müller cells. For many genes, the normalization was partial

Figure 6. A single intravitreal dose of F4L5.13 suppresses BRB dysfunction in Tspan12 iECKO mice for several

weeks

(A) Four doses of F4L5.13 10 mg/kg i.p. fully restore BRB function in Tspan12 iECKO mice. Continued monitoring reveals

progressive return of BRB dysfunction starting about 3 weeks after cessation of treatment.

(B) A single intravitreal dose of 2 mg F4L5.13 suppresses BRB dysfunction in Tspan12 iECKO mice for several weeks.

Results in Figure 6 are representative of 3–6 independent experiments with similar results.
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to varying degrees, but only very few DEGs were not substantially restored by F4L5.13 (e.g., Atp1a2, Fosl2)

whereas several genes were induced above the level of wild type control cells, among them transcription

factors (Foxq1, Irx3, and Tcf4) as well as Pdgfb, Tnfrsf19, Slc7a5, and Slc2a1. The analysis of mutant vascular

cells in conjunction with the restoration mediated by a FLAg is a powerful approach to identify genes ex-

pressed downstream of NDP/FZD4 signaling and to identify the biological basis of F4L5.13 activities.

DISCUSSION

Agonists for the FZD4-LRP5/6 complex may provide a new approach to intervene in retinal and neurological

diseases characterized by barrier breakdown or NV. F4L5.13 promotes BRB function and restores develop-

mental retinal angiogenesis in Tspan12�/� mice but is not sufficient to activate angiogenesis of quiescent

retinal vasculature in Tspan12�/� mice. Interestingly, FZD4 agonists also reduce pathological NV in the OIR

model,43,44 highlighting poorly understood context-dependent roles of canonical signaling in CNS ECs.

Here, we defined the effects of F4L5.13 on the developing vs. mature retinal vasculature. F4L5.13 completely

restores developmental angiogenesis in Tspan12�/� mice if it is administered from P6 onward. The time win-

dow for successful restoration of angiogenesis closes gradually between P15 and P28. F4L5.13 is not sufficient

to promote angiogenesis in mature Tspan12�/� mice, although quiescent ECs clearly can respond to F4L5.13

by promoting barrier function. The restoration of developmental angiogenesis correlates with restoration of

the ERG b-wave, most likely linked by the alleviation of hypoxia in the inner nuclear layer. Importantly, the ex-

periments suggest that Norrin signaling is necessary for developmental angiogenesis but not sufficient to

induce excess vascularization or normalize vascular density in mature hypo-vascular retinas.

Figure 7. F4L5.13 decorates retinal vascular cells after i.p. administration

(A) One hour after i.p. injection, F4L5.13 tetrabody is detected with an anti-human Fc secondary. Images show retinal

cross sections with blood vessels (imaged in the far-red channel, pseudo colored in blue) in the intermediate plexus. The

punctate staining pattern occurs on retinal blood vessels.

(B) Anti-human Fc staining results in only faint fluorescence on specimens injected with vehicle.
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Figure 8. ScRNA-seq analysis reveals the biological basis of F4L5.13 activity

(A) t-SNE plot reveals clusters reflecting the major retinal cell populations.

(B) Color coding according to genotype and treatment reveals that Müller cells and rod bipolar cells (i.e., inner nuclear

layer cells) are among the transcriptionally heavily dysregulated cell populations in Tspan12�/� retinas, whose expression

is largely restored after F4L5.13 treatment.

(C) Genes of interest among vascular DEGs were highlighted by displaying them as heatmap. F4L5.13 treatment

substantially normalizes gene expression of most vascular DEGs.

(D) Genes of interest among Müller glia DEGs. F4L5.13 treatment substantially normalizes gene expression of Müller glia

DEGs.

(E) Genes of interest among rod bipolar cell DEGs.
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Interestingly, the time window for restoring BRB function is distinct from the time window of restoring

developmental angiogenesis. Between P28 and P42, i.e., in the presence of vascular malformations and

hypoxia, the BRB remains substantially responsive to F4L5.13 administration, and even in mature animals

the BRB can still be partially restored. Our study makes use of the finding that the BRB phenotypes can be

separated from angiogenesis phenotypes by deleting Tspan12 in ECs after vascular development is com-

plete.28 We found that the mature BRB of Tspan12 iECKO mice, a model of impaired BRB maintenance

without known compounding pathology, fully responds to F4L5.13. This finding suggests that secondary

consequences of angiogenesis defects (e.g., hypoxia) limit the response to the FLAg in mature Tspan12

KO mice and/or that disrupted barrier maintenance (in mature iECKO mice) is more easily corrected

compared to secondarily inducing a barrier for the first time when initial barrier development did not occur

(in mature systemic Tspan12 KO mice). Analysis of Tspan12 iECKO mice also reveals that BRB breakdown

after tamoxifen-induced recombination is surprisingly slow and that it takes about 2–3 months before BRB

defects develop to the full extent. A similar time course of BRB breakdown is observed in Tspan12�/� mice

after cessation of F4L5.13 treatment. Importantly, a single intravitreal dose of F4L5.13 results in a rapid and

profound restoration of BRB function for several weeks.

Our scRNA-seq data furthermore provide detailed insights into how NDP/FZD4 signaling promotes barrier

function and how the FLAg restores it. Loss of NDP/FZD4 signaling causes an increase of unspecific extravasa-

tion due to impaired tight junctions (Cldn5,Ocln, and Lsr) and an increase of mediators of permeability (Plvap

and Aqp1). Simultaneously, the expression of a broad array of specific transporters for required nutrients, vita-

mins, and ions is reduced. This massive breakdown of barrier functions is largely prevented if F4L5.13 is admin-

istered during retinal vascular development, and rapidly reversed in mature Tspan12 iECKO mice after a

single intravitreal injection of the agonist. These observations highlight the potential of Frizzled4 agonists

for therapeutic intervention in retinopathies and neurological diseases characterized by barrier dysfunction,

most prominently macular edema, and stroke. With respect to FEVR and Norrie disease, the potential use

of FLAgs depends on several factors. Our studies in mice suggest that vascular density can only be restored

in an early time window of development, thus diagnosis may come too late for an intervention that restores

vascular density. However, FLAgs may alleviate BRB defects in FEVR patients and slow disease progression.

In addition to the considerations of timing, the nature of the mutation in FEVR patients must also be consid-

ered. Frizzled4 agonists are expected to activate signaling when FEVR orNorrie disease is caused bymutations

in TSPAN12 orNDP, respectively. Mutated FZD4may also be activated, if one intact FZD4 allele remains and is

not indirectly affected by a dominant mutant allele, for example due to intracellular dimerization/trapping. In

addition, those FZD4mutations that directly affect Norrin binding may remain capable to respond to a FLAg.

Agonists for FZD4 and LRP6 may induce signaling in the presence of mutated LRP5, provided that sufficient

levels of LRP6 are expressed in the pathological retinal vasculature.

Limitations of the study

In a hypothetical scenario where FZD4 is expressed only on the basal surface of ECs, it needs to be consid-

ered how intraperitoneally administered F4L5.13 engages the receptor. Due to the severe BRB defects in

our mouse models, F4L5.13 is expected to distribute to the vessel lumen as well as the basal extracellular

space. With increasing restoration of the BRB, the distribution to the basal extracellular space may be

increasingly limited. Whether FZD4 has a polarized distribution in retinal ECs is not known and needs to

be investigated in the future. Furthermore, technical improvements now allow for a better separation of

ECs and PCs in scRNA-seq analyses so that transcriptional changes under control of FZD4 can be deter-

mined in a cell-type specific manner in the future.
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et al. (2010). Ephrin-B2 controls VEGF-
induced angiogenesis and
lymphangiogenesis. Nature 465, 483–486.
https://doi.org/10.1038/nature09002.

ll
OPEN ACCESS

iScience 26, 107415, August 18, 2023 15

iScience
Article

https://doi.org/10.1073/pnas.1813217115
https://doi.org/10.1073/pnas.1813217115
https://doi.org/10.1523/JNEUROSCI.3210-09.2010
https://doi.org/10.1523/JNEUROSCI.3210-09.2010
https://doi.org/10.15252/emmm.202113977
https://doi.org/10.1167/tvst.11.9.19
https://doi.org/10.1167/tvst.11.9.19
https://doi.org/10.1371/journal.pone.0030203
https://doi.org/10.1371/journal.pone.0030203
https://doi.org/10.1016/j.preteyeres.2018.11.008
https://doi.org/10.1016/j.preteyeres.2018.11.008
https://doi.org/10.7554/eLife.46134
https://doi.org/10.1038/nature22306
https://doi.org/10.1074/jbc.RA119.011273
https://doi.org/10.1126/science.abm4459
https://doi.org/10.1126/science.abm4459
https://doi.org/10.1038/s41467-023-37689-1
https://doi.org/10.1038/s41467-023-37689-1
http://refhub.elsevier.com/S2589-0042(23)01492-X/sref52
http://refhub.elsevier.com/S2589-0042(23)01492-X/sref52
http://refhub.elsevier.com/S2589-0042(23)01492-X/sref52
http://refhub.elsevier.com/S2589-0042(23)01492-X/sref52
http://refhub.elsevier.com/S2589-0042(23)01492-X/sref52
http://refhub.elsevier.com/S2589-0042(23)01492-X/sref52
https://doi.org/10.1038/eye.2014.70
https://doi.org/10.1038/eye.2014.70
https://doi.org/10.1038/nature09522
https://doi.org/10.1038/nature09522
https://doi.org/10.1084/jem.20111580
https://doi.org/10.1084/jem.20111580
https://doi.org/10.1016/j.neuron.2022.02.017
https://doi.org/10.1016/j.neuron.2022.02.017
https://doi.org/10.7554/eLife.36187
https://doi.org/10.1126/scisignal.aag2476
https://doi.org/10.1126/scisignal.aag2476
https://doi.org/10.1073/pnas.1821122116
https://doi.org/10.1073/pnas.1821122116
https://doi.org/10.1038/nature09002


STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact Harald Junge (junge@umn.edu).

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Claudin 5-Alexa488 Invitrogen, Cat#352588 AB_2532189

PLVAP BD Bioscience, Cat#550563 AB_393754

GFAP Invitrogen, Cat#PA1-10019 AB_1074611

VE-Cadherin BD Biosciences, Cat#555289 AB_395707

Pecam1 BD Biosciences, 550274 AB_393571

Human Fc Jackson Immuno Research, Cat#109545008 AB_2337833

CD73 Biolegend, Cat#127202 AB_1089066

Chemicals, peptides, and recombinant proteins

F4L5.13 AntlerA Therapeutics, under MTA N/A

Rat VEGF-164 Protein R&D Systems, Cat#564-RV N/A

Experimental models: Organisms/strains

Mouse: Tspan12f:B6-Tspan12tm1.1Hjug https://doi.org/10.1161/ATVBAHA.118.311689 MMRRC_046319-UNC

Mouse: Tspan12-:B6-Tspan12tm1.2Hjug https://doi.org/10.1161/ATVBAHA.118.311689 N/A

Mouse: Cdh5creER+:Tg(Cdh5-cre/ERT2)1Rha https://doi.org/10.1038/nature09002 N/A

Software and algorithms

Partek Flow Partek Incorporated, Version 9.0 N/A

Deposited data

Single-cell RNA-Seq data NCBI, GEO GSE213887

Other

Chromium Single Cell 30 library & Gel Bead kit v3 10x Genomics, Cat#1000075 N/A

Pierce Protein A/G Magnetic Beads Thermo Scientific, Cat#88802 N/A

Papain Worthington Biochemical Corporation, Cat#LK003176 N/A

DNase I Worthington Biochemical Corporation, Cat#LK003170 N/A

Collagenase type 4 Worthington Biochemical Corporation, Cat#LS004186 N/A

Ovomucoid Worthington Biochemical Corporation, Cat#LK003182 N/A

Ames’ medium Sigma, Cat#A1420 N/A

AK-Fluor fluorescein Akorn, Cat#17478-253-10 N/A

Pimonidazole Hypoxyprobe Inc., Cat#HP7 100 kit N/A

Hamilton syringe Hamilton, Cat#7653-01 N/A

Hamilton needle Hamilton, Cat#7803-05 N/A

1% tropicamide Sandoz, NDC 61314-355-02 N/A

2.5% phenylephrine Akorn, NDC 17478-201-15 N/A

Erythromycin ophthalmic ointment 0.5% Bausch & Lomb, NDC 24208-910-55 N/A

Griffonia Simplicifolia Isolectin B4-Alexa 647 Invitrogen, Cat# I32450 SCR_014365

Annexin V Biolegend, Cat#640904 N/A

Protein A Cytiva, Cat#17127903 N/A
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Materials availability

This study did not generate new unique reagents.

Data and code availability

d scRNA-seq data have been deposited at NCBI GEO under accession number GSE213887, which is pub-

licly available.

d This study does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Tspan12 floxed (Tspan12tm1.1Hjug) and null (Tspan12tm1.2Hjug) alleles were reported previously and main-

tained on a C57BL/6J background.28 Rosa mT/mG reporter mice were obtained from Jackson Labora-

tories. Recombination of Tspan12fl/-; Cre+ mice was induced at P28 with four intraperitoneal injections of

100 mL tamoxifen in cornoil (20 mg/ml) every 2 days. Tg(Cdh5-cre/ERT2)1Rha60 was used as Cre driver. An-

imals of both sexes were used for all studies. Mice from P6 to nine month old were used, ages of mice are

detailed in each figure. Mice were housed in a specific pathogen-free animal facility. All animal protocols

were approved by the Animal Care and Use Committee of the University of Minnesota, Twin Cities.

METHOD DETAILS

F4L5.13 antibody administration

F4L5.13 was produced as previously described.43 In brief, two plasmids encoding F4L5.13 polypeptide

chains were expressed in Expi293F suspension cells and purified via ProteinA. The polypeptide chains

dimerize via the Fc/Fc knobs-in-whole interface as well as the VH/VL interface to form the tetravalent anti-

body modality. F4L5.13 or vehicle were administered either intraperitoneally (10 mg/kg at P6, P9, P12,

thereafter 4 mg/kg every three days for developing mice; 4 doses of 10 mg/kg for mature mice) or intravi-

treally (2 mg in a volume of 1 ml). For intravitreal delivery, mice were anesthetized using an isoflurane gas

delivery system, pupils were dilated with a 1:1 mix of 1% tropicamide and 2.5% phenylephrine. A

33-gauge needle (Hamilton, 7803-05) with micro syringe (Hamilton, 7653-01) was used to penetrate the

sclera approximately 1 mm behind the limbus, and 1 ml of F4L5.13 (2 mg/ml) or vehicle was injected slowly

into the vitreous cavity. To reduce reflux, the needle was retrieved slowly 30 seconds after injection, then

erythromycin ophthalmic ointment 0.5% (Bausch & Lomb) was applied to the injection area of the eye. For

intravitreal injection of VEGF-164, 1 ml of rat VEGF-164 (R+D Systems, 564-RV) at a concentration of 1 mg/ml

was injected.

Electroretinography

Mice were dark-adapted overnight and electroretinograms were acquired under red light. Mice were anes-

thetized using isoflurane gas. Pupils were dilated with a 1:1 mix of 1% tropicamide and 2.5% phenylephrine

immediately after anesthesia was induced. After the pupils were fully dilated, hypromellose lubricant eye

gel (Systane gel) was applied to keep both corneas moistened. ERGs were acquired on the heated platform

of a Celeris Diagnosys ERG system. Impedence was 5-15 KU. Eyes were stimulated at 1 cd s/m2.

Immuno-staining and pimonidazole labeling of retinal tissue

Mice were anesthetized using an isoflurane drop jar and then euthanized by cervical dislocation. Eyes were

dissected and immediately frozen (unfixed) in optimal cutting temperature compound (OCT; Tissue-Tek),

using a cryomold placed into a container filled with 2-methylbutane, which was placed into liquid nitrogen.

12 mm sections were cut and placed onto microscope slides, which were immersed in 4% PFA for 10 min at

RT, or ice-cold methanol for 10 min at -20�C, for fixation. Sections were blocked for 30 min with 5% goat

serum in PBS with 0.1% Triton X-100, and incubated with antibodies in blocking buffer for 1 hour at RT.

The primary antibodies used in this study were: anti-Claudin 5-Alexa488 (1:100, Invitrogen, 352588), anti-

PLVAP (1:100, BD Bioscience, 550563), anti-GFAP (1:200, Invitrogen, PA1-10019), anti-VE-Cadherin

(1:200, BD, 555289) and Griffonia Simplicifolia Isolectin B4-Alexa 647 (1:100, Invitrogen, 132450), anti-Pe-

cam1 (1:50, BD Biosciences, 550274). 60 mg/kg pimonidazole (Hypoxyprobe Inc., HP7-100 kit) was
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intraperitoneally injected intomice 3 hours before sacrificing themice. Anti-pimonidazole (1:200, Hypoxyp-

robe Inc., HP7-100 kit) was used to stain the pimonidazole adducts. For retinal wholemounts, PFA fixed ret-

inas were blocked for 1 hour at RT (5% goat serum in PBS with 0.5% Triton X-100) and stained with primary

antibody overnight at 4�C and with secondary antibody for 2 hours at RT, with at least 5 10-min-long washes

in PBS 0.5% TritonX-100. For quantification of the vascular area in the outer plexiform layer, 3D image stacks

were acquired using a Keyence BZX800 microscope. Multiple optical sections—which collectively

contained the deep layer capillaries—were combined into a maximum intensity projection, which was

subjected to thresholding. The vascularized area (IB4 signal above the threshold) was determined using

ImageJ software. For immunostaining of F4L5.13, 10 mg/kg F4L5.13 was injected i.p. into adult Tspan12-/-

mice and eyes were harvested 1 hour later. 12 mm unfixed sections were obtained as described above and

fixed for 10 min in ice cold methanol, washed in PBS, and blocked and stained as described above, using

anti human Fc (Jackson Immuno Research, 109545008). Images were obtained using a Keyence BZ-X810

digital microscope.

Fluorescein angiography

Mice were anesthetized using an isoflurane gas delivery system. Pupils were dilated with a 1:1 mix of 1%

tropicamide and 2.5% phenylephrine immediately after anesthesia was induced. After dilation,

SYSTANE ULTRA lubricant eye drops were applied to keep the cornea moistened. 10 ml/g bodyweight

of 0.25% fluorescein (diluted in sterile saline 0.9% from 10% Fluorescein-sodium, Akorn) was administered

subcutaneously. Images were acquired 5 minutes after the fluorescein administration using a Micron III ro-

dent fundus imaging system (Phoenix). Post-FA, mice were placed on a heating pad for recovery.

Retinal cell dissociation for scRNAseq

Immediately after euthanization, eyeballs were dissected and placed into ice-cold Ames’ solution

(Sigma, A1420). Retinas were dissected and then digested in papain solution (20 units/ml papain,

Worthington Biochemical Corporation, LK003176), 0.005% DNase I (Worthington Biochemical Corpora-

tion, LK003170), and 200 units/ml Collagenase type 4 (Worthington Biochemical Corporation, LS004186)

in Ames’ solution) at 37�C for 15 min with constant agitation. After digestion, the tissue was triturated

with a p1000 pipet tip 10-20 strokes to break up larger tissue fragments. Cells were pelleted at 300 g for

5 min at 4�C, the supernatant discarded, and the cell pellet immediately resuspended in 1 ml upper

gradient solution (1 mg/ml albumin, 1 mg/ml ovomucoid inhibitor, LK003182, 0.005% DNase I, in Ames’ so-

lution, equilibrated with 95% O2, 5% CO2 gas). The cell suspension was passed through a 50 mm cell

strainer. To remove debris, the 1 ml cell suspension was carefully placed over 5 ml of lower gradient solu-

tion (i.e., 10 mg/ml albumin, 10 mg/ml ovomucoid inhibitor in Ames’ solution) and centrifuged at 100 g for

6 minutes at 4�C (whole cells were pelleted, while membrane fragments remained at the interface). The

supernatant was discarded, and the pelleted cells were resuspended in 1 ml upper gradient solution. To

remove photoreceptors and dead cells, the cell suspension was incubated with magnetic beads coupled

with anti-CD73 (Biolegend, 127202) and Annexin V (Biolegend 640904) at 4�C for 20 min with end-to-end

mixing. After removing the magnetic beads with a magnetic stand, the supernatant was pelleted at

300 g for 5 min at 4�C. The pelleted cells were resuspended in upper gradient solution and counted using

a LOGOS cell counter. Cell preparations with 60-80% viability were used for further library construction and

sequencing.

Single cell RNA-Seq library preparation for high-throughput sequencing

Single-cell suspensions were adjusted to a final concentration of 50,000 cells in 50 ml and filtered using plu-

riStrainer mini (50 mm, pluoriSelect, Germany). Single cell reverse transcription and cDNA synthesis was

performed using a Chromium platform (10x Genomics) and Chromium Single Cell 30 library & Gel Bead

kit v3 (10x Genomics, 1000075) following the manufacturer’s instructions. Samples were indexed using

Single Index Kit T Set A (10x Genomics). An appropriate sequencing library size range and the cDNA con-

centration were determined using an Agilent 2100 Bioanalyzer. The libraries were sequenced at Novogene

using Illumina HiSeq system, with 150 bp paired end read length at a 50,000 reads/cell sequencing depth.

Single-cell RNA-Seq data processing and analysis

Single-cell RNA-Seq data analysis was performed using Partek Flow software (Version 9.0, Partek Incorpo-

rated). After filtering out nucleotide barcodes that correspond to empty droplets, aligned reads were

quantified to generate a single cell count matrix. 24071 genes and 26696 single cells (6092 cells in WT
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group, 10769 cells in Tspan12 KO group, and 9835 cells in F4L5.13-treated Tspan12 KO group) were

included in the analysis. Unsupervised Graph-based clustering was used, and results were visualized in

t-SNEplots. Retinal cell populations were defined based on knownmarker genes. Genes with p-value < 0.05

were identified as DEGs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

ERG data were normally distributed. Multiple group comparisons were performed using one-way analysis

of variance with Tukey posthoc, p<0.05 was considered significant. Statistical details can be found in the

figure legends. Statistical calculations were performed using the Statistics Kingdom web app.
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