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Retinal myeloid cells regulate 
tip cell selection and vascular 
branching morphogenesis via 
Notch ligand Delta-like 1
Fabian Haupt1,2,4, Kashyap Krishnasamy1,2, L. Christian Napp1,3, Michael Augustynik1,6, 
Anne Limbourg1,5, Jaba Gamrekelashvili   1,2, Johann Bauersachs3, Hermann Haller2 & 
Florian P. Limbourg   1,2

During angiogenesis, single endothelial cells (EC) specialize into tip cells that guide vessel sprouting 
towards growth factor gradients and instruct the adjacent vessel stalk. The balance between tip and 
stalk cells is regulated by endothelial Notch signalling through the expression of Notch ligand Delta-
like 4 (Dll4) in tip cells, which suppresses a tip cell fate in adjacent stalk cells. Here we show, using 
genetic reporter and conditional deletion strategies, that myeloid cells regulate tip cell numbers and 
Dll4 expression via the Notch ligand Dll1 during vascular development in the retina. Dll1 is selectively 
expressed by a subpopulation of retinal myeloid cells, which progressively localizes to the sprouting 
vascular network. Conditional, myeloid-specific deletion of Dll1 impairs endothelial Dll4 tip-stalk 
gradient resulting in an increase of endothelial tip cells and EC filopodia, accompanied by an increase in 
vascular density and branching. In vitro, co-culture of human EC with monocyte-derived macrophages 
induced Dll1 upregulation in macrophages and Dll4 upregulation and an endothelial tip cell signature in 
EC. Furthermore, culturing human EC on recombinant DLL1 induced endothelial Dll4 expression and a 
tip cell program, indicating that changes are Dll1-dependent. Thus, myeloid cells regulate tip cell fate 
and angiogenesis through expression of Notch ligand Dll1.

Angiogenesis is a coordinated process involving sprouting and remodelling of the vascular system. During angi-
ogenesis, single endothelial cells (EC) specialize into tip cells (TC) with protruding filopodia that guide vessel 
sprouting towards growth factor gradients, such as the vascular endothelial growth factor (VEGF)1 and instruct 
the adjacent vessel stalk. TC migrate and fuse via their filopodia, while their adjacent EC – the stalk cells (SC) – do 
not migrate but rather proliferate and form the vessel lumen. The balance between TC and SC is a key regulator 
of angiogenesis2,3.

The development of the complex vascular network in the retina proceeds through several phases. The blood 
supply to the retina is initially supported by the hyaloid plexus. Upon the later developmental stages, blood vessels 
grow out from the central retinal artery at the optical nerve papilla and expand towards the inner retinal layer, 
while the hyaloid plexus regresses. In mice, the vascularization of the inner retinal layer takes place after birth. 
Around postnatal day 7 (p7) the vascular plexus reaches the outer margin of the retinal inner surface. At this time 
point vessel sprout out into deeper retinal layer and form a deep vascular plexus4.

Notch signalling is a key regulator of the TC-SC-balance. Notch is a family of highly conserved surface 
receptors, which interacts with surface bound ligands of the Delta-like (Dll) and Jagged/Serrate family via direct 
cell-cell-contact5. EC dynamically compete for the leading position at the angiogenic front by acquiring a TC 
phenotype. This is mediated by upregulation of the ligand Dll4 in TC, which activates Notch signalling and 
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suppresses Dll4 expression in adjacent EC, inducing a SC phenotype6. Dll4 loss-of-function leads to increased 
numbers of migrating tip cells7,8, resulting in EC hypersprouting and defective angiogenesis9. The Notch ligand 
Dll1 shows an expression pattern distinct from Dll4 and also regulates angiogenesis10,11. In the developing blood 
vessels of the retina, general heterozygous Dll1 loss-of-function leads to impaired angiogenesis and defects in 
vascular branching morphogenesis12. While Dll4 is expressed by TC, Dll1 expression was absent in vascular 
endothelium, but instead observed in cells adjacent to the vascular layer in the retina10,12. The cell type expressing 
Dll1 remains unknown.

Retinal myeloid cells (RMC) are a heterogeneous population of resident microglia and monocyte-derived 
macrophages regulating angiogenesis. Microglia represent a resident macrophage population derived from cir-
culatory cells of the primitive haematopoiesis in the embryonic yolk sac13–15, their origin is independent from 
late haematopoiesis16. These microglial progenitors enter the central nervous system (CNS) during embryonic 
development and proliferate within the CNS; even in the first postnatal days the number of microglia steadily 
increases17,18. RMCs from this early developmental stage are forming a population of tissue-resident myeloid 
cells, which is capable of self-renewal16,19,20. On the other hand, monocyte-derived macrophages are descendants 
of definitive haematopoiesis, originating either from the late-embryonic liver or from the bone marrow and are 
recruited into different tissues. Yet, retinal macrophages and microglia share many functional and phenotypic 
features, and macrophages can replace yolk sac derived resident microglia in injury models21,22.

Depending on context, myeloid cells can promote vessel maturation by chaperoning TC fusion or restrict 
angiogenesis by inhibiting vascular branching23.

Conditional deletion of Notch1 in myeloid cells leads to an altered association with ECs at the angiogenic 
front and defective EC sprouting24. We here describe the effects of conditional myeloid deletion of Dll1 on retinal 
angiogenesis.

Results
Myeloid cells express Dll1 during vascular development in the retina.  To test the hypothesis that 
cells from the myeloid lineage express Dll1 near the developing vasculature, we studied Cx3cr1GFP/+ reporter 
mice, in which monocytes, macrophages and microglia, but not granulocytes and endothelial cells, express green 
fluorescent protein (GFP)14,25. We used GFP fluorescence to visualize myeloid cells in whole mount retina prepa-
rations, in addition to labelling with isolectin B4 (IB4), which stains EC and myeloid subpopulations (Fig. 1A)13,23. 
By confocal microscopy, GFP+ cells constituted a heterogeneous population, found in the superficial layer of the 
retina containing the developing vascular plexus, that display a unique spatial relationship to angiogenic tip cells, 
as described before13,23,26. IB4loGFP+ cells had a small cell body but prominent ramified morphology, consistent 
with resident microglia, while IB4hiGFP+ cells had a large, spherical shape. Both populations were in direct con-
tact with or adjacent to IB4hiGFP− endothelial cells at the angiogenic front (Fig. 1A, Supplementary Fig. 1). While 
IB4hiGFP+ cells were only found in the superficial, vascular layer of the retina, IB4loGFP+ cells were also present 
in the deep, avascular layers of the retina (Supplementary Fig. 1). Additional staining with the lineage marker 
F4/8021,27 showed that IB4hiGFP+F4/80hi cells were in close proximity to EC in the angiogenic front (Fig. 1B).

We next employed flow cytometry to further define cell populations and characterize Dll1 expression on 
postnatal day 5 (p5). Compared to GFP+IB4lo myeloid cells and GFP−IB4hi EC, GFP+IB4hi myeloid cells 
expressed high levels of F4/80 and scavenger receptor CD20423,28, a signature suggestive of monocyte-derived 
macrophages21. More importantly, flow cytometry of cell populations and confocal imaging revealed that only 
GFP+IB4hiF4/80hi myeloid cells expressed DLL1 (Fig. 1C,D, Supplementary Fig. 2). Together, these results 
demonstrate that a subset of retinal myeloid cells expresses Dll1 during vascular development in the retina.

Developmental kinetics of retina myeloid cell populations.  We next sought to characterize myeloid 
population dynamics in the retina by confocal imaging and flow cytometry. In contrast to the resident popula-
tion of CD204− myeloid cells, which was present before and during the initiation of vascular plexus formation 
(p0 to p2), the larger, CD204+ population was mostly absent from the retina at early stages of vascular devel-
opment. However, concomitant to the phase of extensive vascular sprouting and remodelling, beginning after 
p2, there was an increase in the total GFP+ cell population in the retina (Fig. 2A,B). Furthermore, numbers of 
GFP+IB4hiCD204+ myeloid cells, and of Dll1+ myeloid cells steadily and significantly increased, localizing adja-
cent to and in between vascular sprouts.

We next characterized lineage relationships of retinal myeloid cells and investigated, whether myeloid sub-
populations in the superficial vascular plexus can be discretely targeted by conditional recombination strategies. 
We employed compound genetic lineage tracing by combining the Cx3cr1GFP/+ reporter allele with a myeloid spe-
cific Cre-recombinase, LysMCre 29,which is restricted to cells of adult myelopoiesis including macrophages30–32. A 
β-galactosidase (β-gal) Cre-reporter allele (R26RlacZ) monitored Cre-mediated recombination in these compound 
reporter mice.

We first analysed p10 hindbrain sections for β-gal activity and GFP fluorescence, since this region is pop-
ulated by yolk sac derived microglia14. Despite the presence of numerous GFP+ cells, there was no detectable 
β-gal activity (Fig. 2C), confirming, that yolk sac derived microglia are not targeted by LysMCre. The retina at p0 
was also populated by GFP+ cells, which were β-gal negative. However, starting with p2, there was progressive 
infiltration of the superficial, vascular layer of the retina by large, spherical cells that were β-gal+GFP+, while the 
β-gal−GFP+ subpopulation relocated into the deeper retinal layer (Fig. 2D). This suggest that retinal myeloid cells 
consist of distinct subpopulations and suggest mixing of resident microglia with recruited myeloid cell subsets21. 
Furthermore, it demonstrates distinct targeting of a subpopulation of retinal myeloid cells by LysMCre, consistent 
with previous reports13,30.
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Figure 1.  Identification and characterization of Dll1 expressing retinal myeloid cells. (A) Retina whole mount 
immunofluorescences of postnatal day 5 (p5) Cx3cr1GFP/+ mice (50X magnification; scale bar: 75 µm). Green 
fluorescent protein positive (GFP+) myeloid cells can be differentiated from GFP− endothelial cells (EC), stained by 
IsolectinB4 (IB4). (B) Retina whole mount immunofluorescences of p5 Cx3cr1GFP/+ mice. The GFP+IB4hi myeloid 
cells also stain high for F4/80. In addition, another population, which can be characterized as GFP+IB4loF4/80lo 
can be seen in the retina (50X magnification; scale bar 50 µm). The cells are in close association to the neighbouring 
tip cells (TC). (C) Whole retinas of p5 Cx3cr1GFP/+ mice were analysed by flow cytometry (FACS). Based on GFP 
and IB4, gating was performed on two GFP+ myeloid subpopulations (red and blue gate) – differentiated by their 
IB4 levels, and in addition on GFP−IB4+ endothelial cells (EC; green gate). Based on these gates, the myeloid 
populations were further characterized by their surface markers in comparison to each other and to the EC and 
analysed for DLL1 expression. (D) Retina whole mount immunofluorescences of p5 Cx3cr1GFP/+ mice. In contrast 
to the CX3CR1

+IB4lo population, the CX3CR1
+IB4hi myeloid cells within the superficial plexus showed intense 

DLL1 expression (top - 150X magnification; scale bar: 10 µm; bottom - 200X magnification; scale bar 20 µm).
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Figure 2.  Population dynamics of myeloid cells in the developing retina. (A) Retina whole mount 
immunofluorescence images of p0 to p7 Cx3cr1GFP/+ mice as overviews (top; 5X magnification; scale bar: 500 µm) 
and confocal microscopy closeups (bottom; 50X magnification; scale bar: 50 µm). Retina were analysed for GFP 
(green) expression and stained with IB4 (blue), CD204 (Red) and GFP (green). (B) FACS analysis (left) of p0 
to p7 Cx3cr1GFP/+ mice retinae (according to the gating strategy from Fig. 1B). Graph (right) depicting kinetics 
of myeloid GFP+ cell distribution, indicated as % of all cells: p0 0.15 ± 0.03, p2 0.10 ± 0.04, p5 0.24 ± 0.10, 
p7 0.33 ± 0.10 [mean ± SEM], CD204+ cells, indicated as % of GFP+ cells: p0 0.00 ± 0.00, p2 1.44 ± 0.68, p5 
26.32 ± 10.26, p7 22.17 ± 3.34 [mean ± SEM] and DLL1+ cells, indicated as % of GFP+ cells: p2 6.56 ± 2.87, 
p5 27.23 ± 4.40, p7 34.97 ± 2.34 [mean ± SEM]. (C) β-galactosidase (β-Gal) staining of p10 LysMCre;RosalacZ/

lacZ x CX3CR1
GFP/+ double reporter mice hindbrain cryosections (20X magnification; scale bar: 100 µm). (D) 

Fluorescence microscopy images of time course analysis of LysMCre;RosalacZ/lacZ x Cx3cr1GFP/+ double reporter 
mice retina cryosections after β-galactosidase (β-Gal) staining (20X magnification; scale bar: 50 µm).
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Myeloid cell Dll1 regulates vascular sprouting.  To study the function of Dll1 in retina angiogenesis, 
we generated mice with conditional loss of function of Dll1 in myeloid cells, by crossing LysMCre/+ mice to condi-
tional alleles of Dll133 (Dll1ΔM). Mice with conditional deletion of Dll1 were born at normal Mendelian ratios and 
had a normal postnatal survival (Supplementary Fig. 3). However, compared to littermate controls, Dll1 mutant 
mice showed increased vascular sprouting, exemplified by a significant increase in the numbers of TC at the angi-
ogenic front and increased filopodia density at the angiogenic front and within the vascular plexus (Fig. 3A,B). 
Consequently, the number of vascular connection points in the superficial plexus was significantly increased at 
p5, a phenotype that was sustained also at p8 (Fig. 3C). Furthermore, the number of vertical vascular branches, 
which descend into the deeper retinal layers, was significantly higher compared to control (Fig. 3D). Together, 
these findings demonstrate increased angiogenesis in conditional Dll1 mutant mice.

Retinal myeloid cells regulate endothelial tip cell identity.  The Notch ligand Dll4 is expressed in 
TC and suppresses TC formation and vessel sprouting in neighbouring stalk cells, while Dll4 haploinsufficiency, 
or endothelial loss-of-function, leads to increased vascular sprouting7,8,34,35. In order to test the effects of Dll1 
on EC we employed an in vitro co-culture system using human cells. Human CD14+ monocytes were isolated 
from peripheral blood and cultured in vitro with or without EC, which induces macrophage differentiation11. 
Subsequently, cell populations were separated by CD11b selection and analysed (Fig. 4A–C). In contrast to mac-
rophages cultured alone, macrophages co-cultured with EC showed an upregulation of DLL1 mRNA (Fig. 4B, left) 
and DLL1 protein levels (Fig. 4B, right). At the same time, EC in this co-culture displayed upregulation of HES1 
and NRARP, indicating active Notch signalling (Supplementary Fig. 4A). Moreover, co-cultured EC showed 
induction of DLL4, but also induction of a proto-typical tip cell genes, UNC5B, a vascular netrin receptor which 
inhibits signalling downstream of VEGF and APLN1 (Fig. 4C). This demonstrates an induction of an endothelial 
tip cell-like signature during co-culture. To determine the response of EC to isolated Notch ligand DLL1, we 
cultured EC on recombinant DLL1 protein, which induced a similar degree of HES1 induction compared to 
co-cultured EC (Supplementary Fig. 4B). Recombinant DLL1 induced a 2.5-fold upregulation of DLL4 (p < 0.05), 
an effect size comparable to macrophage co-culture (Fig. 4D). In contrast, induction of UNC5B was weak, but 
significant (p < 0.05), while APLN1 was not induced by recombinant DLL1. Together, these results demonstrate 
induction of endothelial DLL4 by co-culture with myeloid cells and recombinant DLL1. However, culture with 
myeloid cells induce a more extensive tip cell program.

Furthermore, Dll4 transcript levels were reduced in lung microvascular EC isolated from Dll1ΔM mice, as were 
expression of the Notch target genes Hes1 and Hey1 (Fig. 4E), which corroborates regulation of endothelial Dll4 
expression by myeloid Dll1.

We next studied Dll4 expression during vascular sprouting in the retina. Immunofluorescence confocal 
images of the angiogenic front in control mice revealed selective and discrete expression of Notch ligand DLL4 
in tip cells, with a clear gradient between tip and stalk cells. In Dll1ΔM mice, in contrast, DLL4 expression was 
reduced at the angiogenic front, with no discernible gradient between tip and stalk cells (Fig. 4F), thus confirming 
regulation of Dll4 by myeloid Dll1 in the retina.

Discussion
In general Dll1 haploinsufficient mice we have previously shown that the Notch ligand Dll1 regulates endothe-
lial tip cells and vascular branching in the developing retina, but the cell source remained unknown12. We here 
demonstrate that Dll1 is expressed by a subpopulation of retinal myeloid cells, and that myeloid-specific deletion 
of Dll1 increases endothelial tip cells and vascular sprouting during retinal vascular development.

The definitive identity and cellular origin of the Dll1-expressing myeloid population remains unclear, 
since phenotypic features and techniques that unequivocally distinguish bona fide resident microglia from 
monocyte-derived macrophages in the retina are only beginning to emerge20,22,36. However, several lines of 
evidence suggest that the myeloid subpopulation expressing Dll1 are monocyte-derived macrophages. First, 
Dll1 is selectively expressed by a population of GFP+IB4hiF4/80hiCD204+ retinal myeloid cells, a phenotypic 
profile displayed by monocyte-derived macrophages in the retina at baseline and after injury21,23,28, while 
GFP+IB4loF4/80loCD204− myeloid cells consistent with resident microglia do not express Dll1. However, we can-
not exclude that microglia activation changes expression patterns of these markers, which has been suggested for 
CD204 expression37. Second, we used a myeloid-specific targeting strategy restricted to cells of adult myelopoiesis 
including monocyte-derived macrophages30 to delete Dll1, which resulted in prominent vascular changes. Third, 
the temporal and spatial association of the myeloid cell subpopulation with expanding blood vessels in the super-
ficial vascular plexus suggests recruitment of circulating cells. Fourth, monocyte-derived macrophages generated 
from isolated human monocytes in vitro upregulated Dll1 in co-culture with EC and influenced EC tip cell phe-
notype in a consistent manner. However, these arguments do not formally exclude a subpopulation of resident 
microglia contributing to Dll1 expression.

Conditional deletion of Dll1 in retinal myeloid cells resulted in increased number of TC and increased filopo-
dia, along with increased vascular density and branching, consistent with studies in tumours, in which Dll1 
overexpression leads to reduced angiogenesis38. In contrast, general Dll1 loss-of-function shows decreased retinal 
tip cell numbers and angiogenesis12. Besides expression in myeloid cells, Dll1 is also expressed in differentiating 
retinal neurons where it is necessary and sufficient to maintain a pool of progenitors in the embryonic neuroep-
ithelium, and general Dll1 loss-of-function leads to a significant reduction in retina size and a mild neurogenic 
phenotype39. Thus, the differences in phenotype between general and myeloid-specific Dll1 deletion seems to 
reflect cell-type specific contributions of Dll1 in the developing retina, which differentially affect angiogenesis.

Previous studies have shown that myeloid cells chaperone TC fusion at the angiogenic front13. Our data 
suggest a new role for retinal myeloid cells in control of the initial steps for tip cell differentiation. A subset of 
retinal myeloid cells localizes to the angiogenic front and induces Dll4 expression, a Notch-dependent gene9, 
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via Notch ligand Dll1. Conditional deletion of Dll1 leads to reduced Dll4 expression in EC concomitant with 
increased tip cell numbers and hypersprouting in vivo, due to reduced Dll4 expression. This is also supported by 
in vitro findings showing induction of endothelial Dll4 by recombinant DLL1. However, compared to the effects 

tip
 c

el
ls

/re
tin

a

control
A B

control

p5

p8

C D

control

fil
op

od
ia

/µ
m

p5

p8p5

ve
rti

ca
l b

ra
nc

he
s/

se
ct

io
n

ju
nc

tio
n 

po
in

ts
/fi

el
d

ju
nc

tio
n 

po
in

ts
/fi

el
d

p8

Dll1∆M

Dll1∆M

Dll1∆M control Dll1∆M

Figure 3.  Loss of myeloid Dll1 leads to excessive sprouting. (A) IB4 whole mount retina staining (10X 
magnification; scale bar: 250 µm) of p5 LysMCre/+Dll1flox/flox mice (Dll1ΔM) and LysM+/+Dll1flox/flox littermates 
(control). (B) Closeup images (left top; 50X magnification; scale bar: 32 µm; left bottom; 100X magnification; 
scale bar 25 µm). Graph (right) depicting analysis of tip cells/retina (n = 10/8; p < 0.0001 unpaired students 
t test) and filopodes/µm (n = 13/5; p < 0.0001 unpaired students t test). (C) Images depicting analysis of 
connection points between control and Dll1ΔM at p5 and p8 (50X magnification; scale bars: 50 µm; n = 6/7 for 
p5, n = 14/16 for p8; p < 0.0001 unpaired students t test). (D) Top: IB4 immunostained retina cryosection (p8; 
40X magnification; scale bar: 50 µm); 3D reconstruction (top panel) of IB4 immunofluorescence retina whole 
mount (p8). Graph depicting quantification of vertical branches/section analysed from 3D reconstruction 
(n = 6/10; p < 0.0001 unpaired students t test).
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of recombinant DLL1, macrophages co-cultured with EC in vitro induce a more pronounced TC signature, which 
suggests that tip cell fate mechanism only partially depend on Dll1. Further studies are required to address the 
mechanism of tip cell induction by myeloid cells.

Methods
Animals.  The study conforms to European animal protection laws and was approved by the regional animal 
welfare board of Lower Saxony (LAVES). Cx3cr1GFP/+ mice (GFP+)25, Dll1f/f mice33 and LysMCre/+ mice29 were 
described previously. Gt(ROSA)26Sor mice carrying Cre-inducible lacZ alleles were obtained from The Jackson 
Laboratories and crossed as described40. Age and sex matched littermate control mice were used in all experi-
ments. Detailed strain information is given in Supplementary Table 1.
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Figure 4.  Dll1 is an upstream regulator of Dll4. (A) HAEC co-culture with human monocytes (CD14+) can 
be distinguished as CD11B+MF (Macrophages) and CD11B−EC (endothelial cells) after 72 hr co-culture 
by gating for CD11B. Monocytes (CD14+) and HAEC (EC) cultured alone were used as controls. Figure is 
representative of n > 4 independent experiments. (B) Real time qRT based transcriptional profiling (left) 
and Histogram (right) comparing DLL1 on CD14+ co-cultured with EC compared to CD14+ cultured alone. 
For qRT analysis, the CD14+ cells were re-sorted from co-culture using CD11B microbeads. 11B+MF (MF 
resorted from co-culture) were compared with CD14+ (cells cultured alone). n = 3 independent experiments, 
*p < 0.05, Students unpaired t test, error bars represent mean ± SEM (C) qRT analysis of DLL4 and tip cells 
genes comparing EC’s re-sorted from co-culture using CD11B microbeads (CD11B-EC) with EC cultured alone 
(EC). n = 3 independent experiments, *p < 0.05, Students unpaired t test, error bars represent mean ± SEM 
(D) Transcriptional analysis by qRT depicting changes in DLL4 and tip cell genes on HAEC cultured on 
DLL1 coated plates vs control. n = 4 independent experiments performed in duplicates. **p < 0.01, *p < 0.05, 
Students paired t test, error bars represent mean ± SEM (E) Transcriptional analysis by qRT of sorted lung ECs 
(CD31+CD144+) from 10 w old mice. Data mean ± SEM, n = 3/3, *p < 0.05, **p < 0.01, Students unpaired t 
test. (F) P5 retina whole mount immunofluorescence (50X magnification; scale bar: 50 µm).
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Retina angiogenesis model.  Retina preparation and immunofluorescence of whole mounts and cry-
osections were performed with modifications as previously described12. For whole mount staining, retina 
were dissected from eyes and fixed overnight in 4% paraformaldehyde (PFA). The samples were blocked with 
PBS + 2%BSA and sequentially incubated with primary and secondary antibodies diluted in PBS/3% BSA; 
PBS/10% donkey serum (DLL1 staining) or PBS (DAPI) and mounted with coverslips using mounting medium 
(DAKO). The following antibodies or reagents were used: Isolectin-B4 (FITC, Vector, 1:100; Alexa Fluor 647; 
Thermo Fisher), sheep anti-DLL1 (R&D, 1:100), rat anti-F4/80 (BioLegend, 1:100), rat anti-CD204 (AbD Serotec, 
1:100), anti-DLL4 (SantaCruz, 1:100), DAPI (Sigma; 1:1000). β-galactosidase staining was performed on glutar-
aldehyde fixed tissues as described41.

Stained retinae were analysed in a confocal laser scanning microscope (Leica Inverted-2, Leica Microsystems, 
Heidelberg) or a fluorescence microscope (Zeiss Axiovert). For 3-dimensional reconstructions confocal micros-
copy images of Isolectin-B4 stained whole mount retina were processed using dedicated software (Amira, Visage 
Imaging, Berlin). For quantitative analysis Axiovision (Zeiss, Goettingen) and ImageJ software (NIH, Bethesda) 
were used. TCs were identified and quantified as described7,12.

For qRT expression analysis, the retinas are not fixed following isolation, minced with forceps and RNA was 
isolated as per manufacturers instructions (RNA Nucleospin II, Macharey Nagel).

Ex vivo analysis of retinal myeloid cells.  The retina was harvested from unfixed mice pups. First the 
eye was dissected to carefully remove the retina in cold PBS (w/o Ca2+ and Mg2+). The retina was cut into small 
pieces and the cut pieces were incubated in an enzyme mixture containing Collagenase Type I (1250 U/ml, 
Worthington;CLS-1), DNase I (3000 U/ml, Sigma; DN25) and HBSS (Ca2+ and Mg2+, Biochrom AG; L2035) 
for 30 minutes at 37 °C. The digested mixture was filtered through a 40 µm strainer and washed with a mixture 
of HBSS (Ca2+ and Mg2+) containing 10% FCS and 5 mM EDTA (to arrest enzymatic activity) for 10 minutes 
at 1200 rpm. The resulting pellet was washed with FACS buffer once more and resuspended in FACS buffer for 
further staining for acquisition by flow cytometry. Cell counts were made by excluding dead cells with trypan 
blue. The distribution of macrophages and monocyte analysis were done by flow cytometry. After extensive wash-
ing cells were resuspended in PBS containing 10%FCS and 2 mM EDTA kept on ice, stained and used for flow 
cytometry.

Flow cytometry.  For ex vivo analysis, retinal homogenate cells were prepared by enzymatic disassociation 
as described previously. The cells were blocked with Trustain-FcX with the recommended protocol (101319, 
Biolegend) for 10 minutes. The cells were then stained with fluorochrome tagged antibodies against CD11b, 
F4/80, I-A/I-E, CD204 and DLL1 (Supplementary Table 3). Cells were washed twice after staining and resus-
pended in PBS containing 2%FCS and 2 mM Na2EDTA. Analysis was performed on FACS Calibur or BD-LSR 
II (BD Biosciences). 7AAD (1:50) was added to the culture just before analysis to exclude dead cells from the 
analysis.

Isolation and ex vivo analysis of murine lung microvascular endothelial cells.  Lungs were iso-
lated from 10w old adult mice and cut into small pieces using sterile scalpel and washed in HBSS (without Ca2+/
Mg2+, Gibco). The tissue was digested at 37 °C for 60 minutes using Dispase II (5U/ml, Invitrogen), homogenized 
using gentleMACS tissue dissociator (Miltenyi Biotec) and filtered. CD31+ cells were isolated by magnetic sorting 
using CD31 microbeads (Miltenyi Biotec) and further stained with CD144 antibody (BV9, Biolegend, 1:100) for 
sorting. CD31+CD144+ microvascular endothelial cells were sorted after excluding dead cells on FACSAria (BD 
Biosciences) or XDP (Beckman Coulter). RNA was isolated as per instructions (Nucleospin II, Macherey Nagel) 
and used for quantitative real-time PCR.

Endothelial cell culture and co-culture experiments.  Pooled Human aortic endothelial cells 
(HAEC) was purchased from Lonza and cultured as recommended. Confluent HAEC were split with accutase 
(Sigma Aldrich) and re-seeded into culture plates coated with sterile gelatine (Worthington, 0.5%, 5000cells/
cm2). CD14+ monocytes were isolated by MACS sorting from healthy human donors (CD14+ microbeads, 
Miltenyi Biotec). HAEC were co-cultured with CD14+ monocytes at the density of 40,000 cells/cm2 in EBM2 
(Lonza) + 1% FCS + 1% Gentamycin/Amphotericin. Re-isolation post co-culture was performed with CD11b 
microbeads (Miltenyi Biotec) to separate the CD11b+ macrophages from CD11b− endothelial cells. For flow 
cytometry analysis of the co-cultured cells, single cell suspensions were prepared after accutase treatment and 
macrophages in the co-culture were analysed for DLL1 expression after gating for CD11b expression to distin-
guish them from CD11b− EC.

RNA analysis by real-time quantitative PCR.  RNA from murine monocyte derived macrophages was 
isolated with the Nucleospin II (Macherey Nagel GmbH) as recommended. Reverse transcription was done using 
Invitrogen RT Kit (Invitrogen GmbH, Germany) according to manufacturer’s protocol. Briefly, purified template 
RNA added to a Master mix comprising of Buffer RT (10X), dNTP mix (5 mM each dNTP), oligo-dT primer 
(10 µM), RNase inhibitor (10 units/µL) and MLV Reverse Transcriptase.

For gene expression analysis, primers were designed using the software Primerquest (IDT) and PrimerBLAST 
(NCBI) following general guidelines for primer design. The sequence of the primers is listed in Supplementary 
Table 2 and used at a final concentration of 10 pmol/µL. qRT was performed using Fermentas SYBR Green PCR 
kit (Qiagen GmbH, Germany) as per manufacturer’s instructions. Reactions were carried out in special optical 
96-well plates using a spectofluorometric thermal cycler (Lightcycler, Roche, Germany). The genes of interest and 
housekeeping gene were amplified using identical cycling conditions. Relative expression was calculated using 
standard formulas described previously42.
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Stimulation of endothelial cells with notch ligands.  12 well plates were incubated with anti-His 
(Mouse monoclonal, Invitrogen) at 1 µg/mL for 30 minutes at 37 °C. The contents were aspirated and the plates 
were washed with PBS (Cell culture, Biochrom). The plates were incubated for 1 hour at 37 °C with DMEM + 10% 
FCS to prevent nonspecific binding. The blocking solution was aspirated and washed gently with PBS to remove 
excess blocking solution.

Recombinant DLL1 (Invitrogen, 300 µL/well, working concentration: 1 µg/mL), diluted in PBS (Biochrom, cell 
culture grade) was added to the wells, incubated for 2 hours at 37 °C. After incubation the contents were aspirated 
and washed with warm PBS (Biochrom, cell culture grade). Endothelial cells (HAEC P3) were added immediately 
to the wells at a density of 10000 cells/cm2. The cells were cultured in EBM media supplemented with the appro-
priate growth factors (EGM2, Lonza).

Statistical analysis.  Results are expressed as mean ± SEM. Significance of differences was calculated using 
unpaired, two-tailed Student’s t test with confidence interval of 95%. For comparison of multiple experimental 
groups one-way ANOVA and Bonferroni multiple-comparison test was used. p values of less than 0.05 were 
considered to be significant.

Data Availability
The authors declare that all relevant data are available upon request.

References
	 1.	 Gerhardt, H. et al. VEGF guides angiogenic sprouting utilizing endothelial tip cell filopodia. J Cell Biol 161, 1163–1177 (2003).
	 2.	 Dorrell, M. I., Aguilar, E. & Friedlander, M. Retinal vascular development is mediated by endothelial filopodia, a preexisting 

astrocytic template and specific R-cadherin adhesion. Invest Ophthalmol Vis Sci 43, 3500–3510 (2002).
	 3.	 Risau, W. Mechanisms of angiogenesis. Nature 386, 671–674 (1997).
	 4.	 Fruttiger, M. Development of the retinal vasculature. Angiogenesis 10, 77–88, https://doi.org/10.1007/s10456-007-9065-1 (2007).
	 5.	 Phng, L. K. & Gerhardt, H. Angiogenesis: a team effort coordinated by notch. Dev Cell 16, 196–208 (2009).
	 6.	 Jakobsson, L. et al. Endothelial cells dynamically compete for the tip cell position during angiogenic sprouting. Nat Cell Biol 12, 

943–953, https://doi.org/10.1038/ncb2103 (2010).
	 7.	 Hellstrom, M. et al. Dll4 signalling through Notch1 regulates formation of tip cells during angiogenesis. Nature 445, 776–780 (2007).
	 8.	 Suchting, S. et al. The Notch ligand Delta-like 4 negatively regulates endothelial tip cell formation and vessel branching. Proc Natl 

Acad Sci USA 104, 3225–3230 (2007).
	 9.	 Pitulescu, M. E. et al. Dll4 and Notch signalling couples sprouting angiogenesis and artery formation. Nat Cell Biol 19, 915–927, 

https://doi.org/10.1038/ncb3555 (2017).
	10.	 Limbourg, A. et al. Notch ligand Delta-like 1 is essential for postnatal arteriogenesis. Circ Res 100, 363–371 (2007).
	11.	 Krishnasamy, K. et al. Blood vessel control of macrophage maturation promotes arteriogenesis in ischemia. Nat Commun 8, 952, 

https://doi.org/10.1038/s41467-017-00953-2 (2017).
	12.	 Napp, L. C. et al. Extrinsic Notch ligand Delta-like 1 regulates tip cell selection and vascular branching morphogenesis. Circ Res 110, 

530–535 (2012).
	13.	 Fantin, A. et al. Tissue macrophages act as cellular chaperones for vascular anastomosis downstream of VEGF-mediated endothelial 

tip cell induction. Blood 116, 829–840 (2010).
	14.	 Ginhoux, F. et al. Fate mapping analysis reveals that adult microglia derive from primitive macrophages. Science 330, 841–845 

(2010).
	15.	 Kierdorf, K. et al. Microglia emerge from erythromyeloid precursors via Pu.1- and Irf8-dependent pathways. Nat Neurosci 16, 

273–280 (2013).
	16.	 Sheng, J., Ruedl, C. & Karjalainen, K. Most Tissue-Resident Macrophages Except Microglia Are Derived from Fetal Hematopoietic 

Stem Cells. Immunity 43, 382–393, https://doi.org/10.1016/j.immuni.2015.07.016 (2015).
	17.	 Ajami, B., Bennett, J. L., Krieger, C., Tetzlaff, W. & Rossi, F. M. Local self-renewal can sustain CNS microglia maintenance and 

function throughout adult life. Nat Neurosci 10, 1538–1543, https://doi.org/10.1038/nn2014 (2007).
	18.	 Alliot, F., Godin, I. & Pessac, B. Microglia derive from progenitors, originating from the yolk sac, and which proliferate in the brain. 

Brain Res Dev Brain Res 117, 145–152 (1999).
	19.	 Ginhoux, F. & Guilliams, M. Tissue-Resident Macrophage Ontogeny and Homeostasis. Immunity 44, 439–449, https://doi.

org/10.1016/j.immuni.2016.02.024 (2016).
	20.	 Huang, Y. et al. Dual extra-retinal origins of microglia in the model of retinal microglia repopulation. Cell discovery 4, 9, https://doi.

org/10.1038/s41421-018-0011-8 (2018).
	21.	 O’Koren, E. G., Mathew, R. & Saban, D. R. Fate mapping reveals that microglia and recruited monocyte-derived macrophages are 

definitively distinguishable by phenotype in the retina. Sci Rep 6, 20636, https://doi.org/10.1038/srep20636 (2016).
	22.	 Shemer, A. et al. Engrafted parenchymal brain macrophages differ from microglia in transcriptome, chromatin landscape and 

response to challenge. Nat Commun 9, 5206, https://doi.org/10.1038/s41467-018-07548-5 (2018).
	23.	 Stefater, J. A. III et al. Regulation of angiogenesis by a non-canonical Wnt-Flt1 pathway in myeloid cells. Nature 474, 511–515 (2011).
	24.	 Outtz, H. H., Tattersall, I. W., Kofler, N. M., Steinbach, N. & Kitajewski, J. Notch1 controls macrophage recruitment and Notch 

signaling is activated at sites of endothelial cell anastomosis during retinal angiogenesis in mice. Blood 118, 3436–3439, https://doi.
org/10.1182/blood-2010-12-327015 (2011).

	25.	 Jung, S. et al. Analysis of fractalkine receptor CX(3)CR1 function by targeted deletion and green fluorescent protein reporter gene 
insertion. Mol Cell Biol 20, 4106–4114 (2000).

	26.	 Tammela, T. et al. VEGFR-3 controls tip to stalk conversion at vessel fusion sites by reinforcing Notch signalling. Nat Cell Biol 13, 
1202–1213 (2011).

	27.	 Leenen, P. J., de Bruijn, M. F., Voerman, J. S., Campbell, P. A. & van Ewijk, W. Markers of mouse macrophage development detected 
by monoclonal antibodies. J Immunol Methods 174, 5–19 (1994).

	28.	 Mendes-Jorge, L. et al. Scavenger function of resident autofluorescent perivascular macrophages and their contribution to the 
maintenance of the blood-retinal barrier. Invest Ophthalmol Vis Sci 50, 5997–6005, https://doi.org/10.1167/iovs.09-3515 (2009).

	29.	 Clausen, B. E., Burkhardt, C., Reith, W., Renkawitz, R. & Forster, I. Conditional gene targeting in macrophages and granulocytes 
using LysMcre mice. Transgenic Res 8, 265–277 (1999).

	30.	 Lichanska, A. M. et al. Differentiation of the mononuclear phagocyte system during mouse embryogenesis: the role of transcription 
factor PU.1. Blood 94, 127–138 (1999).

	31.	 Greenhalgh, A. D. et al. Arginase-1 is expressed exclusively by infiltrating myeloid cells in CNS injury and disease. Brain, behavior, 
and immunity 56, 61–67, https://doi.org/10.1016/j.bbi.2016.04.013 (2016).

https://doi.org/10.1038/s41598-019-46308-3
https://doi.org/10.1007/s10456-007-9065-1
https://doi.org/10.1038/ncb2103
https://doi.org/10.1038/ncb3555
https://doi.org/10.1038/s41467-017-00953-2
https://doi.org/10.1016/j.immuni.2015.07.016
https://doi.org/10.1038/nn2014
https://doi.org/10.1016/j.immuni.2016.02.024
https://doi.org/10.1016/j.immuni.2016.02.024
https://doi.org/10.1038/s41421-018-0011-8
https://doi.org/10.1038/s41421-018-0011-8
https://doi.org/10.1038/srep20636
https://doi.org/10.1038/s41467-018-07548-5
https://doi.org/10.1182/blood-2010-12-327015
https://doi.org/10.1182/blood-2010-12-327015
https://doi.org/10.1167/iovs.09-3515
https://doi.org/10.1016/j.bbi.2016.04.013


1 0Scientific Reports |          (2019) 9:9798  | https://doi.org/10.1038/s41598-019-46308-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

	32.	 Zarruk, J. G., Greenhalgh, A. D. & David, S. Microglia and macrophages differ in their inflammatory profile after permanent brain 
ischemia. Exp Neurol 301, 120–132, https://doi.org/10.1016/j.expneurol.2017.08.011 (2018).

	33.	 Hozumi, K. et al. Delta-like 1 is necessary for the generation of marginal zone B cells but not T cells in vivo. Nat Immunol 5, 638–644 
(2004).

	34.	 Benedito, R. et al. The notch ligands Dll4 and Jagged1 have opposing effects on angiogenesis. Cell 137, 1124–1135 (2009).
	35.	 Benedito, R. et al. Notch-dependent VEGFR3 upregulation allows angiogenesis without VEGF-VEGFR2 signalling. Nature 484, 

110–114 (2012).
	36.	 Haimon, Z. et al. Re-evaluating microglia expression profiles using RiboTag and cell isolation strategies. Nature Immunology 19, 

636–644, https://doi.org/10.1038/s41590-018-0110-6 (2018).
	37.	 Li, W. & Graeber, M. B. The molecular profile of microglia under the influence of glioma. Neuro-oncology 14, 958–978, https://doi.

org/10.1093/neuonc/nos116 (2012).
	38.	 Zhang, J. P. et al. Overexpression of Notch ligand Dll1 in B16 melanoma cells leads to reduced tumor growth due to attenuated 

vascularization. Cancer letters 309, 220–227, https://doi.org/10.1016/j.canlet.2011.06.008 (2011).
	39.	 Rocha, S. F., Lopes, S. S., Gossler, A. & Henrique, D. Dll1 and Dll4 function sequentially in the retina and pV2 domain of the spinal 

cord to regulate neurogenesis and create cell diversity. Dev Biol 328, 54–65, https://doi.org/10.1016/j.ydbio.2009.01.011 (2009).
	40.	 Gamrekelashvili, J. et al. Regulation of monocyte cell fate by blood vessels mediated by Notch signalling. Nature communications 7, 

12597, https://doi.org/10.1038/ncomms12597 (2016).
	41.	 Beckers, J., Clark, A., Wunsch, K., Hrabe De Angelis, M. & Gossler, A. Expression of the mouse Delta1 gene during organogenesis 

and fetal development. Mech Dev 84, 165–168 (1999).
	42.	 Schmittgen, T. D. & Livak, K. J. Analyzing real-time PCR data by the comparative C(T) method. Nature protocols 3, 1101–1108 

(2008).

Acknowledgements
We thank Stefan Sablotny for excellent technical assistance; the Research Core Facilities Cell Sorting and Laser 
Microscopy for support. This research has been funded by grants from Deutsche Forschungsgemeinschaft 
(Li948/5-1), Bundesministerium für Bildung und Forschung (01GU1105B) and German-Israeli-Foundation 
(1089) to FPL.

Author Contributions
F.H., K.K., L.C.N., M. A., A.L., J.G. conducted experiments, F.H., K.K., J.G., F.P.L. analysed results, F. H., K.K., J.B., 
H.H. and F.P.L. wrote the paper, F.P.L. conceived and directed the study. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-46308-3.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-46308-3
https://doi.org/10.1016/j.expneurol.2017.08.011
https://doi.org/10.1038/s41590-018-0110-6
https://doi.org/10.1093/neuonc/nos116
https://doi.org/10.1093/neuonc/nos116
https://doi.org/10.1016/j.canlet.2011.06.008
https://doi.org/10.1016/j.ydbio.2009.01.011
https://doi.org/10.1038/ncomms12597
https://doi.org/10.1038/s41598-019-46308-3
http://creativecommons.org/licenses/by/4.0/

	Retinal myeloid cells regulate tip cell selection and vascular branching morphogenesis via Notch ligand Delta-like 1

	Results

	Myeloid cells express Dll1 during vascular development in the retina. 
	Developmental kinetics of retina myeloid cell populations. 
	Myeloid cell Dll1 regulates vascular sprouting. 
	Retinal myeloid cells regulate endothelial tip cell identity. 

	Discussion

	Methods

	Animals. 
	Retina angiogenesis model. 
	Ex vivo analysis of retinal myeloid cells. 
	Flow cytometry. 
	Isolation and ex vivo analysis of murine lung microvascular endothelial cells. 
	Endothelial cell culture and co-culture experiments. 
	RNA analysis by real-time quantitative PCR. 
	Stimulation of endothelial cells with notch ligands. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Identification and characterization of Dll1 expressing retinal myeloid cells.
	Figure 2 Population dynamics of myeloid cells in the developing retina.
	Figure 3 Loss of myeloid Dll1 leads to excessive sprouting.
	Figure 4 Dll1 is an upstream regulator of Dll4.




