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ABSTRACT 1 

Objective. Myeloid cells are critically involved in inflammation-induced angiogenesis, 2 
although their pathogenic role in the ischemic retina remains controversial. We 3 
hypothesize that myeloid cells contribute to pathogenic neo-vascularization in 4 
retinopathy of prematurity [ROP] through Signal transducer and activator of 5 
transcription 3 [STAT3].   6 

Approach and Results. Using the mouse model of oxygen-induced retinopathy 7 

[OIR], we show that myeloid cells (CD45+IsolectinB4 [IB4]+) and particularly M2-type 8 
macrophages (CD45+ Arg1+), comprise a major source of STAT3 activation (pSTAT3) 9 
in the immature ischemic retina. Most of the pSTAT3-expressing myeloid cells 10 
concentrated at the hyaloid vasculature and their numbers were strongly correlated 11 

with the severity of pathogenic neo-vascular tuft formation. Pharmacological inhibition 12 
of STAT3 reduced the load of IB4+ cells in the hyaloid vasculature and significantly 13 
reduced the formation of pathogenic neo-vascular tufts during OIR, leading to 14 

improved long-term visual outcomes (i.e. increased retinal thickness and scotopic b-15 
wave electroretinogram responses). Genetic deletion of suppressor of cytokine 16 
signaling 3 [SOCS3], an endogenous inhibitor of STAT3, in myeloid cells, enhanced 17 
pathologic and physiological neo-vascularisation in OIR, indicating that myeloid-18 
STAT3 signalling is crucial for retinal angiogenesis.    19 

Conclusions. Circulating myeloid cells may migrate to the immature ischemic retina 20 

through the hyaloid vasculature and contribute to retinal neovascularization via 21 
activation of STAT3. Understanding how STAT3 modulates myeloid cells for vascular 22 

repair/pathology may provide novel therapeutic options in pathogenic angiogenesis. 23 

Tweet: "New research uncovers hyaloid vessels as a major source of STAT3+ 24 

pathogenic myeloid cells in Retinopathy of Prematurity. Read the full story and 25 
impressive figures illustrating this here (link)" 26 
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GRAPHICAL ABSTRACT 1 

 2 

Abbreviations: ERG, electroretinogram; IB4, Griffonia Simplicifolia Isolectin B4; INL, 3 

inner nuclear layer; IS/OS, photoreceptor inner/outer segments; NFL, nerve fibre 4 
layer; OIR, oxygen-induced retinopathy; OPL, outer plexiform layer; P, postnatal day; 5 

pSTAT3, phosphorylated STAT3; ROP, retinopathy of prematurity; SD-OCT, spectral 6 
domain optical coherence tomography; SOCS3, suppressor of cytokine signaling 3 7 
STAT3, Signal transducer and activator of transcription 3. 8 
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INTRODUCTION 1 

Retinopathy of prematurity [ROP] comprises a major cause of blindness in premature 2 
infants, with an estimated global incidence of 32000 infants per year1, 2. ROP occurs 3 
due to supplemental oxygen therapy to premature babies, which triggers the 4 
obliteration of the immature retinal vasculature. This is followed by a proliferative 5 
phase, where abnormal neo-vascular growth at the vitreous cavity leads to scarring, 6 

retinal detachment and vision loss3. Major risk factors for ROP include low 7 
birthweight (less than 1500 grams), gestational age (GA<32 weeks) and extended 8 
supplemental oxygen1. Due to the increasing survival of extremely premature infants 9 
(<26 weeks GA), the incidence of ROP is likely to rise in coming years4. Current 10 
treatments for ROP focus on avoiding vitreoretinal traction by tackling pathogenic 11 

neovascularization during the proliferative stage, mainly via laser photocoagulation 12 
and intravitreal administration of anti-VEGF medications (e.g. Avastin). Whilst laser 13 

photocoagulation is highly destructive to the retina and has several drawbacks 14 
(reviewed in2), the long-term safety of anti-VEGF medications remains a concern for 15 
retinal therapy5, 6. Within this scenario, new effective and safe therapies are needed 16 
for ROP.  17 

The signal transducer and activator of transcription 3 [STAT3] is known to play a 18 
central role in neo-vascular diseases (reviewed in7). STAT3 can be activated by a 19 

large number of extracellular cytokines and growth factors (among others IL-6), 20 
through Tyr705 phosphorylation by receptor-associated tyrosine kinases [JAK2]. This 21 

leads to STAT3 dimerization and translocation to the nucleus, where it actively drives 22 

the transcription of a broad range of angiogenic mediators, importantly VEGF, FGF 23 

and MMPs7, 8. In the retina, previous investigations suggest an important role for 24 
STAT3 activation in pathogenic neo-vascularisation. For example, STAT3 is 25 

activated during the proliferative stages in oxygen induced retinopathy [OIR] mice9, 26 
an experimental model that closely recapitulates the pathophysiology of ROP10. 27 
Further, mouse models with conditional deletion of suppressor of cytokine signalling 28 
3 (SOCS3 - a major repressor of STAT3 activation7) in vascular cells (Tie2-Socs3ko) 29 
and retinal neurons/glia (NestinCre/+ Socs3 cKO), exhibited increased pathogenic neo-30 

vascularization during OIR11, 12. On the other hand, activation of STAT3 has been 31 
shown to preclude physiological retinal revascularization in the OIR rat model13.   32 

The hyaloid vessels are a transient vascular network of the developing eye. The 33 

hyaloid vasculature provides nourishment to the immature retina, and regresses 34 
when the retinal vasculature fully develops14, 15. Histologically, the hyaloid 35 

vasculature is composed by pericytes (wrapping the outer vessel wall) and 36 
endothelial cells that delineate the lumen, allowing the circulation of different blood 37 
populations including myeloid-derived cells16, 17. Importantly, hyaloid vessels 38 
overgrow and persist during OIR3, 18, being a pathophysiological hallmark in ROP 39 
patients19. Nonetheless, whether the hyaloid vasculature plays a pathogenic role in 40 

ROP is unknown.  41 

Myeloid cells play a pivotal role in pathogenic neo-vascularization of different tissues, 42 
including the retina20. Although myeloid cells are known to be recruited during OIR in 43 

the proliferative stages21, their contribution to retinal angiogenesis remains 44 

controversial20, 21. For example, the conditional inactivation of VEGF in myeloid cells 45 
has shown to be dispensable for retinal neo-vascularization during OIR21. Moreover, 46 
the alternatively activated M2-macrophages, rather than the pro-inflammatory M1 47 
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macrophages, have been shown to critically contribute in pathogenic neo-vascular 1 
tuft formation22. On the other hand, there is evidence that myeloid derived-cells 2 
coordinate physiological retinal angiogenesis during OIR, including monocytes 3 
(CD14+), myeloid angiogenic cells [MACs] and CD44hi myeloid progenitors20, 23.  4 

In the present study, we show that suppressing the activation of STAT3 using small-5 
molecule inhibitors reduced pathogenic neo-vascularization in OIR mice. Importantly, 6 

the hyaloid vasculature appears to source pathogenic neo-vascularization through 7 
recruiting pSTAT3-expressing myeloid cells.    8 

 9 

MATERIAL AND METHODS 10 

All data supporting the findings of this study are available from the corresponding 11 
authors upon reasonable request. 12 

Animals 13 

Experiments were conducted in C57BL/6J, LysMCre/+ SOCS3fl/fl and SOCS3fl/fl mice. 14 
The LysMCre/+SOCS3fl/fl mice were generated by crossbreeding SOCS3fl/fl (gifted by 15 

D.J. Hilton - Royal Melbourne Hospital, Victoria, Australia) and LysM-Cre (purchased 16 

from The Jackson Laboratory, ref 004781). Genotypes were confirmed using PCR 17 
(primer sequences are listed in Major Resources Table), to detect LysM-Cre and 18 

SOCS3fl/fl  amplicons (Supplemental Fig I). OIR induction was performed as 19 

described previously3. Briefly, new-born mouse pups were exposed to 75% O2 from 20 
postnatal day 7 [P7] to P12, then returned to room air until P17 or P90. To minimize 21 
variability in weight between litters, pups from the same litter were randomly 22 

assigned to different treatment groups. Mice that weighed < 5 grams at P17 were 23 
excluded from the study. Male and female mice were used for the study, as sex 24 

determination is imprecise at the age at which treatment started (P12-P14). To keep 25 
consistency, both sexes were analysed together at P90. C57BL/6J mice do not show 26 
sexual dimorphism for scotopic electroretinogram responses (a parameter that is 27 
directly correlated with the severity of retinal degeneration)24. All procedures were 28 

conducted under the regulation of the UK Home Office Animals (Scientific 29 
Procedures) Act 1986. This study was approved by the Ethical Review Committee of 30 
Queen's University Belfast and conducted in compliance with the Association for 31 

Research in Vision & Ophthalmology Statement for the Use of Animals in 32 
Ophthalmology and Vision Research. 33 

Administration of STAT3 inhibitors   34 

The bioactivity of STAT3 signalling was blocked by administration of LLL12 (inhibitor 35 
of STAT3 phosphorylation at Tyr70525) or S3I-201 (preventing STAT3 dimerization 36 
and DNA-binding26). For systemic inhibition of STAT3, mice were intraperitoneally 37 
injected with LLL12 (5 mg/kg) or vehicle control (1% DMSO) at different postnatal 38 
stages. Local inhibition of STAT3 was achieved by intravitreal injection in both eyes 39 

of same animal with 1(μl) LLL12 (50 or 200 ng/μl) or 1(μl) S3I-201 (200 ng/μl) at P14. 40 
Vehicle controls were intravitreally injected with 1(μl) 1% DMSO (for LLL12) or 1(μl) 41 
sterile 0.01M PBS pH 7.4 (for S3I-201). Intravitreal injections were carried out as 42 

previously described27. The dosages of STAT3 inhibitor used for intraperitoneal 43 
injection were in line with previous in vivo studies in mice25 and the dosages of 44 
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STAT3 inhibitor for intravitreal injection were calculated based on the estimated 1 
weight of mouse retina (8-10 mg/retina). Mice that did not receive any treatment 2 
served as full controls.  3 

Immunoblotting 4 

At different postnatal stages (P12 to P22), retinas were harvested and lysed in RIPA 5 
buffer, with protease inhibitor cocktails and phosphatase inhibitors (Sigma-Aldrich, 6 
Dorset, UK). Eluted proteins samples (15 µg) were run on 10% SDS-PAGE gel. 7 

Proteins were then transferred onto Immobilon-FL PVDF membrane (Millipore, 8 
Watford, UK) or regular PVDF membranes. Membranes were probed for rabbit anti-9 
Phospho-STAT3-Tyr705 [pSTAT3] (1:1000; Cell signalling, Danvers, USA) followed 10 
by goat anti-rabbit IgG (0.1 µg/ml, Li-COR Biosciences, Cambridge, UK) or goat anti-11 

rabbit IgG conjugated with Horseradish peroxidase [HRP] (0.2 µg/ml, BioRad; 12 
Oxford, UK). The membranes were imaged with Odyssey infrared imaging system 13 
(Li-COR Biosciences) or with G:BOX chemiluminescence system (Syngene; 14 

Cambridge, UK). Total levels of pSTAT3 were normalized to β-actin (0.02 µg/ml, 15 
Santa Cruz Biotechnology, Dallas, USA), using goat anti-mouse IgG as secondary 16 
antibody (0.06 µg/ml, Li-COR Biosciences) or goat anti-rmouse IgG conjugated with 17 
HRP (0.08 µg/ml, BioRad). 18 

Eye funduscopy and spectral-domain optical coherence tomography 19 

Fundus images were acquired at P17 by Topical Endoscopic Fundal Imaging [TEFI] 20 
as previously described28. For spectral-domain optical coherence tomography [SD-21 

OCT], P90 mice were anesthetized with ketamine/xylazine (90 mg/10 mg/kg body 22 

weight) and pupils dilated with 1% tropicamide and 2.5% phenylephrine (Chauvin, 23 
Essex, UK). SD-OCT examinations were conducted at P90 using the Spectralis-24 

Heidelberg OCT system (Heidelberg Engineering, Heidelberg, Germany). Total 25 
retinal thickness (from nerve fibre layer [NFL] to the photoreceptor inner 26 
segments/outer segments [IS/OS]), outer retinal thickness (from the IS/OS to outer 27 

plexiform layer [OPL]) and inner retinal thickness (from the inner nuclear layer [INL] 28 
to NFL) was measured at 600 µm eccentricities from the optic disc in dorso-ventral 29 

and nasal-temporal sectors.  30 

Electroretinography [ERG] 31 

ERG responses were recorded at P90 as previously described5, 29.  Scotopic ERGs 32 
were taken using mouse corneal ERG electrodes, in response to single white light-33 

flash of different intensities (ranging from 0.025-25 cd·s/m2) delivered by a standard 34 
Ganzfeld Stimulator (LKC Technologies, Gaithersburg, USA). The amplitudes and 35 

implicit times of the scotopic a- and b-waves were obtained.  36 

Real-time PCR 37 

Total RNA was isolated from different treatment group retinas (n =6–7 per group) 38 
using the RNeasy Mini Kit (Qiagen). Real-time PCR was then performed using 39 
SYBR-Green Master in a Light-Cycler 480 system (Roche Diagnostics). The relative 40 
expression of target genes (Tgfb1, Tnfa, iL-1β and Ccl2 - Major Resources Table) 41 

was normalized to Rplp0. 42 

 43 
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Immunohistochemistry and histology 1 

Mice were sacrificed at P17 by CO2 inhalation and eyes dissected and fixed in 2% 2 
paraformaldehyde for 2h. Eyes were then processed for immunohistochemistry of 3 
retinal cross-sections as previously described29, 30. Retinal cryosections were stained 4 
with rabbit anti-pSTAT3 (1:100; Cell Signalling), rabbit anti-Collagen-IV (1:200, 5 
BioRad), rat anti-mouse CD105 (2.5 µg/ml; BioRad), goat anti-Brn3a (0.5 µg/ml; 6 

Santa Cruz Biotechnology) or Fluorescein isothiocyanate [FITC]-conjugated anti-7 
mouse CD45.2 (5 µg/ml; BioLegend, London, UK), goat anti-Arginase 1 (5 µg/ml; 8 
Santa Cruz), goat anti-Iba1 (5 µg/ml, Abcam). For flatmount staining, retinas were 9 
dissected and probed for biotinylated Griffonia Simplicifolia Isolectin B4 [IB4] (2.5 10 

µg/ml, Vector Labs, Peterborough, UK) and rabbit anti-Collagen-IV (1:200; BioRad) 11 

for 3 days at 4ºC. Flatmounts were then rinsed for 3 times for 10 minutes in PBS and 12 
incubated for 1 day with appropriate fluorophore-conjugated secondary 13 

antibodies/streptavidin. Retinal flatmounts and sections were respectively cover-14 
slipped with Vectashield (Vector Labs) and examined by confocal microscopy (C1 15 
Nikon Eclipse TE200-U, Nikon UK Ltd, Surrey, UK). Some retinal sections were 16 
processed for H&E staining and examined by light microscopy (Nikon Eclipse E400 17 
light-microscope; Nikon UK Ltd) 18 

Vascular analysis 19 

All analyses were performed on images captured at the same acquisition settings 20 

using FIJI software (National Institutes of Health, Bethesda, USA). The avascular 21 
(vaso-obliteration) and neo-vascular tuft areas were quantified from retinal flatmounts 22 

stained with IB4 and referred as percentage of the total retinal area. Total vascular 23 
plexus length in normoxic mice were quantified from 20x confocal images acquired at 24 

middle-retinal eccentricities. For each image, vascular plexuses (superficial, middle 25 
and deep) were reconstructed from the whole z-stack volume (using max intensity 26 
projections) and all vessels tracked along their middle axis to obtain the total vascular 27 

length. Data was normalized to the retinal area (µm2) analysed in each image. The 28 
IB4 cell hyaloid density was calculated as the number of IB4+ cells per 106 µm of 29 

hyaloid vascular length. To calculate capillary tortuosity in fundus images, the total 30 
length of each single vessel (D0) was divided by the straight-line distance between its 31 
starting- and end-point (D1) (Supplemental Fig II). At least 7 vessels per fundus were 32 
assessed and data averaged for each eye.   33 

Statistical analysis 34 

Data were tested for normality (Shapiro-Wilk) and equal variance (F-test) and 35 
statistical analysis between multiple groups performed using parametric (one-way 36 
ANOVA followed by Bonferroni’s post-hoc analysis) or non-parametric (Kruskal–37 
Wallis with post-hoc Dunn’s multiple comparison) tests. ERG responses (scotopic a-38 
wave, b-wave) were analysed using 2-way ANOVA, followed by post-hoc 39 

Bonferroni's pairwise comparisons. Non-parametric Mann–Whitney U test was used 40 
to test differences between two groups. All statistical analysis and linear regressions 41 
of neo-vascular tufts vs IB4 cell hyaloid density were performed using GraphPad 42 
Software (La Jolla, CA, USA). Data were expressed as mean ± SEM and p < 0.05 43 
was considered statistically significant. 44 

RESULTS 45 
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3.1 STAT3 is activated in the OIR mouse retina and hyaloid vasculature.  1 

We first investigated the activation of STAT3 during ischemic retinal neo-2 
vascularization in the OIR mouse (P12, P14, P16, P18 and P22) by using antibody 3 
against pSTAT3 (Fig 1). Fluorescence Western Blotting [WB] detected pSTAT3 in 4 
P14 OIR retinal lysates, and the levels increased in P16 and P22 (Fig 1A-B). 5 
Although pSTAT3 was not detected in the normoxic retina (Fig 1A), further analysis 6 

using chemiluminescence WB revealed minor levels of pSTAT3 at P17 (see Fig 3B 7 
below). This result was confirmed by immunohistochemistry, as scarce pSTAT3+ 8 
nuclei were detected in the INL of normoxic mice (arrow, Fig 1D).  9 

In OIR, immunohistochemistry detected pSTAT3+ nuclei throughout the retina from 10 
P14-P22 (arrows; Fig 1F-H). pSTAT3 was detected in all retinal cell types from P14, 11 

including neurons (photoreceptors – arrows; Brn3a+ retinal ganglion cells – 12 
arrowheads; Supplemental Fig III A-B, D), glia (putative Muller cell somata at the INL 13 
- open arrowheads; Supplemental Fig III A, C) and endothelium (CD105; Fig 2A-B). 14 

In the vitreous cavity, pSTAT3+ cells were found to interact with the developing retinal 15 
vasculature extending beyond the NFL (arrows, Fig 2A) and to integrate the 16 
pathogenic neo-vascular tufts (arrowheads, Fig 2B). CD45+ cells bulging from the 17 
hyaloid vasculature (arrowheads, Fig 2C-D) and occupying the vitreous space (open 18 
arrowheads, Fig 2D-E) also displayed high levels of pSTAT3 (around 90% of all 19 

CD45+ cells). Interestingly, nuclear pSTAT3 was not evident in CD45+ cells of the 20 
hyaloid until they started to bulge from the lumen (arrowheads, Supplemental Fig IV 21 

B-C). The CD45+ cells were also positive for IB4 at the hyaloid vasculature 22 

(arrowheads, Fig 2H and Supplemental Fig IV D-F) and in the adjacent vitreo-retinal 23 

space (open arrowheads, Fig 2H) and they are likely to be myeloid-derived cells. 24 
These myeloid-derived cells connected with the endothelial tips of the vascular front 25 

in a coordinated manner (arrows, Fig 2H), suggesting they actively participate in 26 
retinal neo-vascularization during the hypoxic phase of OIR. Further analysis 27 
revealed that myeloid-derived pSTAT3+ cells trafficking within the vitreous space 28 

primarily involve a subset of M2-macrophages, as evidenced by immunoreactivity 29 
against Iba1 and Arginase-1 (arrows Fig 2I-L)31.  30 

3.2 Systemic inhibition of STAT3 abrogates pathogenic neo-vascular tuft 31 
formation and physiologic vascular development in OIR mice   32 

We next investigated whether systemic inhibition of STAT3 could supress retinal neo-33 

vascularization in the OIR mouse. For this purpose, a specific inhibitor of pSTAT3 34 
(LLL12, Fig 3A) was administered intraperitoneally. Two treatment regimens were 35 
evaluated: treatment 1) daily injection of LLL12 from P12-P16 (Figure 3B); treatment 36 
2) single injection of LLL12 at P13 + P15 (Figure 3C). LLL12 inhibited STAT3 in OIR 37 

retinas as qualitatively corroborated by western blot analysis (Figure 3B). Evaluation 38 

of vasculature by IB4 staining in retinal flatmounts at P17 revealed that LLL12 39 
treatments significantly supressed pathogenic neo-vascular tuft formation compared 40 
to untreated OIR mice (treatment 1, p<0.001; treatment 2 p<0.05 - Figure 3D-G). 41 

However, the treatment increased retinal vaso-obliteration compared to untreated 42 
OIR mouse (treatment 1, p<0.01 - Fig 3H-J), suggesting that systemic inhibition of 43 

STAT3 blunts the development of retinal vasculature. However, due to the 44 

incomplete and disorganised nature of retinal vasculature in OIR mice at P17 45 
(Supplemental Fig V), we were unable to determine the specific vascular plexuses 46 
most affected by pSTAT3 inhibition.  47 
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To further understand the role of pSTAT3 in retinal vascular development, normoxic 1 
mice (which showed minor STAT3 activation in the retina) were treated with LLL12 at 2 
P13 and P15 (Supplemental Fig VI). Assessment of retinal vasculature by collagen 3 
IV staining at P17, evidenced reduced development of immature vascular plexuses, 4 

concretely deep (OPL, p<0.05, Supplemental Fig VI A-D) and intermediate (IPL, 5 
p<0.01, Supplemental Fig VI E-H) plexuses. Hence, the systemic inhibition of STAT3 6 
hinders retinal neo-vascularization at the pathological and physiological levels.  7 

3.3 Intraocular inhibition of STAT3 reduces pathogenic neo-vascular tuft 8 
formation and improves physiologic vascularization in OIR mice  9 

Since the systemic inhibition of STAT3 impaired physiological vascular development, 10 
we next opted to inhibit STAT3 by intravitreal injection of LLL12 using two doses (50 11 

or 200 ng/μl/eye) at P14 in OIR mice (Supplemental Fig VII). Funduscopic evaluation 12 
at P17 showed an abnormal vascular meshwork, as reflected by capillary tortuosity in 13 
untreated OIR mice (Supplemental Fig VII B-C). These vascular abnormalities were 14 

ameliorated by intravitreal administration of LLL12, as reflected by reduced capillary 15 
tortuosity in fundus images (Supplemental Fig VII E-F). Detailed analysis in retinal 16 
flatmounts showed a trend toward reduced neo-vascular tuft-formation in LLL12-17 
treated OIR eyes at lower dosage (50 ng/μl, Supplemental Fig VII G, J), while eyes 18 
treated with higher dosage (200 ng/μl) had significantly reduced neo-vascular tufts 19 

(p<0.01, Supplemental Fig VII G, K). Further, retinal vaso-obliteration was 20 
significantly decreased by LLL12 (50 ng/μl p<0.01; 200 ng/μl p<0.001, Supplemental 21 

Fig VII L, O-P). Surprisingly, the vehicle (1% DMSO) treatment partially rescued 22 

funduscopic vascular abnormalities in OIR mice, as reflected by reduced (although 23 

not significantly) capillary tortuosity when compared to untreated OIR (Supplemental 24 
Fig VII D, F). According to vascular funduscopy examinations, the intravitreal 25 

injection of DMSO vehicle did not affect neo-vascular tuft formation (Supplemental 26 
Fig VII G, I), yet it significantly decreased retinal vaso-obliteration (p<0.01, 27 
Supplemental Fig VII L, N).       28 

Since reducing DMSO concentration below 1% resulted in poor LLL12 solubility, we 29 

therefore used a hydrophilic inhibitor (S3I-201), which prevents STAT3 dimerization 30 
and subsequent DNA-binding (Fig 4). Intravitreal delivery of S3I-201 at P14 but not 31 
vehicle control ameliorated the funduscopic vascular abnormalities in OIR mice at 32 
P17, evidenced by reduced capillary tortuosity (Fig 4C-G). Analysis of vasculature in 33 

retinal flatmounts corroborated the specific effect of S3I-201 treatment on the 34 
reduction of neo-vascular tuft formation (PBS no effect; S3I-201 p<0.01, Fig 4H-K) 35 

and vascular obliteration (PBS no effect; S3I-201 p<0.05, Fig 4L-O). The 36 
improvement of retinal vasculature was also assessed at the histological level 37 
(Supplemental Fig VIII). In this regard, H&E staining of retinal cross-sections 38 
corroborated the reduction of neo-vascular tufts at the vitreous cavity (arrowheads, 39 
Supplemental Fig VIII A-C) and the improvement of vascular plexus arrangement in 40 

S3I-201-treated OIR retinas (CD105 staining, Supplemental Fig VIII D-F). At the 41 
molecular level, P17 OIR retinas showed a significant increase in the mRNA of 42 
different angiogenic and inflammatory effectors, including Tgfb1, Il-1β, Tnfa and Ccl2 43 

(Supplemental Fig IX). Interestingly, S3I-201 treatment ameliorated transcript levels 44 
of Tgfb1 in OIR retinas (Supplemental Fig IX A), a crucial growth factor for 45 

pathogenic angiogenesis in the ischemic CNS32 and primarily secreted by M2-46 
macrophages33. Taken together, the intraocular inhibition of the STAT3 pathway 47 
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tackles pathologic neo-vascularization and enhances physiological revascularization 1 
in the OIR retina.  2 

3.4 Intraocular inhibition of STAT3 in OIR mice improves visual outcomes in 3 
the long-term. 4 

The effect of intravitreal STAT3 inhibition on visual function in OIR mice was 5 
evaluated in S3I-201 treated (intravitreal injection at P14) mice by SD-OCT and ERG 6 
at P90 (Supplemental Fig X). SD-OCT analysis revealed significant thinning of the 7 

neuroretina (IS/OS to NFL) in vehicle treated OIR mice (p<0.01 value, Supplemental 8 
Fig X B, E-F), which was more pronounced at the inner retina (NFL-INL, 9 
Supplemental Fig X C, E-F) compared to the outer retinal layers (OPL-IS/OS, 10 
Supplemental Fig X D, E-F). No significant differences were observed in retinal 11 

thickness parameters when compared the S3I-201-treated group to normoxic 12 
controls (Supplemental Fig X B-G), suggesting that the treatment ameliorated OIR-13 
induced outer and inner retinal degeneration.  14 

No changes were observed at the level of ERG a-wave scotopic amplitudes between 15 
normoxic mice and the different OIR-treatment groups (Supplemental Fig X H-J). 16 

However, a significant reduction of b-wave amplitudes were observed at the higher 17 

flash intensities (compared to normoxic mice), which was ameliorated by intravitreal 18 
S3I-201 treatment (Supplemental Fig X H, J). Overall, the results suggest that local 19 
inhibition of STAT3 improved long-term visual outcomes in OIR mice.   20 

3.5 The hyaloid vasculature may source pathogenic neo-vascularization in OIR 21 

through STAT3 activation in myeloid cells.    22 

Hyaloid vessels dilate and proliferate during OIR18. We observed a significant 23 

number of pSTAT3+ myeloid cells in the hyaloid vasculature in P17 OIR eyes (Fig 2C-24 
D and Supplemental Fig IV). To understand the role of hyaloid vasculature in 25 

pathogenic retinal neo-vascularization we investigated the effect of STAT3 inhibition 26 
in the cell densities of IB4+ cells (which recognizes activated myeloid cells34) of the 27 
hyaloid vasculature. The severity of neo-vascular tuft formation was strongly 28 

correlated with the density of IB4+ cells at the hyaloid vasculature in all study groups 29 
(systemic inhibition p12-16 LLL12: r2 = 0.61 p<0.001; intravitreal inhibition p14 S3I-30 

201: r2 = 0.62 p<0.001; Figure 5A-B). Importantly, the density of IB4+ cells at the 31 
hyaloid vasculature was not correlated with the severity of vascular obliteration 32 

(Supplemental Fig XI), suggesting that myeloid cells migrating from the hyaloid 33 
vasculature do not participate in physiological revascularization during OIR.   34 

Crucially, both systemic (Fig 5C, E) and intravitreal (Fig 5D, F) STAT3 inhibition 35 

significantly reduced the number of IB4+ cells in the hyaloid vasculature (arrowheads, 36 
Fig 5). This reduction in IB4+ cell density at hyaloid vasculature was not accompanied 37 
by hyaloid vasculature regression (as featured by unaffected vessel calibre; Fig 5E-38 
F). Overall, the hyaloid vasculature may be a key source of pSTAT3 myeloid cells in 39 
OIR, and particularly of M2-macrophages (Fig 2I-L). 40 

 41 

3.6 Targeted deletion of SOCS3 in myeloid cells enhances retinal pathologic 42 

and physiological neo-vascularisation in OIR mice.   43 
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The above observations suggest that myeloid cells may contribute to retinal neo-1 
vascularization through the STAT3 signalling in OIR. To further confirm this, we 2 
conducted OIR in mice with conditional SOCS3 deficiency in myeloid cells (LysMCre/+ 3 
SOCS3fl/fl, the mice have deregulated STAT3 activation in myeloid cells, including 4 

bone-marrow derived macrophages [BMDMs]35, 36). As we demonstrated previously 5 
this Cre-LoxP strategy (Supplemental Fig I) promoted an increment of pSTAT3 in 6 
circulating immune cells37. Analysis of retinal vasculature in flatmounts at P17 7 
highlighted a significant increment of pathological retinal neo-vascularization in 8 
LysMCre/+ SOCS3fl/fl mice compared to SOCS3fl/fl controls (p<0.05, Figure 6C-E). 9 

Interestingly, this increase in neo-vascular tuft formation in LysMCre/+ SOCS3fl/fl mice 10 

was accompanied by a significant reduction of vascular obliteration (p<0.01, Figure 11 
6C, F-G). Therefore, STAT3 activation in circulating myeloid cells contributed to 12 

pathogenic and physiological vascularization in OIR.    13 

 14 

DISCUSSION 15 

Our study uncovered novel pathophysiology of ROP, by establishing the hyaloid 16 

vasculature as a key source of pSTAT3 myeloid-derived cells that contribute to 17 

pathological angiogenesis. Importantly, targeting STAT3 by small molecule-inhibitors 18 
supressed pathogenic neo-vascular growth and improved physiological 19 
revascularization. Inhibition of STAT3 also improved long-term visual functions 20 

evidenced by improved ERG and normalized retinal thickness in SD-OCT analysis.  21 

Local release of pro-angiogenic growth factors is known to play a key role in retinal 22 
pathologic neo-vascularization38. STAT3 can be activated by a large number of 23 

cytokines and growth factors39. Among the different STAT3 activators IL6, TNFα and 24 
IL-10 have shown relevant roles in the pathogenesis of OIR40-42. Hypoxia, another 25 
major pathogenic factor in OIR, can also activate STAT343. This complex multi-26 

factorial signalling may explain the high levels of nuclear pSTAT3 observed in 27 
different retinal cells during OIR, including endothelial, glial and neuronal cells. Since 28 

STAT3 actively drives the transcription of potent pro-angiogenic inducers7, the 29 

increase of pathogenic neo-vascular tuft formation during OIR may be partly 30 
explained through the activation of this pathway locally in the retina. In support of 31 
this, previous studies have shown that targeted deletion of SOCS3 in vascular cells 32 
(Tie2-Socs3ko)11, and retinal neurons/glia (NestinCre/+ Socs3 cKO)12, significantly 33 

increased pathologic neo-vascularization in OIR mice.    34 

One of the novel observations of our study is that STAT3 activation in myeloid cells 35 
plays an important role in pathogenic angiogenesis in the ischemic retina. 36 
Accordingly, LysMCre/+ SOCS3fl/fl (which show uncontrolled STAT3 activation in 37 

myeloid cells through the JAK2/STAT3 pathway35, 36), exhibited increased neo-38 
vascular tuft formation during the proliferative phase of OIR. Although how myeloid 39 

cells promote neo-vascular tuft formation is uncertain, circulating monocytes 40 
comprise important effectors in pathogenic angiogenesis during OIR21, 22. Our data 41 
support that pSTAT3+ myeloid cells participating in pathogenic angiogenesis involve 42 
a subset of circulating monocytes that can differentiate into M2-type macrophages 43 
upon infiltrating the OIR retina through hyaloid vessels. Previous studies have also 44 

shown that most of the macrophages infiltrating into OIR retinas involve the M2 45 
phenotype22. Accordingly, M2-macrophages, rather than M1, were reported to 46 
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promote pathogenic neo-vascular tuft formation in OIR22. Moreover, STAT3 activation 1 
is known to induce to the differentiation of macrophages towards the pro-angiogenic 2 
M2 phenotype31, 44.  3 

At the molecular level, uncontrolled STAT3 activation in monocytes may exacerbate 4 
pro-angiogenic mediators and contribute to pathological angiogenesis in OIR. For 5 
example, SOCS3 deletion in LysM+ cells is known to trigger VEGF upregulation in 6 

BMDMs45. Nonetheless, VEGF released from myeloid cells was reported to play a 7 
dispensable role in OIR21, highlighting that other molecular effectors rather than 8 
VEGF may be important in mediating pathogenic angiogenesis. This may include 9 
TGFβ1, primarily secreted by M2-macropages33 and downregulated by S3I-201 10 
treatment in the proliferative phase of OIR. Other studies have shown that LysM+ 11 

cells are recruited to the OIR retina during the proliferative phase21, and they can 12 
stimulate VEGF-A expression in Müller cells46. Beside the predominant role of M2-13 

macrophages in pathological angiogenesis, other myeloid mediators such as 14 
neutrophils, cannot be totally ruled out21.  15 

Another important observation of our study is that hyaloid vasculature may be a key 16 
source of pSTAT3-expressing myeloid cells in OIR. Accordingly, myeloid cell (IB4+) 17 
densities at the hyaloid vasculature, which were strongly correlated with the severity 18 
of neo-vascular tuft formation, were reduced by the administration of STAT3 19 

inhibitors. The hyaloid vasculature provides nourishment to the immature retina, and 20 
they regress when the retinal vasculature is fully developed14, 15. Nevertheless, 21 

hyaloid vessels are shown to overgrow and persist during OIR3, 18 and in ROP 22 

patients19. The regression of hyaloid vasculature depends on different factors, 23 

including the availability of VEGF at the vitreous cavity47. Interestingly, the 24 
administration of STAT3 inhibitors was not associated with a significant regression of 25 

the hyaloid vasculature. Rather, the hyaloid vasculature may comprise a source of 26 
myeloid cells which actively participates in pathologic angiogenesis via activation of 27 
STAT3. As suggested by our study, myeloid cells (likely M2-macrophages) may 28 

traffic to the immature vasculature through the vitreous and contribute to pathogenic 29 
angiogenesis via STAT3 activation. This concept is corroborated by a previous 30 

reports that showed that the selective depletion of M2-macrophages reduced neo-31 
vascular tuft formation in OIR22. For this reason, STAT3 activation may be important 32 

for facilitating monocyte infiltration in OIR, as nuclear pSTAT3 was not evident until 33 
CD45+ cells started to bulge from the hyaloid lumen. Future studies will uncover the 34 

precise role of hyaloid vasculature in pathogenic retinal neo-vascularization.     35 

The reduction of vascular obliteration in LysMCre/+ SOCS3fl/fl mice during OIR, 36 

suggests that myeloid cells may support physiological revascularization through the 37 
activation of STAT3. Contrary to pathogenic angiogenesis, myeloid cells released 38 
from the hyaloid vasculature are unlikely to contribute to physiological re-39 
vascularization (as their numbers were not correlated with the severity of vascular 40 

obliteration). Instead, physiological re-vascularization is likely to be co-ordinated by 41 
circulating mediators released from the developing vasculature, as physiological 42 
angiogenesis in both the normoxic retina (which displays minor STAT3 activation) 43 
and OIR, were hindered by systemic administration of LLL12. This model would 44 
explain why the intravitreal delivery of STAT3 inhibitors did not delay physiological 45 

revascularization in OIR, given their greater accessibility at the vitreous space, 46 
tackling the traffic of myeloid cells from hyaloid vessels and thus favouring 47 

physiological over pathogenic angiogenesis.   48 



13 
 

Although the phenotype needs to be identified, diverse circulating myeloid 1 
populations may support retinal physiological angiogenesis. These include CD14+ 2 
monocytes, myeloid angiogenic cells [MACs] and CD44hi myeloid progenitors from 3 
the bone marrow20, 23. Interestingly, lack of SOCS3 in bone-marrow–derived cells 4 

exhibit increased STAT3 activation and preferential differentiation into myeloid-5 
derived suppressor cells, a phenotype known to accelerate angiogenesis under 6 
ischemic conditions48. Endothelial progenitor cells [EPCs], crucial effectors in 7 
vascular repair including the retina, are shown to accelerate angiogenesis through 8 
the activation of JAK2/STAT3 pathway49. Identifying those myeloid cell populations 9 

whose healing efficiency is improved via STAT3 activation may be thus crucial for the 10 
development of future therapy.   11 

The intravitreal administration of S3I-201 resulted in long-term visual benefit 12 
evidenced by improved inner retinal thickness (INL-NFL) and scotopic b-wave 13 

amplitudes. In agreement with previous studies50, our observations highlight the 14 
particular fragility of the inner retina to OIR induction. Because intravitreal S3I-201 15 
improved physiological revascularization and arrangement of the retinal vascular 16 
plexuses, the structural and electrophysiological improvement of the inner retina is 17 
expected. Importantly, since STAT3 also critically controls rod photoreceptor cell fate 18 

in the developing retina51, the absence of a-wave anomalies at adult postnatal ages 19 

(P90) highlights the safety of our treatment.  20 

Interestingly, the intravitreal administration of DMSO enhanced physiological 21 

revascularization in OIR mice. DMSO is widely used as organic solvent for water-22 

insoluble therapeutic drugs52, but associated with many pleiotropic effects (reviewed 23 

in52), including anti-oxidant and anti-inflammatory properties. Although DMSO 24 
concentrations were adjusted to the minimum threshold to allow proper solubility of 25 

STAT3 inhibitors, its intravitreal effect on promoting physiological revascularization 26 
remained effective (e.g. 1% DMSO in PBS). This highlights the importance of further 27 
reducing DMSO concentrations when addressing drug efficiency in retinal diseases. 28 

Importantly, the use of a hydrophilic STAT3 inhibitor (S3I-201) demonstrated the 29 
specificity of inhibiting this pathway for the treatment of OIR at the intraocular level.  30 

In summary, our study suggests that myeloid cells may contribute to retinal 31 
angiogenesis through the activation of STAT3 in ischemic retinopathy. Circulating 32 
myeloid cells may migrate to the ischemic retina through hyaloid vessels. Whilst 33 

intraocular inhibition of STAT3 may provide clinical benefit for proliferative ischemic 34 
retinopathies, understanding the role of STAT3 signalling in myeloid cell populations 35 

and particularly, the mechanisms by which circulating monocytes migrate from 36 
hyaloid vessels, may help to develop novel therapeutic targets for ROP. 37 
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Highlights 1 

- STAT3 is activated in infiltrating myeloid cells during pathogenic neo-vascularization 2 
in OIR mice. 3 

- Most of the pSTAT3+ myeloid-derived cells bulge from the hyaloid vasculature. 4 

- pSTAT3+ myeloid cells sourced from the hyaloid vasculature enhance pathogenic 5 
neo-vascularization during OIR 6 

- Pharmacological inhibition of STAT3 during OIR decreases the number of infiltrating 7 
myeloid cells, abrogates pathogenic neo-vascularization and improves long-term 8 
visual outcomes in OIR.  9 

 10 
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 1 

Fig 1. STAT3 activation in the retina during ischemic neo-vascularization in 2 

oxygen-induced retinopathy [OIR] mice. (A) Example immunoblot of Phospho-3 
STAT3-Tyr705 [pSTAT3] in retinal lysates of normoxic and OIR mice at different 4 

postnatal [P] days. (B) Densitometry quantification of pSTAT3 in OIR retinal lysates 5 
during postnatal development. Data was normalized to β-actin loading controls. (C-H) 6 

pSTAT3 immunoreactivity in retinal cross-sections of normoxic (C-E) and OIR (F-H) 7 

mice from P14-P22. (F-H) OIR mice show high levels of nuclear pSTAT3 (arrows) 8 

throughout the retina. In (B): n=4 eyes (P12); n=6 eyes (P14); n=6 eyes (P16); n=6 9 
eyes (P18); n=2 eyes (P22). Results presented as mean ± SEM. OPL, outer 10 

plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL/NFL, 11 
ganglion cell/nerve fibre layer. Scale bar= 30μm. 12 

 13 
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 1 

Fig 2. STAT3 activation in trafficking cells of the vitreous and hyaloid 2 
vasculature during ischemic neo-vascularization in P17 oxygen-induced 3 

retinopathy mice. Photomicrographs of retinal sections double-labelled for pSTAT3 4 

and CD105 (A-B) or CD45 (C-G). (A-B) pSTAT3+ cells interact with the endothelial 5 

tips of developing vasculature at the vitreous cavity (arrows) and integrate the 6 
CD105+ pathogenic neo-vascular tufts (arrowheads). (C) Cells positive for CD45 7 

(myeloid marker) in the lumen of hyaloid vasculature (arrows). (C-E) CD45/pSTAT3 8 
cells bulge from the hyaloid vasculature (arrowheads) and fill the vitreous space 9 
(open arrowheads). (F-G) CD45/pSTAT3 cells interact with developing vasculature 10 

(doted line) in the vitreous cavity (arrow). (H) Photomicrographs taken from retinal 11 
flatmounts processed for Collagen IV and Griffonia Simplicifolia IsolectinB4 [IB4] 12 

staining, a marker for activated myeloid cells. IB4+ cells bulging from hyaloid 13 
vasculature (arrowheads), fill the vitreous space (open arrowheads) and interact with 14 
the endothelial tips of the superficial vascular plexus (arrows). (I-L) 15 

Photomicrographs of retinal sections double-labelled for pSTAT3 and Iba1 (I-J) or 16 

Arginase-1 (K-L). pSTAT3+ cells trafficking in the vitreous space (arrows) are positive 17 
for Iba1 (monocyte/macrophages) and Arginase-1 (M2-macrophages). IPL, inner 18 
plexiform layer; NFL, nerve fibre layer. Scale bar= 10µm (A, E, G, L), 20µm (C, H). 19 
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 1 

Fig 3. The effect of systemic LLL12 administration on pathogenic and 2 

physiological retinal neo-vascularization in oxygen-induced retinopathy [OIR] 3 
mice. (A) Neutralisation of STAT3 signalling pathway by LLL12. (B-C) LLL12 (5 4 
mg/kg) or vehicle control (1% DMSO) were administered intraperitoneally to block 5 

STAT3 activation in OIR mice, from P12-P16 (B) or P13 + P15 (C). The effect of 6 
LLL12 for inhibiting STAT3 in OIR retinas was confirmed by western blot analysis (B). 7 

β-actin was used as protein loading control. Following treatment at P17, the extent of 8 

pathological neo-vascular tuft formation (white areas D-G) and vaso-obliteration 9 

(yellow areas H-K) were quantified in retinal flatmounts using isolectin B4 staining. In 10 
(B): n=12 eyes (OIR untreated); n=4 (OIR + DMSO); n=6 (OIR + LLL12). In (C): n=12 11 
eyes (OIR untreated); n=6 (OIR + DMSO); n=8 (OIR + LLL12). Results presented as 12 
mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Kruskal–Wallis with Dunn’s multiple 13 

comparison analysis. Scale bar= 500μm.   14 
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 1 

Fig 4. The effect of intraocular S3I-201 administration on pathogenic and 2 
physiological retinal neo-vascularization in oxygen-induced retinopathy [OIR] 3 

mice. (A) Neutralisation of STAT3 signalling pathway by S3I-201. (B) S3I-201 (200 4 
ng/μl/eye) or vehicle control (PBS) were administered intravitreally at P14 to block 5 
the activation of STAT3 in OIR eyes. (C-F) Fundus images from normoxic and OIR 6 

eyes of different treatment groups. (G) Quantification of capillary tortuosity in the eye 7 

fundus of different treatment groups. (H) The extent of pathological neo-vascular tuft 8 
formation (white areas in I-K) and (L) vaso-obliteration (yellow areas in M-O) in OIR 9 
eyes of different treatment groups. (I-K, M-O) Photomicrographs taken from P17 10 
retinal flatmounts processed for isolectin B4 staining in OIR eyes of different 11 

treatment groups. In (G): n=7 eyes for normoxia; n=4 (OIR untreated); n=7 (OIR + 12 
PBS); n=6 (OIR + S3I-201). (H, L): n=7 eyes (OIR untreated); n=6 (OIR + PBS); n=6 13 
(OIR + S3I-201). Results presented as mean ± SEM. *p < 0.05, **p < 0.01. Kruskal–14 

Wallis with Dunn’s multiple comparison analysis. Scale bar= 500μm.        15 
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 1 

Fig 5. The hyaloid vasculature may source pathogenic neo-vascularization in 2 
oxygen-induced retinopathy [OIR] through STAT3 activation in myeloid cells. 3 
(A, B) Correlation of pathological neo-vascular tuft formation against the density of 4 

isolectin B4+ (IB4) cells at the hyaloid vasculature in P17 OIR eyes, following (A) 5 
intraperitoneal administration of LLL12 (5 mg/kg) or vehicle control (1% DMSO) from 6 

P12-P16; (B) intraocular delivery of S3I-201 (200 ng/μl/eye) or vehicle control (PBS) 7 
at P14. (C-D). The density of IB4+ cells at the hyaloid vasculature in OIR eyes of 8 
different treatment groups. (E-F). Photomicrographs taken from P17 retinal 9 

flatmounts processed for IB4 and collagen IV staining in OIR eyes of different 10 

treatment groups. Arrowheads indicate IB4+ cells in close association with hyaloid 11 
vasculature. In (A): n=16 eyes, comprising OIR untreated, OIR + DMSO and OIR + 12 
LLL12. In (B): n=16 eyes, comprising OIR untreated, OIR + PBS and OIR + S3I-201. 13 

In (C): n=6 (OIR untreated); n=4 (OIR + DMSO); n=6 (OIR + LLL12). In (D): n=4 (OIR 14 
untreated); n=6 (OIR + PBS); n=6 (OIR + S3I-201). (A, B) Regression line, 15 
significance levels (p) and coefficient of determination (r2) are shown. (C, D) Results 16 

presented as mean ± SEM. *p < 0.05, **p < 0.01. Kruskal–Wallis with Dunn’s multiple 17 

comparison analysis. Scale bars= 40μm.         18 
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 1 

Fig 6. Conditional deletion of SOCS3 in myeloid cells enhances pathologic and 2 
physiological neo-vascularisation in oxygen-induced retinopathy [OIR] mice. 3 
(A) Negative regulation of STAT3 signalling by SOCS3. (B) Mice with conditional 4 
deletion of SOCS3 in myeloid cells (LysMCre/+ SOCS3fl/fl) and littermate flox controls 5 
(SOCS3fl/fl), were induced for OIR and retinal flatmounts processed for isolectin B4 6 

staining at P17. (C) The extent of pathological neo-vascular tuft formation (white 7 
areas in D-E) and vaso-obliteration (yellow areas in F-G) in OIR eyes. In (C): n=5 8 
eyes (SOCS3fl/fl); n=8 (LysMCre/+ SOCS3fl/fl). Results presented as mean ± SEM. 9 
**p < 0.01, ***p < 0.001. Mann–Whitney U test. Scale bar= 500μm.          10 
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 2 

Supplemental Fig I. Conditional deletion of SOCS3 in myeloid cells. LysM-Cre and 3 

SOCS3fl/fl were mated to generate LysMCre/+SOCS3fl/fl mice (which lacks SOCS3 expression 4 

in myeloid cells). (A) LysMCre and SOCS3fl/fl genotype was confirmed in ear tissue by PCR, 5 

via amplification of LysM-Cre (product size 700bp; WT is 350bp) and SOCS3fl/fl (700bp; WT 6 

is 550bp) products. (B) Schematic diagram showing deletion of Socs3 locus via Cre-Lox 7 

recombination in LysM cells. 8 

 9 

 10 
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 1 

Supplemental Fig II. Quantification of capillary tortuosity in the eye fundus. 2 

Funduscopic images obtained from normoxic (A-B) and oxygen induced retinopathy (C-D) 3 

mice. Capillary tortuosity was calculated by dividing the total length of each single vessel (D0) 4 

by the straight-line distance comprising its starting and ending point (D1).  5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 
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Supplemental Fig III. STAT3 activation in retinal cell populations of oxygen-induced 2 

retinopathy [OIR] mice. (A-D) pSTAT3 immunoreactivity in retinal cross-sections of OIR 3 

mice at P17. Arrows in (A-B): pSTAT3 immunoreactivity in nuclei of putative photoreceptors 4 

at the outer nuclear layer [ONL]; open arrow-heads in (A, C): pSTAT3 immunoreactivity in 5 

nuclei of putative Muller cells at the inner nuclear layer [INL]; arrowheads in (A, D): pSTAT3 6 

immunoreactivity in nuclei of Brn3a+ retinal ganglion cells. OPL, outer plexiform layer; IPL, 7 

inner plexiform layer; GCL/NFL, ganglion cell/nerve fibre layer. Scale bars = 30 μm in (A) and 8 

10 μm in (D). 9 

 10 

 11 
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Supplemental Fig IV. Myeloid pSTAT3+ cells bulge from the hyaloid vasculature in 2 

oxygen-induced retinopathy [OIR] mice. (A-C) Photomicrographs of retinal sections 3 

double-labelled for pSTAT3 and CD45 immunoreactivity in OIR mice at P17. (A) Circulating 4 

CD45+ cell in the lumen of hyaloid vasculature (arrow). (B) CD45+ cell attached to the luminal 5 

endothelium of hyaloid vasculature (arrowhead). (C) CD45+ cell bulging from the lumen of 6 

hyaloid vasculature (arrowhead). (D-E) Photomicrographs at different focal depths taken 7 

from the hyaloid vasculature in P17 OIR mice, processed for Collagen IV and Griffonia 8 

Simplicifolia IsolectinB4 [IB4] staining. The arrowhead shows a bulging IB4+ cell. Scale bars 9 

= 10 µm. 10 

 11 

Supplemental Fig V. Incomplete plexus development in the re-vascularized retina of 12 

oxygen-induced retinopathy [OIR] mice at P17. Photomicrographs taken from OIR retinas 13 

immunolabelled for Collagen IV (red fluorescence), showing incomplete outer (OPL) and 14 

intermediate (IPL) vascular plexus development during ischemic neo-vascularization. Scale 15 

bar = 50 µm. 16 
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Supplemental Fig VI. Systemic administration of LLL12 hinders physiological retinal 2 

neo-vascularization in normoxic mice. LLL12 (5 mg/kg) or vehicle control (1% DMSO) 3 

were administered intraperitoneally in normoxic mice at P13 + P15. At P17, the effect of the 4 

treatment on vascular plexuses development was assessed in retinal flatmounts using 5 

isolectin B4 staining. Representative confocal photomicrographs of outer (A-C), intermediate 6 

(E-F) and superficial (I-K) vascular plexuses of different treatment groups. (D) The effect of 7 

LLL12 treatment on outer vascular plexus development. (H) The effect of LLL12 treatment on 8 

intermediate vascular plexus development. (L) The effect of LLL12 treatment on superficial 9 

vascular plexus development. In (D, H, L): n=4 eyes for untreated; n=6 eyes for DMSO and 10 

LLL12 treatments. Results are presented as mean ± SEM. *p < 0.05 and **p < 0.01. Kruskal–11 

Wallis followed by Dunn’s multiple comparison analysis. OPL, outer plexiform layer; IPL, 12 

inner nuclear layer; GCL, ganglion cell layer. Scale bar = 100 μm.  13 
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Supplemental Fig VII. The effect of intraocular LLL12 administration on 2 

pathogenic and physiological retinal neo-vascularization in oxygen-induced 3 

retinopathy (OIR) mice. (A) LLL12 (50 ng/μl/eye or 200 ng/μl/eye) or vehicle control 4 

(1% DMSO) were administered intravitreally at P14 to block the activation of STAT3 5 

in OIR eyes. (B-E) Fundus images from normoxic and OIR eyes of different treatment 6 

groups. (F) Quantification of capillary tortuosity in the eye fundus of different 7 

treatment groups. (G) The extent of pathological neo-vascular tuft formation (white 8 

areas in H-K) and (L) vaso-obliteration (yellow areas in M-P) in OIR eyes of different 9 

treatment groups. (H-K, M-P) Photomicrographs taken from P17 retinal flatmounts 10 

processed for isolectin B4 staining in OIR eyes of different treatment groups. In (F): 11 

n=7 eyes for normoxia; n=5 eyes for OIR untreated; n=15 for OIR + DMSO; n=9 for 12 

OIR + LLL12 (50 ng/μl/eye); n=10 for OIR + LLL12 (200 ng/μl/eye). (G-L): n=7 eyes 13 

for OIR untreated; n=6 for OIR + DMSO; n=5 for OIR + LLL12 (50 ng/μl/eye); n=6 for 14 

OIR + LLL12 (200 ng/μl/eye). Results are presented as mean ± SEM. **p < 0.01 and 15 

***p < 0.001 compared between normoxia (F) and OIR (G, L). ††p < 0.01 compared 16 

between OIR in (F). Kruskal–Wallis followed by Dunn’s multiple comparison analysis 17 

(F) and One-way ANOVA with Bonferroni’s post-hoc analysis (H, L). Scale bar = 500 18 

μm      19 
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Supplemental Fig VIII. Intraocular administration of S3I-201 improves vascular cyto-2 

architecture in oxygen-induced retinopathy (OIR). S3I-201 (200 ng/μl/eye) or vehicle 3 

control (PBS) were administered intravitreally at P14 to block the activation of STAT3 in OIR 4 

eyes. At P17, retinas were processed for histological evaluation of retinal vasculature. (A-C) 5 

H&E stained retinal cross-sections in different treatment groups. Arrowheads indicate 6 

protrusion of pathogenic retinal neo-vascular tufts into the vitreous cavity. (D-F) Retinal 7 

vasculature immunostained with CD105 in different treatment groups. OPL, outer plexiform 8 

layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars 9 

= 40 μm. 10 

 11 

 12 

 13 

 14 

 15 

 16 
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Supplemental Fig IX. The effect of intraocular S3I-201 administration in the expression 2 

of angiogenic and inflammatory genes in oxygen-induced retinopathy [OIR] mice.  S3I-3 

201 (200 ng/μl/eye) or vehicle control (PBS) were administered intravitreally at P14 to block 4 

the activation of STAT3 in OIR eyes and the mRNA levels of Tgfb1 (A), iL-1β (B), Tnfa (C) 5 

and Ccl2 (D) analysed at P17 by rtPCR. n=6 eyes for normoxia; n=6 for OIR + PBS; n=7 for 6 

OIR + S3I-201. Results are presented as mean ± SEM. *p < 0.05, **p < 0.01 and ***p < 0.001. 7 

One-way ANOVA followed by Bonferroni’s post-hoc analysis.  8 

 9 

 10 

 11 
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Supplemental Fig X. Intraocular delivery of S3I-201 in oxygen-induced retinopathy [OIR] mice 2 
improves visual outcomes in the long-term. (A) S3I-201 (200 ng/μl/eye) or vehicle control (PBS) 3 
were administered intravitreally at P14 to block the activation of STAT3 in OIR eyes. At P90, eyes 4 
were assessed in vivo for retinal degeneration (SD-OCT) and retinal function (ERG). (B-D) 5 
Quantitative analysis of neuroretinal thickness by SD-OCT, (B) from the photoreceptor inner 6 
segments/outer segments [IS/OS] to nerve fibre layer [NFL]; (C) from the inner nuclear layer [INL] to 7 
NFL; (D) from IS/OS to outer plexiform layer [OPL]. (E-G) Representative SD-OCT images from 8 
normoxic and OIR eyes of different treatment groups. (H) Representative scotopic ERG responses 9 
from normoxic and OIR eyes of different treatment groups. (I-J) The amplitude (μV) of a-waves and b-10 
waves in normoxic and OIR mice of different treatment groups. Keys in (I-J): Normoxia (red line); OIR 11 
+ PBS (blue line); OIR + S3I-201 (black line). In (B, D): n=4 eyes for normoxia; n=3 for OIR + PBS; 12 
n=8 for OIR + S3I-201. In (I-J): n=6 eyes for normoxia; n=5 for OIR + PBS; n=9 for OIR + S3I-201. 13 
Results are presented as mean ± SEM. *p < 0.05; **p < 0.01 and ***p < 0.001 compared between 14 
normoxia and OIR + PBS mice. †p < 0.05 compared between OIR + PBS and OIR + S3I-201 mice. (B-15 
D) Kruskal–Wallis followed by Dunn’s multiple comparison analysis. (I-J) Two-way ANOVA followed by 16 
Bonferroni’s post-hoc analysis. Scale bar = 200 μm.       17 
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Supplemental Fig XI. Lack of correlation between hyaloid vasculature IB4+ cell density 2 

and the level of retinal vascular obliteration in oxygen-induced retinopathy [OIR]. 3 

Correlation of retinal vascular obliteration against the density of isolectin B4+ (IB4) cells at 4 

the hyaloid vasculature in P17 OIR eyes. n=10 eyes. Regression line, significance levels (p) 5 

and coefficient of determination (r2) are shown.  6 
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SOCS3 common 
forward 

CTTGGGCTGCCAGAATTTCTC Integrated DNA 
Technologies 

Not applicable 

SOCS3fl/fl reverse ACCAGCTGGTACTCGCTTTTGGA Integrated DNA 
Technologies 

Not applicable 

SOCS3 WT reverse AGTGTGGCCAGAAAGCCATT Integrated DNA 
Technologies 

Not applicable 

 9 

 10 

Other 11 

Description Source / 
Repository 

Persistent ID / URL 

LLL12 STAT3 inhibitor (ref 
1792) 

Biovision https://www.biovision.com/lll12.html 

S3I-201 STAT3 inhibitor 
(SML0330) 

Sigma-Aldrich https://www.sigmaaldrich.com/catalog/product/ 
sigma/sml0330?lang=en&region=GB 
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