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A B S T R A C T

Background: Pathological neovascularization in neovascular age-related macular degeneration (nAMD) is the
leading cause of vision loss in the elderly. Increasing evidence shows that cells of myeloid lineage play impor-
tant roles in controlling pathological endothelium formation. Suppressor of cytokine signaling 3 (SOCS3)
pathway has been linked to neovascularization.
Methods: We utilised a laser-induced choroidal neovascularization (CNV) mouse model to investigate the
neovascular aspect of human AMD. In several cell lineage reporter mice, bone marrow chimeric mice and
Socs3 loss-of-function (knockout) and gain-of-function (overexpression) mice, immunohistochemistry, con-
focal, and choroidal explant co-culture with bone marrow-derived macrophage medium were used to study
the mechanisms underlying pathological CNV formation via myeloid SOCS3.
Findings: SOCS3 was significantly induced in myeloid lineage cells, which were recruited into the CNV lesion
area. Myeloid Socs3 overexpression inhibited laser-induced CNV, reduced myeloid lineage-derived macro-
phage/microglia recruitment onsite, and attenuated pro-inflammatory factor expression. Moreover, SOCS3
in myeloid regulated vascular sprouting ex vivo in choroid explants and SOCS3 agonist reduced in vivo CNV.
Interpretation: These findings suggest that myeloid lineage cells contributed to pathological CNV formation
regulated by SOCS3.
Funding: This project was funded by NIH/NEI (R01EY030140, R01EY029238), BrightFocus Foundation, Ameri-
can Health Assistance Foundation (AHAF), and Boston Children’s Hospital Ophthalmology Foundation for YS
and the National Institutes of Health/National Heart, Lung and Blood Institute (U01HL098166) for PZ.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Choroidal neovascularization (CNV) may cause rapid and severe
vision impairment in patients with neovascular age-related macular
degeneration (nAMD). Current anti-vascular endothelial growth
factor (VEGF) therapy can slow disease progression and may even
restore some vision. However, some patients do not respond well to
this therapy. There is a pressing need for new approaches for nAMD
that are supplementary to anti-VEGF therapy. Understanding the
underlying molecular mechanisms of CNV formation may lead to
novel insights.

Inflammatory changes in immune cells, particularly myeloid line-
age cells, influence pathological angiogenesis [1�4]. Myeloid lineage
immune cells are recruited from choroidal circulation to the eyes
[5�7], which influences retinal and choroidal vascular pathology
[2,8,9]. Activated myeloid cells release inflammatory mediators that
stimulate ocular neovascularization [10�12], such as VEGF, interleu-
kins (ILs), and chemokines. Chemokines can attract immune cells to
ocular tissues and further activate more trafficking molecules sensed
by migrating immune cells [13]. Immune cells such as microglia can
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Research in context

Evidence before this study

Previous studies demonstrated that myeloid lineage plays a role
in retinal vascular development and SOCS3 pathway has been
linked to neovascularization. However, the localisation, mor-
phology, and distribution of myeloid lineage cells around cho-
roidal neovascularization lesion were unknown, as were how
and even if myeloid lineage cell activation and recruitment
around choroidal neovascularization lesion regulated by SOCS3.

Added value of this study

In this study, our findings provided better understanding of the
critical barrier to identify a root cause of choroidal neovascula-
rization in neovascular age-related macular degeneration
(AMD) by investigating myeloid lineage derived immune cell
activation and recruitment around choroidal neovasculariza-
tion and inflammatory factor secretion. This work identified
potential strategies to prevent and treat neovascular AMD by
genetic overexpression or activation of SOCS3 using pharmaco-
logical approaches.

Implications of all the available evidence

These findings will broaden the concepts in this field and
expand retinal vascular biology research to include modulation
of immune-vascular crosstalk via SOCS3 to prevent pathological
blood vessel growth.
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influence retinal inflammation and contribute to the formation of
pathological retinal neovessels [14�16]. Immune cells produce cyto-
kines and growth factors that may interact with endothelial cells
(EC). There is increasing evidence that myeloid lineage cells play roles
in retinal vascular development [17,18], remodelling [19], and repair
[20,21]. Although myeloid cells have been immunohistochemically
characterised in mouse eyes [6], myeloid cell infiltration and inflam-
matory regulators in choroidal neovascular lesions have not been
previously described. This information is important to understand
how the inflammatory response contributes to CNV formation.

Suppressor of cytokine signalling 3 (SOCS3) is a major inflamma-
tory mediator that controls innate and adaptive immunity, tissue
inflammation, cytokine production, and macrophage polarisation
[22�24]. It is essential in suppressing inflammation in disease via IL-
6 and granulocyte colony-stimulating factor pathways [25], and regu-
lates signal transducer and activator of transcription 3 (STAT3) acti-
vation using the gp130 receptor for IL-6 family. SOCS3 pathway has
been linked to neovascularization [26�29]. Chen aet al. reported that
activation of STAT3 by myeloid deletion of SOCS3 controls laser-
induced CNV [29]. Deletion of SOCS3 in Tie2-expressing cells in an
oxygen-induced retinopathy mouse model of retinopathy of prema-
turity increases pathological neovascularization via reduced feedback
inhibition of the STAT3 and mTOR pathways [26]. We previously
reported that SOCS3 in neurons/glial cells suppresses pathological
retinal angiogenesis by inhibiting the STAT3-mediated secretion of
VEGF [27]. Suppression of SOCS3 attenuates the protective effects of
retinoic-acid-receptor�related orphan receptor alpha in retinopathy
in the oxygen-induced retinopathy mouse model [28]. In this study,
we examined the mechanism underlying pathological CNV formation
via myeloid SOCS3.

We showed that SOCS3 was significantly increased in myeloid
lineage cells in a laser-induced CNV model of the neovascular aspect
of human nAMD [30,31]. Myeloid Socs3 conditional knockout
accelerated laser-induced CNV. Myeloid Socs3 overexpression inhib-
ited laser-induced CNV, reduced myeloid lineage-derived macro-
phage/microglia recruitment onsite and pro-inflammatory factor
expression in CNV. In addition, SOCS3 in myeloid cells regulated cho-
roid explant sprouts ex vivo and SOCS3 agonist reduced in vivo CNV.
These findings suggested that myeloid SOCS3 controls CNV through
modulating myeloid lineage-derived macrophage/microglia and their
onsite recruitment.

2. Methods

2.1. Animals

All the mice were housed in the animal facility at Boston Child-
ren’s Hospital which is supplied with HEPA-filtered air and main-
tained at a humidity of 35% § 4%, and operates on a 12: 12 hour light/
dark cycle at 22 § 2°C. Socs3 flox (Socs3 f/f) mice [32] (thanks to a gift
from Dr. A. Yoshimura) was crossed with myeloid-specific LysM-Cre
mice (Jackson Laboratory, stock # 004781) to generate myeloid-spe-
cific Socs3 knockout mice (Socs3 cKO). Socs3 OE flox (Socs3 OE) mice
[33] (thanks to a gift from Dr. Allison W. Xu) were crossed with mye-
loid-specific LysM-Cre mice were to generate Socs3 myeloid-specific
overexpression mice (Socs3 cOE). Their littermate flox/flox mice were
used as control mice. Both male and female mice were used for all
experiments. C57BL/6J mice (stock # 000664), mTmG (membrane-
associated tomato red and membrane-associated green fluorescent
protein) reporter mice (stock# 007576), and GFP mice (stock #
006567) were obtained from the Jackson Laboratory. Tie2-Cre-GFP
mice and Cdh5-CreER-GFP mice were provided by Dr. William T. Pu
with the permission of Dr. Ralf H. Adams [34]. The strategies of gener-
ating myeloid-specific Socs3 knockout and overexpression as well as
all the reporter mice are summarized in Fig. S1.

2.2. Ethics statement

All mouse studies, animal care and monitoring were reviewed and
approved by the Institutional Animal Care and Use Committee
(IACUC) at the Boston Children’s Hospital (ref no. 19-06-3959) and all
mouse experiments were performed following the guidance of The
Association for Research in Vision and Ophthalmology (ARVO) for the
ethical use of animals in ophthalmic and vision research.

2.3. Laser-induced CNV, choroid flat-mount, imaging, and quantification

Laser-induced CNV was induced using Micron IV Image-Guided
Laser System (Phoenix) as described [35]. Mice were anesthetised
using ketamine/xylazine (intraperitoneal injection) and pupils were
dilated with 1% tropicamide. Four laser burns were induced in each
eye. Naringenin (400mg/kg/day, gavage) and SOCS3 peptide
(LKTFSSKSEYQLVVNAVRKLQESG) [36] (50ug/kg/day, i.p.) as well as
their control reagents were administrated to C57BL/6J mice from Day
1 to Day 6 after laser exposure. Six-eight-week old mice per group
were randomly divided into two groups: control group and treat-
ment group. Mice were numbered with random numbers generated
using the standard - RAND ()*10 function in Microsoft Excel [37].
Mice were euthanized at the indicated days after laser exposure. Eyes
were collected and fixed in 4% paraformaldehyde (Fisher Scientific,
AAJ19943K2) in 0¢01M PBS for 1 hour. The retinal pigment epithe-
lium-sclera-choroid complex was dissected and permeabilized with
0¢2% Triton X-100 in PBS for 1 hour. Isolectin GS-IB4 (ThermoFisher
Scientific, I21411, RRID: AB_23146) was used to stain the CNV lesions
for phenotypical analysis. After washing with PBS, the retinal pig-
ment epithelium-sclera-choroid complex were flat-mounted onto
slides using mounting medium (Vector Labs, H-1000-10). The images
were taken using AxioObserver.Z1 microscope (Zeiss) or the Zeiss
700/710 confocal microscope. Images for the CNV lesions were
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quantified by masked researchers using ImageJ. Exclusion criteria for
laser-induced CNV lesions were used as previously described [35].

2.4. Bone marrow chimeric mice preparation

GFP bone marrow chimeric mice were prepared using GFP trans-
genic donor mice [38]. Recipient mice were irradiated (10¢6 Gy, two
doses 6 hours apart) using a 137Cs (caesium) irradiator one day before
bone marrow transplant. Bone marrow suspensions were obtained
by re-flushing both tibias and femurs using a 26-gauge needle and fil-
tering through 70 mm cell strainers. A concentration of 2 £ 106 cells
of bone marrow cell suspension was intravenously injected into irra-
diated recipient mouse. Recipient mice were used to generate the
laser-induced CNV model at 6-8 weeks post transplantation.

2.5. Choroid explant and bone marrow-derived macrophage medium
co-culture

Choroid dissection and choroid explant culture were performed as
previously described [39]. Mice were euthanized, and their eyes were
collected and kept in an ice-cold culture medium. The peripheral cho-
roid-scleral complex was cut into 1 mm2 piece, and placed on Matri-
gel Matrix (Corning, 356234) in 24-well plates. Fifty mL of Matrigel (a
thickness of approximately 0.4 mm) was used to coat 24-well plates.
The choroid complex was seeded, 500 mL of culture medium was
added into each well and incubated at 37°C with 5% CO2. Bone mar-
row-derived macrophages were prepared from adult mice as previ-
ously described [40], and the culture medium was collected as a
conditioned medium. On Day two, the conditioned medium from
bone marrow-derived macrophage was added into choroid explants
and replaced daily. Choroid explants were imaged using a Zeiss Axi-
oOberver.Z1 microscope. ImageJ (National Institutes of Health) with a
designed macro for SWIFT-Choroid quantification was used to quan-
tify the sprouting area [39].

2.6. Immunohistochemistry

Mouse eyes were collected and fixed in 4% paraformaldehyde for
1 hour. Dissected choroid or frozen section was permeabilized in PBS
containing 5% normal rabbit serum albumin, 2% bovine serum albu-
min, and 0¢3% Triton X-100 for 1 hour. The following antibodies were
used: isolectin IB4 (ThermoFisher Scientific, I21411, RRID:
AB_23146), IBA1 (Wako, 019-19741, RRID: AB_839504), SOCS3 (Cell
Signalling, 2923, RRID: AB_2255132), Collagen IV (Bio-Rad, 2150-
1470, RRID: AB_2082644), vWF (Thermo Fisher, PA5-16634, RRID:
AB_10982615), GFP (Abcam, ab13970, RRID: AB_300798), CD31
(MEC 13¢3, BD Biosciences, 550274, RRID: AB_393571), and VEGF
receptor 2 (VEGFR2) (clone Avas12, BioLegend, 136406, RRID:
AB_2044067). DAPI in an anti-fade mounting medium (Vector Labs,
H-1200-10) was used for nuclear staining.

2.7. RNA isolation and quantitative RT-PCR

Total RNA was extracted from mouse choroid/retina using Quick-
RNATM Miniprep Kit (Zymo Research, R1054). cDNA was synthesised
using iScriptTM cDNA Synthesis Kit (Bio-Rad, 1708890). Quantitative
PCR (qPCR) was performed using SYBR Green qPCR Master Mix (Apex
Bio, K1070). Primer sequences from 5’ to 3’ for qPCR were as follows:
Il1b: GCC CAT CCT CTG TGA CTC ATG (forward); GGA GCC TGT AGT
GCA GCT GTCT (reverse); Il6: TGG AGT CAC AGA AGG AGT GGC TAA G
(forward); TCT GAC CAC AGT GAG GAA TGT CCA C (reverse); Tnf: TCC
AGT AGA ATC CGC TCT CCT (forward); GCC ACA AGC AGG AAT GAG
AAG (reverse); Iba1: ATC AAC AAG CAA TTC CTC GAT GA (forward);
CAG CAT TCG CTT CAA GGA CAT A (reverse); Cd45: GAG CAG ACC
CGA GAT CCA C (forward); GCA GCA CTA CCA GAA AAG GCA
(reverse); Cd11b: ATG GAC GCT GAT GGC AAT ACC (forward); TCC
CCA TTC ACG TCT CCC A (reverse).

2.8. Statistics

GraphPad Prism (v6¢0) was used for statistical analyses. All data
are representative of at least three independent experiments. Results
are presented as mean § SEM. Unpaired nonparametric Mann-Whit-
ney Test was used for two group comparison. One-way ANOVA
Tukey’s Multiple Comparison Test was used for multiple group com-
parison. p � 0¢05 was considered to be statistically significant.

2.9. Role of funding source

The Funders had no role in study design, data collection, analysis
and interpretation, or writing of report.

3. Results

3.1. Myeloid lineage cells contributed to the development of
experimental CNV

To test the presence of myeloid lineage cells in CNV, we laser
induced CNV on GFP bone marrow chimeric mice (Fig. 1). GFP bone
marrow-derived cells were recruited to the CNV areas (Fig. 1a), which
is consistent with previous reports [41,42]. GFP positive (GFP+) bone
marrow cells were quickly recruited to the CNV lesion area at 3 hours
after laser exposure (Fig. S2). We stained the choroid CNV with a
macrophage/microglia marker, ionised calcium binding adaptor mol-
ecule 1 (IBA1). On choroid flat mounts among these GFP+ myeloid
lineage cells, there were bone marrow-derived macrophage/micro-
glia (GFP+IBA1+ double-positive cells, yellow) around the CNV area.
We also found bone marrow-derived non-macrophage/microglia
cells (GFP+ IBA1� cells, green) in the centre of the CNV lesion. Retinal
cross sections to examine the CNV in the subretinal space were
stained with the EC marker, von Willebrand factor (vWF) (red). GFP+

bone marrow-derived cells appeared in the CNV lesion area (vWF+,
red) (Fig. 1b). To trace the myeloid lineage cells in the CNV lesion
area, we labelled myeloid lineage cells with GFP by generating mye-
loid lineage-specific mTmG report mice (CreLysM-mTmG). We laser
induced CNV in CreLysM-mTmG reporter mice and myeloid cell line-
age GFP+ cells were found in the laser-induced CNV lesion, labelled
by EC marker Collagen IV. Many GFP+ myeloid lineage cells were
located in the CNV lesion area (Fig. 1c), suggesting that myeloid line-
age cells contributed to pathological neovascular formation in the
CNV area. Taken together, myeloid lineage cells contributed to the
pathological neovascular formation in the laser-induced CNV.

3.2. SOCS3 was induced in myeloid lineage cells in laser-induced
choroidal neovascularization eyes

To determine the role of SOCS3 in pathological endothelium for-
mation in CNV, the level of SOCS3 expression was examined in the
laser-induced CNV model. We assessed the mRNA level of Socs3 in
the CNV lesion. Since bone marrow cells can be quickly recruited to
the CNV lesion (Fig. S2), we examined the expression of SOCS3 in
early time points as well. The mRNA level of Socs3 was quickly
induced 3 hours after the laser exposure in the choroid with CNV
compared with normal choroid without laser exposure. Socs3 contin-
ued to be highly expressed at 6 hours and Day 1 after laser exposure
(Fig. 2a). We evaluated the spatial expression of SOCS3 in CNV lesions
using immunohistochemistry on retinal cross sections and SOCS3
was detected in the subretinal space at 6 hours after laser exposure
(Fig. 2b). We also assessed SOCS3 expression in choroid flat mounts
using myeloid specific mTmG reporter mice on Day three after the
laser exposure. Immunohistochemistry staining showed that SOCS3
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Fig. 1. Myeloid lineage contributed to pathological endothelium formation in mice with laser-induced CNV. (a) GFP bone marrow chimeric mice were subjected to laser-
induced CNV model and choroid flat mounts at Day seven after laser were stained with macrophage/microglia marker, IBA1 (red). (b) GFP bone marrow chimeric mice were sub-
jected to laser-induced CNV and retinal cross sections at Day seven after laser were stained with EC marker vWF (red). White dotted line indicated the CNV lesion areas on retinal
cross sections; (c) 8-week-old myeloid-specific LysM Cre driven mTmG reporter mice were subjected to laser-induced CNV model and choroid flat mounts at Day seven after laser
were stained with EC marker Collagen IV (cyan). White dotted line indicated the CNV lesion areas on choroid flat mount. mG: membrane GFP; mT: membrane Tomato red. Scale
bar: 100mm in (a), 50mm in (b), and 20mm in (c).
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was highly upregulated in the CNV lesion (white circle) and colocal-
ized with GFP+ myeloid lineage cells suggesting SOCS3 was induced
in myeloid lineage cells in the CNV lesion (Fig. 2c).
3.3. SOCS3 in myeloid lineage regulated laser-induced choroidal
neovascularization

To examine the role of myeloid SOCS3 in the development of
laser-induced CNV, we generated myeloid lineage-specific Socs3
knockout mice (Socs3 cKO, loss-of-function) and Socs3 overexpres-
sion (Socs3 cOE, gain-of-function) mice using a myeloid-specific
LysM-Cre driver (Fig. S1). The efficiency of knockout and overexpres-
sion had been validated at both mRNA (Fig. S3a and S3c) and protein
levels (Fig. S3b and S3d) using mouse bone marrow derived macro-
phages from Socs3 cKO or Socs3 cOE mice as well as Socs3 flox/flox
control mice (Socs3 f/f or Socs3 OE). Socs3 deficiency in myeloid line-
age significantly increased the laser-induced CNV lesion areas by
around 36% (mean ff = 44205.8, mean cKO = 67769.1) (Fig. 2d) while
Socs3 overexpression in myeloid lineage significantly reduced the
laser-induced CNV lesion areas (Fig. 2e) at Day seven after laser expo-
sure. CNV lesion areas from both male and female mice were
also examined separately and there was no statistical difference in
the CVN lesion areas between male and female mice within group
(Fig. S4a-d).
3.4. SOCS3 regulated myeloid lineage recruitment to the choroidal
neovascularization lesions and production of proinflammatory factors

To investigate the role of myeloid SOCS3 in regulating CNV forma-
tion, we generated GFP bone marrow chimeric mice on Socs3 cKO
and flox control mice using wild type GFP mice as donor mice, in
which bone marrow cells from Socs3 cKO and flox control mice were
replaced with wild type bone marrow cells. We laser induced CNV
lesion on these mice. Wild type GFP+ bone marrow cells were
recruited to the CNV lesion on both Socs3 cKO and flox control mice.
Without bone marrow cells from Socs3 cKO and flox control mice, the
CNV lesion areas were still significantly increased around 24% (mean
ff= 56639, mean cKO=72013) in Socs3 cKO recipient mice (Fig 2f). The
increase of CNV lesion rate (24%) was smaller than that in Socs3 cKO
mice with Socs3 cKO bone marrow (36%). We then investigated the
myeloid cells in the CNV lesion areas. We laser induced CNV in mye-
loid Socs3 loss-of-function (Socs3 cKOLysM::mTmG) and gain-of-func-
tion (Socs3 cOELysM::mTmG) mTmG reporter mice. Myeloid lineage
cells labelled with GFP were much more abundant in the CNV lesions
in Socs3 cKOLysM::mTmG mice than in CreLysM::mTmG control mice.
GFP+ myeloid lineage cells within the CNV lesion area (yellow circle)
was significantly increased in Socs3 cKOLysM::mTmGmice and reduced
in Socs3 cOELysM::mTmG mice compared with CreLysM::mTmG control
mice (Fig. 3a, 3a’), suggesting that SOCS3 may attenuate the contribu-
tion of myeloid lineage cells to CNV formation. To confirm our find-
ings, we stained the CNV lesion with EC markers Collagen IV (Fig. 3b)



Fig. 2. SOCS3 was induced in myeloid cells and controlled laser-induced CNV. (a) Socs3 mRNA expression was highly induced in choroid with CNV lesions after laser exposure
compared with normal choroid (n=8-20, *, p<0¢05, ****, p<0¢0001, unpaired nonparametric Mann-Whitney Test). (b-c) Immunohistochemistry staining on choroid flat mount of
myeloid-specific report mice (CreLysM::mTmG) (c) and cross section of wild type mice (b) showed that SOCS3 (magenta in c, red in b) was induced in myeloid lineage cells labeled
with GFP in CNV lesion area (white dotted line) (c) and in subretinal space (yellow dotted line) (b) at three hours, six hours or Day three after laser exposure; mG: membrane GFP;
mT: membrane Tomato red. (d-e) Myeloid-specific Socs3 deficiency promoted laser-induced CNV (n=41-50 lesions) while myeloid specific Socs3 overexpression suppressed laser-
induced CNV labeled by isolectin (red) at Day seven after laser exposure (n=27-31) (****, p<0¢0001, unpaired nonparametric Mann-Whitney Test). (f) GFP bone marrow chimeric
mice were generated using Socs3 cKO and control mice as recipient mice and laser-induced CNV were performed. The choroid flat mounts were collected on Day seven and isolectin
IB4 (red) was stained for CNV lesion. Scale bar: 20mm in (c), 100mm in (b), 200mm in (d, e, and f, top panel), and 50mm in (d, e, and f, bottom panel).
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Fig. 3. SOCS3 controlled myeloid origin becoming pathological endothelium. (a) 8-week-old myeloid-specific Socs3 knockout reporter mice (Socs3cKOLysM::mTmG) and overex-
pression reporter mice (Socs3cOELysM::mTmG) and their control reporter mice (CreLysM::mTmG) were subjected to laser-induced CNV, at Day 1 after laser exposure the choroid flat
mounts were stained with DAPI. GFP intensity was quantified using Image J in (a’) (n=4, *, p<0¢05, unpaired nonparametric Mann-Whitney Test). Dotted lines: CNV lesion area.
(b-c) Socs3 overexpression reporter mice (Socs3cOELysM::mTmG) and their control reporter mice (CreLysM::mTmG) were subjected to laser-induced CNV, and at Day seven after laser
exposure the choroid flat mounts were stained with EC markers Collagen IV (b) and CD31 (c). mG: membrane GFP; mT: membrane Tomato red. Scale bar: 50mm in (a), 20mm in (b)
and (c).

6 T. Wang et al. / EBioMedicine 73 (2021) 103632



T. Wang et al. / EBioMedicine 73 (2021) 103632 7
and CD31 (Fig. 3c). GFP+ myeloid lineage cells were less in the CNV
lesion area (labelled by Collagen IV+ or CD31+) in Socs3 overexpres-
sion mice (Socs3 cOELysM::mTmG) versus control mice (CreLysM::
mTmG) (Fig. 3b). Therefore, SOCS3 overexpression reduced myeloid
lineage cells appearing in the CNV lesion area.

Microglia, the primary resident myeloid lineage retinal immune
cells, are quickly activated after an inflammatory insult [43,44] and
associated with angiogenesis [18,45]. To further assess the myeloid
lineage cells in the CNV lesion, we stained myeloid lineage GFP+ cells
with IBA1 staining macrophages and microglia. Myeloid lineage-
derived IBA1+ macrophages/microglia were recruited to the CNV
lesion area. There were fewer IBA1+ cells in Socs3 overexpression
mice (Socs3 cOELysM::mTmG), suggesting that myeloid SOCS3 pre-
vented the recruitment of myeloid lineage derived macrophages/
microglia in CNV lesions (Fig. 4a). Beside macrophages and microglia,
we also examined neutrophils in the CNV lesion area. Neutrophil
invasion was reported as part of early inflammatory responses
[46,47] to promote laser-induced CNV via the modulation of VEGF
expression [46,47]. Myeloid SOCS3 deficiency enhances neutrophil
activation in experimental autoimmune encephalomyelitis [48] and
hematopoietic SOCS3 deficient mice exhibited enhanced neutrophilia
[49]. Our results showed that at Day 1 after laser exposure, neutro-
phils were recruited to the CNV lesion and myeloid SOCS3 deficiency
increased while myeloid SOCS3 overexpression reduced the recruit-
ment of neutrophils to CNV lesion (Fig. 4b). Immune cell marker
genes including Iba1, Cd45, and Cd11b were examined to assess the
role of SOCS3 in immune cell recruitment to CNV lesions. Socs3 over-
expression in myeloid lineage cells significantly reduced the expres-
sion of Iba1, Cd45, and Cd11b in the choroid with CNV (Fig. 4c),
indicating that the numbers of IBA1+, CD45+, and CD11b+ myeloid
lineage cells may be reduced in CNV lesions in Socs3 cOE mice. More-
over, the mRNA levels of proinflammatory mediators (Il6, Il1b and
Tnf) were reduced in the choroid with CNV from Socs3 cOE mice com-
pared with that from control mice (Fig. 4d).

Some GFP+ bone marrow (Fig. 1b) and GFP+ myeloid lineage cells
(Fig. 1c, 3b, and 3c) were colocalized with EC markers vWF, Collagen
IV, or CD31 in the CNV lesion areas, suggesting the possibility of mye-
loid-derived EC-like cells appearing in the CNV lesions. To further
investigate the cell origins in pathological CNV lesions, we laser
induced CNV in endothelial-specific Cre-driven GFP report mice (Cre-
Tie2-GFP), collected the choroid with CNV at Day seven after laser
exposure, and stained the CNV lesions with Collagen IV (Fig. S5a). In
the laser-induced CNV area, Collagen IV+ ECs (red) were partially
colocalized with GFP+ EC lineage cells (green) suggesting that in the
laser-induced CNV area, EC lineage (Collagen IV+ GFP+, yellow) is not
the only cell origin of EC-like cells, and other cell lineages (Collagen
IV+GFP�, red) may also contribute to pathological neovascular forma-
tion. Given that Tie2-Cre may also be expressed by a subset of
immune cells, such as macrophages and microglia, we stained the
choroids with isolectin for ECs and macrophage/microglia. Based on
the cell morphology, GFP+ isolectin+ macrophage/microglia were
found in the CNV area but there were also some isolectin+ GFP� cells
present. To further validate the non-EC origin in the CNV area, we
laser induced CNV on another EC-specific Cdh5-Cre driven GFP
mouse line [34], and stained the CNV lesions with Collagen IV (Fig.
S5b). We observed the same results, and Collagen IV+ cells (red) were
only partially colocalized with GFP+ EC lineage (green) in the CNV
area, suggesting that not all the Collagen IV+ ECs (red) in the CNV
area are from the EC lineage. Next, we laser induced CNV on myeloid
lineage-specific reporter mice and GFP+ bone marrow chimeric mice,
and examined the localisation of EC markers. Myeloid lineage GFP+

cells or GFP+ bone marrow derived cells in CNV area were colocalized
with EC markers including Collagen IV (Fig. 1c and 3b), CD31 (Fig. 3c),
or vWF (Fig. 1b). In addition, bone marrow derived endothelial pro-
genitor cells (EPCs) labelled with CD31 and VEGFR2 markers were
found in the CNV lesion area (Fig. S5d). Therefore, myeloid lineage
derived EC-likes cells may contribute to pathological CNV formation.
Moreover, Socs3 overexpression reduced GFP+ Collagen IV+ (Fig. 3b)
or GFP+ CD31+ (Fig. 3c) double positive myeloid lineage derived EC-
like cells in the CNV area, suggesting that SOCS3 may modulate mye-
loid lineage-derived EC-like cells to form CNV.

3.5. SOCS3 in myeloid regulated choroid sprout growth ex vivo

To evaluate the direct effects of myeloid SOCS3 on choroid sprout-
ing, the choroid explant ex vivo assay was performed by coculturing
sprouting choroid complexes with the conditioned medium from
bone marrow-derived macrophages, which were prepared from
Socs3 cKO and flox control mice. The cells were validated by macro-
phage marker IBA1 (Fig. S6a-S6b), and their conditioned medium
was cocultured with choroid explants isolated from wild type mice
(Fig. 5a). Socs3 cKO conditioned medium significantly increased cho-
roid sprouting compared with Socs3 f/f control on Day two and three
after co-culture (n=8-12, p�0¢05, unpaired nonparametric Mann-
Whitney Test) (Fig. 5b-5d). The effects of Socs3 cKO bone marrow-
derived macrophages on choroid sprouting were increased but non-
significant on Day seven after co-culture (n=8-12, p>0¢05, unpaired
nonparametric Mann-Whitney Test) (Fig. 5b-5d). Wild type choroid
explants cocultured with conditioned medium from bone marrow-
derived macrophages of Socs3 cOE and control mice were also exam-
ined. Socs3 cOE conditioned medium significantly decreased choroid
sprouting compared with Socs3 OE control on Day 2 after coculture
(Fig. S6c-S6d). Therefore, myeloid SOCS3 regulated choroid growth
ex vivo.

3.6. SOCS3 agonist inhibited CNV

To demonstrate the therapeutic potential of targeting the SOCS3
pathway, we examined the role of SOCS3 agonist, naringenin [50] on
CNV inhibition. Naringenin can bind to the Socs3 promoter and
robustly activate SOCS3 at a transcriptional level [51]. It has been
examined for therapeutic potential in neurological, cardiovascular,
gastrointestinal, rheumatological, metabolic, and malignant disorders
[52]. Naringenin significantly induced Socs3 expression (Fig. S7) and
suppressed CNV compared with control treatment (Fig. 6a and 6b).
We also examined the role of SOCS3 peptide mimic [53], which binds
to Jak2 and Tyk2 in vitro to mimic SOCS3 function. SOCS3 peptide sig-
nificantly suppressed CNV (Fig. 6c and 6d). Taken together, targeting
SOCS3 could be potential treatment of nAMD.

4. Discussion

We identified the role of myeloid lineage cells in pathological neo-
vascular formation controlled through SOCS3 in a laser-induced CNV
model. First, we found that myeloid lineage cells contributed to CNV
formation and that overexpression of SOCS3 in myeloid lineage cells
inhibited CNV (Fig. 1,2, and 3). Second, we found that SOCS3 regu-
lated myeloid lineage-derived macrophage/microglia as well as neu-
trophil recruitment to control CNV formation (Fig. 4). Last, we
showed that myeloid SOCS3 regulated proinflammatory factors to
control choroid growth (Fig. 4 and 5). In addition, we also showed
the possibility that SOCS3 may regulate myeloid lineage-derived EC-
like cells to form CNV pathological neovascular lesions (Fig. 1b, 1c,
3b, 3c, and S5). Together, SOCS3 overexpression in myeloid lineage
cells suppressed laser-induced CNV through suppression of myeloid
lineage-derived macrophage/microglia recruitment and pro-inflam-
matory factor secretion (Fig. 6e).

Immune dysregulation has been linked to CNV clinically and
experimentally [1,2,29,54,55]. Specifically, immune cells of myeloid
origin are attracted to and control experimental CNV, in part through
the JAK2/STAT3/SOCS3 pathway [29]. However, the underlying
mechanisms of myeloid lineage in pathological CNV formation have



Fig. 4. SOCS3 regulated myeloid lineage recruitment to the CNV lesions. (a) 8-week-old myeloid-specific Socs3 overexpression reporter mice (Socs3cOELysM::mTmG) and their
control reporter mice (CreLysM::mTmG) were subjected to laser-induced CNV, and the choroids were collected at Day seven after laser exposure and stained with macrophage/
microglia marker IBA1. mG: membrane GFP; mT: membrane Tomato red. (b) 8-week-old Socs3cKO and Socs3 cOE as well as their controls were subjected to laser-induced CNV, and
the choroids were collected at Day one after laser exposure and stained with Ly6G (green) and CD11b (red); (c-d) immune cell marker genes Iba1, Cd45 and Cd11b and proinflamma-
tory cytokines including cytokines Il6, Il1b and Tnf were reduced in the CNV from Socs3 overexpression mice (n=10-14 in c, n=5-6 in d, *, p<0¢05; **, p<0¢01; ***, p<0¢001, unpaired
nonparametric Mann-Whitney Test). Scale bar: 20mm in (a), 50mm in (b).

8 T. Wang et al. / EBioMedicine 73 (2021) 103632



Fig. 5. Myeloid SOCS3 controlled choroid explant growth ex vivo. (a) Illustration of coculture showing peripheral choroids from wild type (WT) mice were seeded and cocultured
with bone marrow (BM)-derived macrophages at 48 hours later. Bone marrow cells were collected from Socs3 cKO and flox control (Socs3 f/f) mice and cultured for seven days to
derive into macrophages. The medium was collected and cocultured with choroid explants. (b) Representative images of choroid sprouts (n=8-12 per group). (c-d) Growth curve for
each choroid explant (c) and choroid explant sprouting areas at Day two, three and seven were quantified using ImageJ (d) (n=8-12. *, p�0¢05, ns: no significance, unpaired nonpara-
metric Mann-Whitney Test). Scale bar: 500mm in (b).
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not been fully elucidated. Cells of the myeloid lineage include mono-
cytes, granulocytes, and megakaryocytes. Monocytes (mononuclear
circulating phagocytes) give rise to macrophages, microglia, or den-
dritic cells. Circulating platelets and erythrocytes are also from mye-
loid progenitor cells. Chen aet al [29]. studied the roles of circulating
monocytes in nAMD. They found that monocytes from nAMD
patients highly expressed phosphorylated STAT3 (pSTAT3) and VEGF,
and that deletion of SOCS3 in myeloid cells resulted in STAT3 activa-
tion and increased CNV formation. Consistently, we also found SOCS3
deficiency in myeloid cells exacerbates CNV formation (Fig. 2d). Chen
aet al. reported no difference in the percentage of different subsets of
monocytes in blood between nAMD patients and controls [29]. In our
study, we investigated the local cell population and cell lineage in the
CNV neovascular lesion area using a genetic lineage tracing approach
with myeloid lineage-specific and endothelial lineage-specific
reporter mice. We showed the distribution of myeloid lineage-
derived cells in CNV lesions (Fig. 1c, 3, and 4). IBA1 is a marker for
macrophages and microglia, especially those activated cells. Our
results showed that an abundance of IBA+ macrophage/microglia in
the CNV lesion area and SOCS3 suppressed the recruitment of these
cells to the CNV lesion and further reduced CNV development.

Among the GFP+IBA+ cells shown in Fig. 4a, there is also a popula-
tion of GFP+IBA� cells, which are myeloid lineage-derived non-mac-
rophage/microglia. Our data showed the possibility that myeloid
lineage derived EC-like cells might be among this population of mye-
loid lineage-derived non-macrophage/microglia cells and could form
part of the pathological CNV with EC-like properties (Fig. 1b, 1c, 3b,
3c, and S5). Previous reports showed a new EC source in pre-existing
vasculature from the erythromyeloid precursors [56]. EPCs were also
reported to participate in the formation of new blood vessels in vari-
ous diseases [57,58]. Pro-angiogenic growth factors increase circulat-
ing levels of EPCs and promote new blood-vessel formation [59�61].
Haematopoietic stem cells in bone marrow can differentiate into cells
of two primary lineages, lymphoid and myeloid, but only myeloid
progenitors have the developmental potential of EPCs [62]. EPCs
capable of contributing to capillary formation can be derived from
bone marrow cells [61,63-66]. Baba aet al. reported that bone mar-
row-derived cells can differentiate into ECs within the CNV lesion
[67]. Feng aet al. recently reported [68] that there is no evidence for
erythromyeloid progenitor-derived vascular endothelial cells in mul-
tiple organs during development. Our data showed that, under path-
ological conditions, cells of myeloid origin may be able to derive into
EC-like cells and contribute to pathological CNV formation. We used
several EC markers including vWF (Fig. 1b, S5c), Collagen IV (Fig. 1c,
3b, S5a, and S5b), CD31 (Fig. 3c), and isolectin (Fig. 2d, 2e, 6a, and
S5a) to identify an endothelial lineage. Collagen IV was commonly
used as an EC marker [69]. vWF is highly restricted to ECs but also is
found on megakaryocytes [70]. CD31 is highly expressed on ECs but
is also expressed on B cells, T cells, monocytes, dendritic cells, neutro-
phils, and macrophages [71,72]. Isolectin is expressed on both ECs
[73] and microglia [74]. We identified cell types based on a few EC
markers and the specificities of these EC markers. Therefore, genetic
lineage tracing might give a biased view [75]. Single-cell transcrip-
tomics technologies had been used recently for mapping cell origin
and fate. Using single-cell profiling data, Prinz’s group characterized
several disease-associated retinal microglia and identified non-reti-
nal microglia cell types including dendritic cells, lymphocytes, mono-
cytes, and macrophages that are involved in CNV [76]. Single-cell
transcriptomics technologies will give higher resolution to identify
cell types and can further examine our hypothesis that cells of mye-
loid origin may be able to differentiate into EC-like cells and contrib-
ute to pathological CNV formation. Furthermore, other types of
myeloid lineage derived non-macrophage/microglia are involved in
CNV development, such as granulocytes, and whether they are
SOCS3-dependant or not, remains to be determined, but, myeloid
SOCS3 plays a role in pathological CNV formation.

In addition, GFP�IBA+ macrophages/microglia were also detected
within the CNV lesion area. We suspect that the recombination



Fig. 6. SOCS3 agonist inhibited laser-induced CNV. SOCS3 agonist (Naringenin) treatment (a-b) (n=62-63) lesions/group) and SOCS3 peptide mimic treatment (c-d) (n=40 lesions/
group) on wild type mice significantly reduced laser-induced CNV (labeled by isolectin, red). *, p<0¢05, ****, p<0¢0001 (unpaired nonparametric Mann-Whitney Test). (c) A sche-
matic diagram illustrates pathological CNV in the subretinal space controlled by SOCS3 through modulating myeloid lineage-derived macrophage/microglia recruitment, proinflam-
matory factor secretion, and possibly myeloid lineage-derived EC-like cells. Scale bar: 200mm in (a and c, top) and 50mm in (a and c, bottom).
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efficiency of LysM-Cre was imperfect. The deletion efficiency of
floxed target genes driven by LysM-Cre is 83%�98% in macrophages
[77]. LysM-Cre has been used to target myeloid cells in the retinal
angiogenesis models in several research laboratories [4,78,79]. A
recent report [80] found that the specificity of LysM-Cre recombina-
tion in microglia within the central nervous system including the ret-
ina was less than 40%. Therefore, GFP�IBA+ macrophages/microglia
within the CNV lesion could potentially be of myeloid origin but
were not labelled with GFP driven by LysM-Cre due to low deletion
efficiency. Despite LysM-Cre modulating SOCS3 expression in less
than 40% of the microglia population, our results still showed signifi-
cant phenotypical changes and strengthened our conclusion that
myeloid SOCS3 plays a critical role in controlling CNV. In summary,
this study demonstrated that myeloid SOCS3 controlled pathological
CNV formation by modulating myeloid lineage-derived macrophage/
microglia recruitment to CNV lesions and controlled myeloid lineage-
derived macrophage/microglia secretion of proinflammatory factors.
Targeting SOCS3 might be a novel way to control pathological CNV.

Myeloid SOCS3 controls the CNV formation potentially through
modulating proinflammatory mediators including Il6, Il1b and Tnf as
showed in Fig. 4d. In addition, SOCS3 deficiency attenuates the
response of macrophages to IFN-b signalling [81], and IFN-b treat-
ment can inhibit laser-induced CNV [82]. Therefore, myeloid SOCS3
may also potentially control CNV lesion via IFN-b signalling.

Naringenin was selected from a high-throughput screen of small
molecules capable of inducing the expression of the minimal human
SOCS3 gene promoter (a 1.7kb fragment of the human SOCS3 pro-
moter) in a cell-based dual- luciferase reporter assay [51]. The library
consists of 1040 U.S.A. Food and Drug Administration-approved com-
pounds of known medicinal benefit. From the screen, two structur-
ally related flavanoid compounds produced a robust (approximately
4-fold) induction of SOCS3 promoter activity. One of the two com-
pounds is 5,7-dihydroxy- 2-(4-hydroxyphenyl) chroman-4-one (Nar-
ingenin). Naringenin can specifically bind to the Socs3 promoter and
robustly activate SOCS3 at a transcriptional level [51]. But whether it
may also bind to other gene promoters remains to be determined.
Naringenin elicits broad biological effects on human health as sum-
marized in a review [83], and it is very likely it may be involved in
multiple signal pathways under different pathological conditions. In
Fig. 2e, the reduction of the CNV lesion area in Socs3 cOE group
(mean=52600) was 28% compared with lesions in the Socs3 OE group
(mean=73500). In Fig. 6b, the reduction of the CNV lesion area in Nar-
ingenin treated group (mean=39230) was 36% compared with that in
control group (mean=61600). The CNV reduction rate in Naringenin
group is higher than that in Socs3cOE group, suggesting that Naringe-
nin may play other roles in addition to the induction of SOCS3
expression in myeloid lineage cells. Potentially, Naringenin’s regula-
tory role in other signaling pathways such as the VEGF/KDR pathway
[84] could contribute to further CNV reduction. Additionally, SOCS3
activation by Naringenin in other cell types, such as in ECs and neu-
rons could plausibly increase CNV reduction. This would be consis-
tent with previous articles, which reported that SOCS3 deficiency
increased retinopathy [26,27]. SOCS3 peptide mimetic was designed
based on the X-ray structure of mouse SOCS3, JAK2 kinase domain
and gp130 [53]. The agonist can specifically bind to Jak2 and Tyk2 to
mimic SOCS3 function. This SOCS3 mimetic peptide has demon-
strated efficacy with tumor suppression in a human breast tumor
xenograft mouse model with intraperitoneal injection daily, and
shows a lack of observable toxicity in intestine, liver, and kidney of
treated animals [85]. Our data in Fig. 6d showed 24% reduction of the
CNV lesion area in SOCS3 peptide group (mean=74786) compared
with that in control group (mean=56884), which is lower compared
with that in both Naringenin and Socs3 cOE group. SOCS3 peptide
mimic has the possibility of targeting the cell types other than mye-
loid lineage cells. Due to the limitation of peptide nucleic acid ther-
apy, such as poor intracellular delivery and rapid clearance [86],
there were variations on the efficacy of SOCS3 peptide mimetic
although it significantly inhibited the CNV lesions. The off-target
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effects of Naringenin and SOCS3 mimetic need to be further investi-
gated by treating CNV in myeloid-specific Socs3 cKO mice as well as
wild type with CNV for comparison.
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