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Abstract
Mononuclear phagocytes, such as macrophages and mi-
croglia, are key regulators of organ homeostasis including 
vascularization processes. Here, we investigated the role of 
the suppressor of cytokine signaling 3 (SOCS3) in myeloid 
cells as a regulator of mononuclear phagocyte function and 
their interaction with endothelial cells in the context of 
sprouting angiogenesis. As compared to SOCS3-sufficient 
counterparts, SOCS3-deficient microglia and macrophages 
displayed an increased phagocytic activity toward primary 
apoptotic endothelial cells, which was associated with an 
enhanced expression of the opsonin growth arrest-specific 
6 (Gas6), a major prophagocytic molecule. Furthermore, we 
found that myeloid SOCS3 deficiency significantly reduced 
angiogenesis in an ex vivo mouse aortic ring assay, which 
could be reversed by the inhibition of the Gas6 receptor Mer. 
Together, SOCS3 in myeloid cells regulates the Gas6/Mer-
dependent phagocytosis of endothelial cells, and thereby 
angiogenesis-related processes. Our findings provide novel 

insights into the complex crosstalk between mononuclear 
phagocytes and endothelial cells, and may therefore provide 
a new platform for the development of new antiangiogenic 
therapies. © 2019 The Author(s)

Published by S. Karger AG, Basel

Introduction

Mononuclear phagocytes, including microglia and 
macrophages, contribute to the maintenance of tissue in-
tegrity via the phagocytic elimination of dead cells and 
cellular debris, a process called efferocytosis. During ef-
ferocytosis, phagocytic cells recognize membrane-associ-
ated or soluble “eat-me” signals on dying cells. Thereafter, 
the phagocyte engulfs the apoptotic cell, and thereby pre-
vents the exposure of the surrounding tissue to harmful 
intracellular components [1–3].

Mononuclear phagocytes may regulate angiogenic 
processes via different mechanisms [4–6]. For instance, 
microglia and macrophages establish direct cell–cell in-
teractions with endothelial cells facilitating vascular anas-
tomosis [7], and they can remodel the extracellular ma-
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trix, for example, by secretion of membrane bound and/
or soluble proteases, which may also mobilize proangio-
genic growth factors embedded in the perivascular matrix 
[5, 8]. Additionally, mononuclear cells can also produce 
and secrete diverse pro- and antiangiogenic factors (e.g., 
VEGF, PDGF, TNFα, IL10, IL1β, etc.) affecting migra-
tion, proliferation, and survival of endothelial cells [5, 8, 
9]. Multiple pathological situations accompanied by al-
tered angiogenesis may display the rapid accumulation of 
cellular debris as well as activation of microglia/macro-
phages [6, 10]. Recently, we could even show that mono-
nuclear phagocytes can contribute to pathological retina 
angiogenesis by the modulation of endothelial cell apop-
tosis [11]. Subsequently, these mononuclear phagocytes 
may also contribute to the clearance of apoptotic endo-
thelial cells. For instance, Poché et al. [12] observed that 
retinal macrophages are able to engulf endothelial cell 
membrane particles during the process of pupillary mem-
brane capillary regression. However, a potential link be-
tween efferocytosis and sprouting angiogenesis has not 
been addressed yet.

To this end, we engaged here myeloid deficiency of 
suppressor of cytokine signaling 3 (SOCS3), a negative 
regulator of cytokine signaling pathways (IL6, IL10, IFN-
gamma) and modulator of macrophage activation [13–
16]. As demonstrated recently, SOCS3 silencing in hu-
man monocyte-derived macrophages increased the 
phagocytic capacity toward apoptotic neutrophils [17]. In 
the current study, we tested whether SOCS3 in mono-
nuclear phagocytes (microglia and macrophages) might 
regulate their phagocytic activity toward apoptotic endo-
thelial cells and whether this function could potentially 
control angiogenic sprouting.

Materials and Methods

Animals
Mice expressing Cre-recombinase under the control of the 

LysM promoter [18] were crossed with SOCS3fL/fL mice [19] to 
generate mice with SOCS3 deletion in cells of the myeloid lineage 
(LysM-Cre SOCS3fL/fL). Mice were housed at the Experimental 
Center of the Medical Faculty of the Technische Universität Dres-
den.

Aortic Ring Assay
The aortic ring assay was performed according to a previously 

described protocol with some modifications [20]. Thoracic aortas 
from euthanized LysM-Cre SOCS3fL/fL and SOCS3fL/fL mice were 
dissected, cleaned of surrounding adipose tissue and cut into rings 
of 0.5 mm width. After 24 h incubation in serum-free Opti-MEM 
medium (Thermo Fisher Scientific) with antibiotics (100 μg/mL 
streptomycin, 100 U/mL penicillin), aortic rings were embedded 

in a collagen matrix (1 mg/mL type I collagen, Thermo Fisher Sci-
entific) diluted in DMEM medium and grown at 37  ° C in a hu-
midified 5% CO2 incubator for 5–7 days. In some experiments, the 
embedded rings were treated for 5 days with 2 µg/mL mouse Mer-
Fc (R&D Systems, Wiesbaden, Germany) or control IgG1-Fc 
(R&D Systems, Wiesbaden, Germany) in Opti-MEM medium, 
supplemented with 2.5% FBS. For macrophage depletion, aortic 
rings from wild-type mice were incubated overnight with either 
10% PBS-liposomes or 10% clodronate-liposomes (clodronateli-
posomes.com). The next day rings were washed twice for 1 h in 
Opti-MEM medium, embedded in collagen and cultured for 5 
days.

After incubation, aortic rings were fixed with 10% formalin so-
lution (Sigma-Aldrich, Steinheim, Germany) for 30 min at room 
temperature (RT). Rings were washed three times with PBS and 
permeabilized in 0.25% Triton X-100 solution diluted in PBS for 1 
h at RT. Following permeabilization, FITC-conjugated Bandeirea 
Simplicifolia isolectin B4 (10 µg/mL, Sigma-Aldrich, Steinheim, 
Germany) was applied and incubated overnight at 4  ° C. For CD45 
staining, an additional overnight incubation with an antimouse 
PE-conjugated CD45 antibody (1: 100, Clone 30-F11, BD Pharmin-
gen) was performed.

At the final step, aortic rings were washed with PBS and scanned 
with an Olympus IX 83 spinning disk microscope (Olympus, 
Hamburg, Germany) equipped with a Yokogawa CSU-X1 Spin-
ning Disk Unit and Andor iQ 3.2 software. Image analysis was 
performed using Fiji [21] and AngioTool Software (version 0.6a) 
[22]. Immunofluorescence images (gray scale values) were invert-
ed to enhance the visibility of sprouts [23].

Human Retinal Microvascular Endothelial Cells
Human retinal microvascular endothelial cells (HRMECs), 

purchased from Cell Systems (Kirkland, WA, USA), were seeded 
on gelatin pretreated plates and grown in Endothelial Cell Growth 
Medium (PromoCell, Heidelberg, Germany) supplemented with 
10% FBS and antibiotic cocktail (100 μg/mL streptomycin, 100 U/
mL penicillin) at 37  ° C in a humidified 5% CO2 incubator.

Primary Microglia Culture
Microglia cells were isolated from the mouse brain according 

to a previously described protocol with modifications [24]. Briefly, 
after euthanasia, brains were removed and dissected on ice. Ho-
mogenized tissue was incubated in enzymatic solution containing 
0.1 mg/mL papain (Sigma-Aldrich, Steinheim, Germany), 1 mg/
mL collagenase type I (Thermo Fisher Scientific), 1.2 U/mL dis-
pase II (Sigma-Aldrich, Steinheim, Germany), 1 mM L-cystein 
(Sigma-Aldrich, Steinheim, Germany), and 0.1 mg/mL DNAse I 
(Roche, Mannheim, Germany) in DMEM high glucose medium 
(Thermo Fisher Scientific) for 40 min at 37  ° C under continuous 
stirring. The dissociated tissue was filtered through the cell strain-
er (pore size 100 µm) and centrifuged for 7 min at a speed of  
300 g. The supernatant was carefully removed, and the pellet was 
resuspended in 10 mL of growth medium DMEM F/12 with Glu-
taMAXTM supplement (Thermo fisher scientific) to wash out the 
residues of the enzymatic solution. After the second centrifugation 
round (300 g, 5 min), dissociated tissue was seeded on a poly-L-
lysine (Sigma-Aldrich, Steinheim, Germany) precoated plates and 
cultured in DMEM/F12 with 10% FBS, 100 μg/mL streptomycin, 
100 U/mL penicillin, and freshly added 5 ng/mL GM-CSF (Pepro-
Tech, Hamburg, Germany) at 37  ° C in a humidified 5% CO2 incu-
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bator. Growth medium was replaced every 2–3 days, and detached 
microglial cells were harvested and plated onto poly-L-lysine pre-
coated plates.

Isolation of Bone Marrow-Derived Macrophages
Bone marrow-derived macrophages (BMDMs) were isolated 

from the mice according to a previously described protocol [25]. 
The femurs and tibias were removed and cleaned of surrounding 
muscles. At the next step, bone marrow was flushed out of the 
bones using a 30 G needle with sterile PBS. Then bone marrow 
suspension was filtered through a 40 µm strainer into a fresh tube 
and centrifuged for 5 min at 130 g at 4  ° C. Following centrifuga-
tion, the pellet was incubated in RBC lysis buffer (eBioscience) for 
1 min. Bone marrow cells were then resuspended in RPMI 1640 
medium (Thermo Fisher Scientific) with 10% FBS, 100 μg/mL 
streptomycin, 100 U/mL penicillin, and freshly added 5 ng/mL 
GM-CSF. BMDMs were seeded on a Petri dish and incubated for 
6 days at 37  ° C in a humidified 5% CO2 incubator.

Induction of Apoptosis in HRMEC by Staurosporine
Apoptosis induction in endothelial cells was performed by using 

the natural metabolite staurosporine (Sigma-Aldrich, Steinheim, 
Germany) [26]. Upon reaching 80% confluency, HRMECs were 
washed 3 times with sterile PBS and treated with staurosporine at a 
concentration of 200 nM for 12 h in serum-free RPMI-1640 medium 
(Thermo Fisher Scientific). After this incubation period, all cells (in-
cluding the floating) were used for the phagocytosis assay.

Phagocytosis Assay
To analyze the phagocytic activity of myeloid cells toward 

 endothelial cells we cocultured brain-derived mouse microglia  
or BMDM and apoptotic HRMEC labeled with 2′,7′-bis-(2-
carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl ester 
(BCECF-AM, Thermo Fisher Scientific). To perform BCECF-la-
beling of HRMEC, approximately 5 × 105 live cells were washed 
with PBS and centrifuged at 300 g for 5 min. The supernatant was 
discarded, and the cell pellet was resuspended in sterile PBS with 
BCECF-AM at a final concentration of 4 μmol/L for 15 min at 
37    °  C. Then apoptosis induction was performed as described 
above. Afterward, HRMECs were stained again with BCECF-AM 
and used for the experiment.

In phagocytosis-blocking experiments, phagocytes were prein-
cubated with recombinant mouse Mer-Fc or IgG1 Fc as a control 
at concentration 400 ng/mL for 1 h prior to the phagocytosis assay. 
Apoptotic HRMECs were mixed with BMDM or microglia in the 
ratio 1: 1 and cocultured for 4 h at 37  ° C. Then the cells were fixed 
with 10% formalin solution for 10 min at RT, washed, and stained 
with anti-mouse PE-conjugated CD45 antibodies (1: 400, Clone 
30-F11, BD Pharmingen). Imaging was performed using an Axio-
vert 200 Inverted Fluorescence Microscope and Zen 2 (blue edi-
tion) image processing software (Carl Zeiss). Phagocytic index of 
BMDM/microglia was expressed as a percentage of phagocytes 
containing endothelial cells and/or endothelial cell particles. At 
least 500 mononuclear phagocytes per isolation were analyzed. 
Cell size of microglia was defined with Fiji in CD45-stained mi-
croglia [21].

RNA Extraction, cDNA Synthesis, and Quantitative PCR
RNA extraction from cultured cells and reverse transcription 

were performed using NucleoSpin RNA mini-kit (Macherey Na-

gel, Düren, Germany) and iScript cDNA Synthesis Kit (Bio-Rad, 
Munich, Germany), respectively, according to the manufacturer’s 
protocol. The expression levels of genes of interest were estimated 
using quantitative PCR. For each reaction, 20–30 ng of template 
cDNA were mixed with gene-specific primers (Life Technologies) 
and SsoFast EvaGreen supermix (Bio-Rad, Munich, Germany) us-
ing a RealTime-PCR Cycler (Bio-Rad, Munich, Germany). Primer 
pairs, listed below, were designed using the web program Prim- 
er 3 Input (version 0.4.0). Primer sequences: 18S-Fw: GTTCC-
GACCATAAACGATGCC, 18S-Rev: TGGTGGTGCCCTTCC-
GTCAAT, TBP [TATA-box binding protein]-Fw: TCTACCGTGA-
ATCTTGGCTGTAAA, TBP-Rev: TTCTCATGATGACTGCAG-
CAAA, growth arrest-specific 6 [Gas6]-Fw: TGCTGGCTTCC- 
GAGTCTTC, Gas6-Rev: CGGGGTCGTTCTCGAACAC, milk fat 
globule-EGF factor 8 [Mfge8]-Fw: GGGCATCCACTGTGAAAC-
CGGTT, Mfge8-Rev: CATCTTCCGCAGAAGGTTCACCTGG, 
Il1β-Fw: GCTGAAAGCTCTCCACCTCA, Il1β-Rev: AGGCCA-
CAGGTATTTTGTCG, Il6-Fw: CAAAGCCAGAGTCCTTCAG-
AG, Il6-Rev: TGGTCCTTAGCCACTCCTTC, Il10-Fw: ATC-
GATTTCTCCCCTGTGAA, Il10-Rev: TGTCAAATTCATTCAT-
GGCCT, Tnfα-Fw: CGAGTGACAAGCCTGTAGCC, Tnfα-Rev: 
GGTTGTCTTTGAGATCCATGC, Mcp1-Fw: AGGTCCCTG-
TCATGCTTCTG, Mcp1-Rev: GCTGCTGGTGATCCTCTTG, 
Rantes-Fw: CCCTCACCATCATCCTCACT, Rantes-Rev: GA-
GCACTTGCTGCTGGTGTA, Vegf-Fw: AGTCCCATGAAGTG-
ATCAAGTTCA and Vegf-Rev: ATCCGCATGATCTGCATGG. 
Analysis of relative gene expression was performed using 2–ΔΔCt 
method described by Livak and Schmittgen [27].

ELISA
To estimate Gas6 production by myeloid cells, we utilized the 

commercially available Mouse Gas6 ELISA kit (Abcam, Cam-
bridge, UK). Primary microglial cells were incubated for 6 h in 
growth medium DMEM/F-12 containing 0.5% FBS at 37  ° C in a 
humidified 5% CO2 incubator. Following an incubation step, su-
pernatants were collected and analyzed by ELISA according to the 
manufacturer‘s protocol. Final results were normalized to the total 
protein concentration in each well, defined by BCA protein assay 
kit (Thermo Fisher Scientific).

Statistical Analysis
The statistical analysis was performed using GraphPad Prism 6 

software. Data are presented as the mean ± SEM. The statistical 
significance of data was determined using two-tailed unpaired Stu-
dent t test.

Results

SOCS3-Deficient Mononuclear Phagocytes 
Demonstrate an Increased Phagocytic Activity Toward 
Apoptotic Endothelial Cells
First, we investigated the functional properties of 

SOCS3-deficient mononuclear phagocytes isolated 
from mice with myeloid-specific SOCS3 deficiency, 
which were generated by crossing SOCS3 floxed mice 
with Cre-mice carrying Cre recombinase under the con-
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trol of the LysM-cre promoter [18, 19]. We isolated 2 
types of mononuclear phagocytes, namely, primary 
brain microglia and BMDM. In all experiments, we 
compared cells derived from Cre-negative (SOCS3fL/fL) 
with Cre-positive (LysM-Cre SOCS3fL/fL) cells. As shown 
in Figure 1a and b, SOCS3 expression was reduced to 

70% in microglia and 73% in BMDM as compared with 
SOCS3-proficient control cells. Of note, several impor-
tant cytokines and growth factors were not altered ow-
ing to SOCS3 deficiency (online suppl. Fig. 1a; see www.
karger.com/doi/10.1159/000502645 for all online suppl. 
material). To investigate the efferocytic activity of these 
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Fig. 1. SOCS3-deficient mononuclear phagocytes demonstrate en-
hanced phagocytic properties toward apoptotic endothelial cells. 
a, b Quantitative PCR analysis for SOCS3 mRNA expression of 
brain-derived microglia (n = 11; a) and BMDM (n = 11; b). Phago-
cytic activity toward apoptotic retinal endothelial cells was as-
sessed in myeloid SOCS3-deficient (LysM-Cre SOCS3fL/fL) and 
wild-type SOCS3-sufficient (SOCS3fL/fL) primary microglia (c) 
and BMDM (d). Phagocytosis rate is expressed as % of control. 
Phagocytosis rate of wild-type primary microglia and BMDM was 
set as the 100% control (n = 11 independent microglia isolations 

per group and n = 4 independent BMDM isolations per group).  
e Representative images depicting coculture of primary microglia 
stained with a CD45-PE antibody (red) and BCECF-labeled apop-
totic endothelial cells (green). Colocalization of both fluoro-
chromes appears yellow. White arrowheads indicate phagocytes 
with incorporated apoptotic endothelial cells or endothelial cell 
particles. Nuclei were stained with DAPI. Data are shown as mean 
± SEM. * p < 0.05 and *** p < 0.001. The scale bar on e: 100 µm. 
SOCS3, suppressor of cytokine signaling 3; BMDM, bone marrow-
derived macrophage.
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cells toward endothelial cells, we established a coculture 
model, including BCECF-labeled apoptotic retinal mi-
crovascular endothelial cells (HRMEC) and phagocytes 
(primary brain microglia or BMDM) and quantified en-
dothelial phagocytosis. Interestingly, the amount of en-
gulfed endothelial cells/endothelial cell particles was 
significantly increased in SOCS3-deficient microglia 
and BMDM, suggesting that SOCS3-deficiency en-
hanced their efferocytic function (Fig.  1c, d). The in-
creased uptake of labeled endothelial cells/endothelial 
cell particles is also evident from the micrograph 
(Fig. 1e). In line with the data from Gordon et al. [17], 
we observed that SOCS3-deficient microglia cells 
showed a significant increase in cell size as compared to 
the control cells (online suppl. Fig. 1b).

The Increased Phagocytic Activity of SOCS3-Deficient 
Mononuclear Phagocytes Is Mediated by the Gas6/
Mer Pathway
To elucidate the mechanism of phagocytosis activa-

tion in SOCS3-deficient mononuclear phagocytes, we an-
alyzed the expression of factors involved in efferocytosis.

We found that SOCS3-deficient mononuclear phago-
cytes (both primary microglia and BMDM) displayed a 
significantly increased expression of Gas6, a secreted 
bridging molecule (opsonin), which promotes the engulf-
ment of apoptotic cells [28, 29], at the mRNA and protein 
level (Fig. 2a–c). In contrast, we found a tendency for the 
upregulation of the opsonin Mfge8 only in microglia cells 
but not in BMDM (Fig. 2a, b).

We next assessed the functional contribution of Gas6 
to the enhanced phagocytosis of apoptotic endothelial 
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Fig. 2. Enhanced production of Gas6 by SOCS3-deficient microg-
lia contributes to increased phagocytic activity. Relative mRNA 
expression of Gas6 and MFG-E8 in primary microglia (a) and 
BMDM (b; n = 4 independent microglia isolations per group, n = 
5–10 independent BMDM isolations per group). Relative mRNA 
expression of Gas6 and MFG-E8 in wild-type cells was set as 1.  
c ELISA revealing the upregulation in the Gas6 level in cell culture 
supernatants from primary microglia (n = 3–5 independent cell 
isolations per group). d SOCS3-deficient and SOCS3-sufficient 

primary microglia were treated with recombinant Mer-Fc or IgG 
Fc as control and phagocytosis of apoptotic endothelial cells was 
assessed. The phagocytosis rate is expressed as % of control; phago-
cytosis rate of wild-type cells in the presence of IgG Fc was set as 
100% (n = 4–6 independent cell isolations per group). All data are 
shown as mean ± SEM, * p < 0.05. ns, non-significant; Mfge8, milk 
fat globule-EGF factor 8; Gas6, growth arrest-specific 6; SOCS3, 
suppressor of cytokine signaling 3; BMDM, bone marrow-derived 
macrophage.
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cells by SOCS3-deficient mononuclear phagocytes, as 
compared to SOCS3-sufficient cells. To this end, we in-
hibited the activity of the Gas6 receptor Mer in primary 
mouse microglia with a chimeric recombinant protein 
Mer-Fc. An inhibitory effect of the soluble Mer toward 
the membrane-bound Mer has been shown in previous 
studies [30, 31]. Interestingly, the elevated phagocytosis 
of apoptotic endothelial cells by SOCS3-deficient microg-
lia was reversed by Mer-Fc (Fig. 2d), as compared to the 
control Fc treated group. Thus, increased Gas6 produc-
tion in SOCS3-deficient mononuclear phagocytes ac-
counts for the enhanced apoptotic endothelial cell engulf-
ment by SOCS3-deficient mononuclear phagocytes.

SOCS3 Deficiency in Mononuclear Phagocytes 
Decreases Sprouting Angiogenesis in the ex vivo Aortic 
Ring Assay in a Manner Dependent on the Gas6/Mer 
Interaction
Since SOCS3-deficient microglia/macrophages dem-

onstrated enhanced elimination of apoptotic endothelial 
cells, we addressed whether this effect might influence an-
giogenesis-related processes. To this end, we utilized an 
aortic ring assay as an ex vivo angiogenesis model [20]. We 
isolated aortic rings from myeloid-specific SOCS3-defi-
cient and SOCS3-sufficient mice. Aortic explants contain 
endothelial and nonendothelial cells including adventitial 
macrophages, which migrate into the periaortic space pri-
or to the formation of vascular outgrowths. Macrophages 
are located in close contact to the angiogenic sprouts (on-
line suppl. Fig. 2a) and were shown to be involved in the 
regulation of neovessel formation [32, 33]. According to 
previous reports [32, 34] pharmacologic ablation of 
phagocytes by clodronate liposomes from aortic explants 
blocked the formation of neovascular sprouts in the aortic 
ring assay (online suppl. Fig. 2b) pointing to the impor-
tance of these cells to angiogenic sprouting.

We found that the number of microvessels in aortic 
ring explants derived from myeloid SOCS3-deficient 
mice was significantly decreased, as compared to explants 
from SOCS3-sufficient mice (Fig. 3a, b). To clarify wheth-
er the angiogenesis-regulatory effect of SOCS3 deficiency 
in myeloid cells was mediated by the upregulation of 
Gas6-dependent efferocytosis, we blocked the interaction 
of Gas6 with its receptor, the tyrosine kinase Mer [29] in 
the aortic ring assay. To this end, aortic rings isolated 
from myeloid-specific SOCS3-deficient and -sufficient 
mice were therefore treated with a chimeric recombinant 
protein Mer-Fc or IgG1 Fc as a control. Interestingly, the 
addition of Mer-Fc reversed the decreased vascular 
sprouting due to myeloid-specific SOCS3 deficiency 

(Fig. 3c, d). Hence, our data demonstrate that the effect 
of the myeloid SOCS3 on angiogenic sprouting results 
from the regulation of Gas6 expression, which appears to 
be linked to an altered phagocytic activity.

Discussion

Efficient removal of damaged and/or dead cells by “pro-
fessional phagocytes” such as microglia and macrophages 
is a critical process for maintaining tissue homeostasis. 
Several previous studies suggest that a close interplay be-
tween myeloid and vascular components exists in different 
settings that may involve inflammation, cell death, and 
clearance of dead cells [5, 6, 11, 35]. Here, we demonstrate 
a role of SOCS3 in mononuclear phagocytes for the regula-
tion of efferocytosis of apoptotic/dead endothelial cells, 
which can modulate ex vivo angiogenesis. Specifically, 
SOCS3-deficient mononuclear phagocytes (microglia and 
BMDM) demonstrated enhanced phagocytic activities to-
ward apoptotic endothelial cells, as compared to wild-type 
phagocytes. These data are consistent with the study pub-
lished by Gordon et al. [17] showing enhanced efferocyto-
sis of apoptotic neutrophils or phosphatidyl-serine (PS)-
coated beads upon SOCS3-knockdown in human macro-
phages. In addition, as shown before [17], we observed that 
SOCS3-deficient microglia cells showed a significant in-
crease in cell size as compared to control cells. This corre-
lates with the observation that activated and phagocytic 
microglia display an enlarged cell body [36].

We could further show that SOCS3-deficient mono-
nuclear phagocytes displayed elevated expression of the 
opsonin Gas6, which serves as a bridging molecule be-
tween the phagocyte receptor Mer and PS on apoptotic 
cells, thereby promoting engulfment of the latter [28]. Al-
terations in mRNA expression of Gas6 indicate a poten-
tial transcriptional regulation of Gas6. Previous reports 
identified SOCS3 protein as a suppressor of cytokine sig-
naling pathways via the direct inhibition of the transcrip-
tion factor STAT3 [37].

Interestingly in a transcription factor dataset we could 
identify Gas6 as one of the target genes of the STAT3 
transcription factor [38]. Given these data, we hypothe-
size that SOCS3 deficiency in myeloid cells might con-
tribute to the activation of STAT3, which in turn pro-
motes Gas6 mRNA expression.

We next demonstrated that treatment with soluble 
Mer-Fc (interfering with the Gas6/Mer interaction) re-
versed the prophagocytic effect associated with myeloid-
specific SOCS3 deficiency (Fig. 2d). These findings are in 
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line with previous work showing that the phagocytic ac-
tivity of macrophages for apoptotic Jurkat cells was mark-
edly increased in the presence of recombinant Gas6, 
whereas the additional treatment with Mer-Fc ablated 
this Gas6-mediated efferocytosis [39].

Previous reports provide evidence for an essential role 
of phagocytosis in the regulation of physiological angio-
genic processes, for example, in the regression of tran-
sient vessel networks, such as the hyaloid vessels and the 
pupillary membrane capillaries [40], or in the elimination 
of wound blood vessels [6]. In addition, it has been ob-
served that various human diseases, such as diabetic reti-
nopathy and cancer, are associated with accumulation of 
apoptotic endothelial cells [35], suggesting an involve-
ment of mononuclear phagocytes in the regulation of an-
giogenic processes.

In our study, we engaged the ex vivo mouse aortic ring 
assay and found a significant reduction in the number of 

vascular sprouts due to myeloid SOCS3 deficiency. Inter-
estingly, the treatment of the aortic explants with recom-
binant Mer-Fc reversed the antiangiogenic phenotype 
caused by SOCS3 deficiency, thereby suggesting an in-
volvement of SOCS3 in the Gas6/Mer-dependent effero-
cytic pathway in sprouting angiogenesis. Remarkably, the 
levels of important cytokines and growth factors impli-
cated in the regulation of angiogenesis (e.g., IL10, TNFα, 
and VEGF) were not changed in SOCS3-deficient my-
eloid cells. The role of Gas6 in the regulation of angio-
genic processes has been discussed in several studies. On 
the one side, Gas6 promotes angiogenesis by stimulation 
of endothelial cell proliferation and migration [41]. On 
the other side, Gallicchio et al. [42] demonstrated that the 
stimulation of the tyrosine kinase receptor Axl by Gas6 in 
endothelial cells results in the inhibition of the VEGF-
dependent activation of the VEGFR-2 resulting in the in-
hibition of VEGF-mediated angiogenesis. The currently 
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Fig. 3. SOCS3 deficiency in mononuclear phagocytes decreases en-
dothelial cell sprouting in the mouse ex vivo aortic ring model 
through the Gas6/Mer axis. Mouse aortic rings derived from my-
eloid SOCS3-deficient (LysM-Cre SOCS3fL/fL) and SOCS3-suffi-
cient (SOCS3fL/fL) mice were embedded into collagen matrix. 
Isolectin B4 staining was performed to visualize microvessel for-
mation. a Representative inverted immunofluorescence images 
(grayscale values) of mouse aortic rings. Scale bar 250 µm. b Quan-
titative analysis of the vascular outgrowth shown as mean number 

of sprouts per ring (n = 34–40 aortic rings per group). Data are 
mean ± SEM, ****  p < 0.0001. c, d Aortic rings from myeloid 
SOCS3-deficient and SOCS3-sufficient mice were cultured in the 
presence of Mer-Fc or IgG Fc. Shown is the quantification of vas-
cular sprouts treated with IgG Fc or Mer-Fc represented as the 
mean number of sprouts per ring (c) and the mean length of 
sprouts per aortic ring (d; n = 21–23 aortic rings per group). Data 
are mean ± SEM, ** p < 0.01. ns, non-significant; SOCS3, suppres-
sor of cytokine signaling 3.
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existing discrepancies might be explained by the involve-
ment of Gas6 in multiple cellular processes (e.g., phago-
cytosis, cell adhesion, migration, proliferation, and in-
flammatory cytokine release) mediated through different 
corresponding Tyro-3, Axl, and Mer (TAM) receptor ty-
rosine kinases [43]. TAM receptors are essential regula-
tors of immune homeostasis by the recognition and 
phagocytosis of PS-exposing apoptotic cells via their li-
gands Gas6 and Protein S [44]. In addition, all 3 TAM 
receptors are able to promote other cellular functions, 
such as cell survival, through mechanisms involving, for 
example, the PI3K/Akt or ERK1/2 signaling pathway or 
proliferation and migration [45], and they were shown to 
be expressed in endothelial cells [41, 42, 46]. Taken to-
gether, the impact of Gas6 on the individual TAM recep-
tors either acting cooperatively or by distinct signaling 
pathways on diverse functions of angiogenesis needs to 
be further addressed. And although our data strongly in-
dicate that Gas6 improves phagocytic functions of mi-
croglia/macrophages and by this diminishes pathological 
neovascularization, as observed in the ex vivo aortic ring 
assay, we appreciate that an elevated Gas6 production by 
myeloid cells might additionally stimulate the prosurviv-
al signaling, proliferation, and migration in some endo-
thelial cells. Based on our findings, future investigations 
in in vivo models are necessary, addressing whether the 
specific modulation of phagocytic function of myeloid 
cells via Gas6 might represent a promising therapeutic 
tool for interventions on pathological angiogenesis.
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