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Abstract
The formation of new blood vessels is driven by proliferation of endothelial cells (ECs), elongation of maturing vessel sprouts 
and ultimately vessel remodeling to create a hierarchically structured vascular system. Vessel regression is an essential 
process to remove redundant vessel branches in order to adapt the final vessel density to the demands of the surrounding 
tissue. How exactly vessel regression occurs and whether and to which extent cell death contributes to this process has been 
in the focus of several studies within the last decade. On top, recent findings challenge our simplistic view of the cell death 
signaling machinery as a sole executer of cellular demise, as emerging evidences suggest that some of the classic cell death 
regulators even promote blood vessel formation. This review summarizes our current knowledge on the role of the cell death 
signaling machinery with a focus on the apoptosis and necroptosis signaling pathways during blood vessel formation in 
development and pathology.
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Introduction

Blood vessels are lumenized structures with an inner lining 
of a single layer of endothelial cells (ECs) that transport 
oxygen and nutrients throughout the body. After the de-novo 
formation of an initial primitive vascular system by accumu-
lation of angioblasts and blood islands (vasculogenesis), the 
vascular system develops by sprouting of new vessels from 
already pre-existing ones (angiogenesis) [1]. Angiogenesis is 
followed by EC differentiation into arteries, veins and capil-
laries and ultimately vessel remodeling to acquire a hierar-
chically structured vascular system. The diversity of these 
processes indicates that factors regulating EC survival must 
be balanced to allow resistance to exogenous stresses dur-
ing organ growth, while promoting vessel pruning (removal 
of single vessel segments during the process of vascular 

optimization) or regression (defined here as elimination of 
multiple vessel segments as part of a mechanism of vascu-
lar rarefaction) and thus maturation of the vascular system. 
Even though the adult vascular system is very stable, with 
a low turnover of ECs during homeostatic conditions, the 
endothelium maintains its plastic capacity. For example, the 
vasculature readily adapts to the metabolic demands of its 
surrounding tissue by either reducing or increasing vessel 
density, such as in physiological conditions like the regres-
sion of the corpus luteum during the female reproductive 
cycle [2], exercise [3, 4] or wound healing [5], or in patho-
logical conditions like malignant tumor growth [6].

Whereas it is undoubted that EC death contributes to 
the complete removal of certain vascular networks during 
development, such as the hyaloid vasculature of the fetal 
retina [7–9] or the first, second and fifth aortic arches [10, 
11] during the formation of the cardiovascular system, it 
seems that cell death is not a key driver for later stages of 
vessel pruning, when vessel branches only partially regress 
to improve the functionality of an existing vascular net-
work [12]. Recent evidences suggest that under such condi-
tions, the activity of the cell death signaling machinery can 
even promote angiogenesis and blood vessel development 
[13–15].

In addition to these physiological examples, excessive EC 
death can also lead to pathological vessel regression, such 
as it occurs during retinopathy of prematurity (ROP), when 
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preterm infants are exposed to high oxygen levels. Vice 
versa, impaired EC death can cause persistent hyperplastic 
primary vitreous, a developmental human eye disease caused 
by defective hyaloid vessel regression [16, 17]. On the other 
hand, targeting the cell death signaling machinery in ECs to 
inhibit blood vessel formation and vascularization during 
cancer development, thus promoting tumor regression, could 
be used as a valuable therapeutical strategy [18].

We start this review with a brief introduction into the 
different cell death signaling pathways regulating apoptosis 
and necroptosis (Fig. 1) and discuss how these are required 
to promote full regression of specific vascular systems, using 
the hyaloid vasculature of the fetal retina as an example. We 
will then summarize our current knowledge about vessel 
remodeling at later developmental stages and highlight the 

cell death independent functions of the cell death signaling 
machinery to this process. Finally, we will discuss the patho-
logical contributions of EC death to vascular diseases, and 
its benefits in anti-angiogenic cancer therapy.

Molecular regulation of apoptosis and 
necroptosis

Two separated, but converging, pathways control apoptosis 
(Fig. 1): one is the so-called intrinsic, mitochondria depend-
ent pathway regulated by the BCL2 family of proteins and 
the other one is regulated via extrinsic factors that activate 
the death receptor induced cell death signaling pathway. 
Both pathways result in the activation of initiator Caspases 

Fig. 1   Simplified schematic overview of the BCL2-regulated and 
death receptor-mediated apoptosis and necroptosis signaling path-
ways. In the BCL2 pathway, interactions between pro- and anti-apop-
totic BCL2 sub-family members determine whether the pro-apoptotic 
effectors BAK and BAX become activated. This results in increased 
mitochondrial permeability and cytochrome C (Cyt C) release, which, 
in turn, favors the formation of the death inducing apoptosome and 
ultimately Caspase-3  (CASP-3) cleavage by the initiator  Caspase-9 
(CASP-9). In the extrinsic pathway, binding of a death ligand to its 
death receptor leads to formation of the death inducing signaling 
complex (DISC) and activation of the initiator Caspase-8 (CASP-8). 

In the DISC, CASP-8 activity is restricted when CASP-8 binds to its 
inhibitor c-FLIP. Full CASP-8 activity in the absence of c-FLIP leads 
to CASP-3 cleavage, activation, and cell death by apoptosis. On the 
other hand, a minimal CASP-8 activity within the DISC is required to 
inhibit cell death via necroptosis. Loss of CASP-8 or inhibition of its 
enzymatic activity result in the formation of the necrosome including 
RIPK3, and ultimately activation and phosphorylation of the necrop-
tosis executer MLKL. For reasons of simplicity, only key molecules 
of the different signaling complexes are highlighted. For further read-
ing, we kindly refer the reader to reference [19]
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such as Caspase-8 (CASP-8) and -9 that in turn cleave and 
activate downstream Caspases (e.g. CASP-3 and -7) to 
implement the cell death program [19].

Intrinsic cell death signaling pathway

Proteins of the BCL2 family share the presence of short seg-
ments of sequence homology referred to as the BCL2 homol-
ogy (BH) regions and are divided into three sub-families 
that can have pro- or anti-apoptotic properties [20]. BCL2 
has been the first identified member of the pro-survival 
sub-family, which also includes BCLxL, MCL1, and oth-
ers [20, 21]. The other two sub-families are pro-apoptotic. 
The BH3-only sub-family (e.g. BIM, BID, BAD, PUMA), 
so-named because its members only share the BH3-region 
[22], are regulated by apoptotic stimuli and initiate apopto-
sis via BAX and BAK, members of the other pro-apoptotic 
sub-family [23]. Upon oligomerization, BAX and BAK are 
responsible for mitochondrial outer membrane permeabiliza-
tion (MOMP) [24, 25]. Interactions between the three BCL2 
sub-families determine whether BAX and BAK become acti-
vated, as pro-survival BCL2 family proteins can either pre-
vent BH3-only proteins from binding and thus activating 
BAX and BAK [26] or directly bind to the activated forms 
of BAX and BAK [27]. Recently, BOX was identified as 
a non-canonical pro-apoptotic BCL2 family member [28]. 
Whereas 10% of BAK/BAX double knockout mice survive 
to adulthood, with only minor developmental defects, the 
phenotype of BOX/BAK/BAX triple knockout mice is much 
more severe, with less than 2% of the mice surviving to 
adulthood [29]. While these findings demonstrate a certain 
redundancy amongst the pro-apoptotic BCL2 family mem-
bers, it also shows that life in the absence of intrinsic apop-
tosis is possible.

During cell death, MOMP induces the release of 
Cytochrome C (Cyt C) [25] and other pro-apoptotic mol-
ecules. In turn, Cyt C in the cytoplasm favors the forma-
tion of the so-called ‘apoptosome’, a signaling platform 
that recruits and activates the initiator CASP-9 [30] which 
will then further cleave and activate the executioner CASP-
3. Executioner Caspases have the ability to cleave diverse 
cellular substrates, such as lamin-β1 [31], β-actin [32] and 
poly (ADP-ribose) polymerase [33] and thus to induce the 
regulated cellular degradation during apoptosis. Not only 
growth factor deprivation, but also other intracellular risk 
factors such as DNA damage, hypoxia, or metabolic stress 
can activate cell death via the mitochondria-mediated intrin-
sic apoptosis pathway [34–36].

Extrinsic cell death signaling pathway 
and necroptosis

The extrinsic cell death signaling pathway is exogenously 
induced at a cell’s plasma membrane when a death ligand 
binds to its respective death receptor. Eight members of the 
death receptor family have been described so far, with the 
tumor necrosis factor (TNF) receptor superfamily, including 
TNFR1, TRAILR2 and CD95, being the most important ones 
[37]. All of them are type 1 transmembrane receptors that can 
be distinguished by a ~ 80 amino acids comprising cytoplasmic 
domain, known as the death domain (DD). Signal transduc-
tion of death receptors takes place in three general steps: 1) 
Binding of the death ligand to its receptor; 2) recruitment of 
adaptor proteins and the initiator CASP-8 (in humans CASP-
10 is also recruited) to the DD, resulting in the formation of 
the death inducing signaling complex (DISC); 3) specific 
downstream signaling events depending on the stoichiometry 
of adaptor proteins and initiator caspases. Large amounts of 
activated initiator caspases can directly process and activate 
the executioner CASP-3, CASP-6 or CASP-7 [38]. However, 
in the presence of caspase inhibitory molecules of the inhibi-
tor of apoptosis (IAP) protein family, or if smaller amounts of 
activated CASP-8 are available, efficient apoptosis depends on 
cleavage of the BH3-only protein BID by CASP-8. Truncated 
BID (tBID) can then translocate to the mitochondria to induce 
oligomerization of BAK and BAX to amplify cell death via the 
intrinsic pathway [38, 39].

CASP-8 activity is normally restricted and inhibited by 
heterodimerization with c-FLIP, a homologous protein that 
lacks catalytic activity [40]. Even though c-FLIP prevents the 
full activation of CASP-8, a restricted enzymatic activity of 
CASP-8 within the c-FLIP/CASP-8 heterodimer is necessary 
to prevent an alternative cell death pathway called necroptosis 
[41]. Necroptosis is induced upon autophosphorylation and 
activation of the receptor interacting protein kinases (RIPK) 
1 and 3 [42, 43]. CASP-8 can directly cleave RIPK1 and 
RIPK3 [44, 45] and, therefore, prevent their kinase activity. 
In addition, CASP-8 indirectly inhibits RIPK1 by cleaving 
the deubiquitinase cylindromatosis (CYLD), as ubiquitinated 
RIPK1 cannot be recruited to the cytosolic death signaling 
complex anymore [46]. Mixed lineage kinase domain like 
protein (MLKL) is a target of RIPK1 and RIPK3 and the key 
executor of necroptosis [47, 48]. Phosphorylation of MLKL by 
RIPK3 induces a conformational change that promotes MLKL 
oligomerization and translocation to the plasma membrane. It 
is hypothesized that tetrameric MLKL can integrate into the 
plasma membrane, induce pore formation and thus cause the 
classical cellular rupture seen in necrotic cells [49, 50].
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Regulation of cell death during development 
of the embryonic vascular system

Formation of the cardiovascular system starts around 
embryonic day (E)8 in mice [51]. Soon after the formation 
of the heart rudiments and looping and formation of the 
heart chambers, intraembryonic blood vessels start to form 
independently by accumulation of angioblasts that will later 
on connect to the heart circulation [52]. Whereas it is well 
described that some of the primordial pharyngeal arch arter-
ies are removed by apoptosis  in the developing mammalian 
heart [53], only little is known about the contribution of cell 
death in ECs of the developing embryonic microvasculature.

Studies using genetic mouse models (Table 1) suggest 
that the embryonic vasculature is highly sensitive to EC 
death. Increased EC apoptosis often goes in hand with 
hemorrhage formation, defects in yolk sac vascularization 
and embryonic lethality. TAK1 is a kinase induced down-
stream of the TNFR1, where it activates Nf-κB signaling 
upon TNF-α stimulation [54]. EC-specific deletion of Tak1 
leads to increased TNF-dependent EC apoptosis, reduced 
embryo angiogenesis, defects in yolk sac vascularization 
and ultimately embryonic lethality around E10.5 [55]. Other 
molecules of the extrinsic cell death pathway have also been 
implicated in regulating EC survival during embryonic 
development. For example, cFlip, Casp8, and Fadd knock-
out mice die during early embryonic development between 
E10.5–12.5 due to cardiovascular failure and compromised 
yolk sac vascularization [56–58]. These defects are rescued 
when either apoptosis or necroptosis are inhibited, as shown 
in double or triple knockout mice like c-FLIPko/FADDko/
RIPK3ko [59], Casp8ko/RIPK3ko [60] or Casp8/MLKLko [61] 
mice. In particular, EC-specific deletion of Casp8 [13, 62], 
FADD [63] and other pro-survival molecules [55, 64] of 
the extrinsic cell death signaling pathway recapitulates the 
severity of the full knockout of these genes, indicating that 
pro-survival molecules of the extrinsic cell death signaling 
pathway are required to promote EC survival during embry-
onic development. Additionally, a pro-survival role for the 
heterodimer of CASP-8 and c-FLIP was described in multi-
ple other tissues in vivo [59].

Interestingly, Tnfr1, TRAILR2 and CD95 knockout 
mice are viable and develop without obvious impairments 
[65–67], suggesting that death receptor signaling (the extrin-
sic cell death signaling pathway) in ECs is not essential for 
the proper formation of the embryonic vascular system. Nev-
ertheless, it is possible that these mice still present transient 
vascular defects that are compensated during development 
and therefore do not result in a permanent vascular defect. 
For example, vessel density and complexity are attenuated 
in EC-specific CD95 knockout embryos [14].

Whereas the deathly potential of the extrinsic cell death 
signaling pathway in ECs during embryonic development 
has been substantially studied, the role of the intrinsic path-
way has been less clearly defined. Due to the redundancy and 
large functional overlap of BCL2 family members, the devel-
opmental contribution of mitochondria-mediated cell death 
in the formation of the embryonic vascular system is difficult 
to elucidate. EC l-specific Mcl1 knockout embryos present 
abnormal angiogenesis in the skin and die at E14.5 due to 
edema and hemorrhages [68]. Whereas mice lacking BAX or 
BAK only display mild developmental defects that result in 
lymphoid cell hyperplasia and increased platelet numbers in 
the adult [69, 70], more than 90% of Bax/Bak double knock-
out mice die perinatally due to multiple reasons, including 
improper formation of the aortic arches [29]. Interestingly, 
the cardiovascular system in the survivors seemed largely 
normal, even though they presented multiple defects related 
to insufficient apoptosis in other tissues [29, 71]. This result 
indicates that cell death via the intrinsic pathway is either 
not essential in embryonic ECs or can be compensated and 
executed by BAX/BAK-independent mechanisms.

Taken together, the above-mentioned studies so far sug-
gest that EC death is dispensable for proper formation of 
the early embryonic cardiovascular system, but has to be 
actively inhibited to allow embryonic development. It might 
be that a lack of apoptosis can be compensated by other 
cell death modalities. Therefore, it remains to be elucidated, 
whether combined inhibition of multiple cell death pathways 
would also be tolerated in the developing vasculature.

EC apoptosis during postnatal development

Regression of the hyaloid vasculature is mediated 
by the BCL2 signaling pathway

The hyaloid vasculature and pupillary membrane are spe-
cialized vascular structures in the eye of the embryo that 
supply trophic support to the growing lens during embryo-
genesis. In parallel to the development of the postnatal reti-
nal vascular system (see below), both the hyaloid vessels and 
pupillary membrane regress [72]. Persistent fetal vasculature 
(PFV), one of the most common developmental congenital 
ocular malformations, is a human disease that results from 
inefficient removal of the hyaloid vasculature [73]. Interest-
ingly, hyaloid vessel, but not pupillary membrane regres-
sion, is inhibited in Bax/Bax double knockout mice, where 
these vessels are still present in adulthood [17]. These results 
indicate that apoptosis in ECs is required for hyaloid vessel 
regression during development.

Pupillary membrane, and likely hyaloid vessel regres-
sion as well, takes place in two phases. In the first phase, 
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macrophages induce apoptosis in single ECs, for example 
via Wnt-7b signaling [74–76]. This is followed by subse-
quent lumen constriction and thus disturbances in blood flow 
that induce a second phase of EC apoptosis in larger vessel 
segments [77, 78]. PU.1 mutant mice that lack resident mac-
rophages [75] suffer from PFV , thus supporting a role of 
macrophages in the removal of these fetal vascular beds [9, 
72, 74, 78]. Hyaloid vessel regression is also regulated by 
retinal neurons that express VEGFR2 and can titrate VEGF 
availability [8]. In this context, the BH3 only protein BIM 
is an essential inducer of apoptosis in ECs and normally 
suppressed by VEGF signaling [79, 80]. Therefore, hyaloid 
vessel regression is inhibited in Bim−/− mice [80, 81]. In 
contrast, loss of the pro-apoptotic BH3 only protein BIK 
[82] or the antiapoptotic BCL2  [83] did not affect hyaloid 
vessel regression, indicating again redundancy of some of 
the BH3 family members.

Apoptosis during angiogenesis in the mouse retina

The retina vasculature develops in utero in humans [73]. 
However, in mice, this vasculature develops postnatally dur-
ing the first 3 weeks after birth [84]. Much of our knowl-
edge of the different phases of angiogenesis (sprouting 
and growth, maturation and remodeling) has come from 
studying the neonatal mouse retina [85, 86], and different 
genetic mouse mutants have been analyzed to understand 
the contribution of cell death to these processes (Table 1). 
Starting at postnatal day (P) 1, vessel sprouts emerge from 
the optic nerve head at the center of the retina from where 
they expand radially towards the retina periphery until ~ P8 
[85]. Whereas EC proliferation and vessel sprouting mainly 
take place at the leading edge of the growing vascular sys-
tem, vessel maturation predominantly occurs more centrally. 
Nevertheless, this division is not absolute as EC prolifera-
tion is also observed in and around the central vein seg-
ments [87], and pruning vessels can be found throughout 
the vessel network [88]. A small subset of apoptotic ECs 
has been observed during retina angiogenesis [12, 88–90]. 
While these few apoptotic ECs are initially clustered around 
remodeling arteries, away from proliferative regions of the 
retina, they appear more evenly distributed over time as soon 
as EC proliferation ceases [12].

Maturing vessels become covered by mural cells that pro-
vide pro-survival factors such as ANG-1 [91] and VEGF 
[92]  to promote EC survival, vessel stability and integrity. 
In line, EC apoptosis during retina angiogenesis increased 
dramatically in the absence of pericytes [93]. In these 
conditions, the remaining vasculature presented defective 
blood–retinal barrier formation and vascular hemorrhages 
due to the upregulation of vascular destabilization factors in 
ECs, such as ANG-2, downstream of FOXO1 [93]. Consist-
ently, EC apoptosis is decreased in pericyte-specific Bim 

knockout mice (where pericyte numbers are increased [94]), 
indicating that pericytes are crucial for EC survival dur-
ing vessel growth. On the other hand, one study reported 
that pericytes promote EC apoptosis in the postnatal retina 
through the production of endosialin, whose expression is 
restricted to pericytes covering newly formed vessels [95]. 
Whether pericytes undergo cell death during physiological 
blood vessel pruning is also controversial. While certain 
studies indicate that pericytes stay attached to the empty 
basement membrane of pruning vessels [88, 90, 96], others 
report that pericytes undergo apoptosis [7] or migrate into 
adjacent vessel segments [97, 98]. Further studies will be 
required in the future to determine the role and adaptive fate 
of pericytes during vessel pruning.

A role for immune cells in EC apoptosis and clearance 
during vessel pruning has also been reported. Leukocytes 
and cytotoxic T cells are able to induce EC death during reti-
nal vessel pruning via CD95L [99]. During regression of the 
hyaloid vasculature, or during blood vessel pruning in the 
trachea of postnatal pups (upon anti-VEGF treatment), mac-
rophages are also seen in close proximity to remodeling ves-
sels. In these cases, they contribute to the passive clearance 
of apoptotic ECs [98, 100]. However, both in the embryo 
hindbrain and postnatal retina, macrophages additionally 
contribute to lumen formation and vessel remodeling by 
promoting vessel anastomosis [101]. This suggests that they 
might have dual roles or that different macrophage popula-
tions have distinct functions. In the zebrafish brain vascu-
lature, microglia have also been shown to associate with 
pruning vessels after ECs underwent apoptosis, thus also 
indicating that they do not actively contribute to EC death, 
but rather to their removal afterwards [102]. While those 
studies indicate a fundamental role of the immune compart-
ment in proper blood vessel development, further research 
is required to determine the extent of active and passive con-
tribution of the immune compartment to vessel remodeling 
in different vascular beds.

Does EC apoptosis drive vessel pruning?

Whereas it is undebated that EC death accounts for the com-
plete removal of fetal vascular systems, such as the hyaloid 
vasculature, different mechanisms might regulate partial ves-
sel removal of a subset of vascular branches during postna-
tal development (vessel pruning). In addition to the studies 
mentioned above, where the potential contribution of peri-
cytes and immune cell-driven induction of EC apoptosis and 
their contribution to vessel pruning were discussed [94, 95, 
99, 101], one other hypothesis suggests that vessel pruning 
is primarily driven by EC migration and re-integration into 
neighboring vessel branches. We discuss below the contri-
butions of both processes to postnatal vessel remodeling.



3255Contribution of cell death signaling to blood vessel formation﻿	

1 3

EC apoptosis has been implicated in certain conditions 
of vessel remodeling [90, 103–106] and in the regulation of 
capillary vessel diameter [12]. In the maturation phase of 
the retinal vasculature, characteristic avascular areas form 
around differentiating arteries. EC apoptosis is frequently 
observed in pruning vessels around arteries [12, 68, 88, 95] 
and several mouse mutants confirm a role of EC death in the 
regulation of vessel density. For example, mice lacking the 
pro-apoptotic BH3-only protein BIM [81] present increased 
vessel density in the retina. Loss of EC TIE1 [107] also leads 
to an increase in EC death and concomitant reduction in 
vessel density. A similar phenotype has been reported when 
regulators of the Wnt pathway, such as Gpr177 (required for 
wnt secretion) and Rspo3 (a wnt signaling enhancer) [90, 
108] were knocked out in ECs. Interestingly, non-canonical 
Wnt signaling was further shown to regulate the response of 
ECs to shear stress, rather than cell death [109].

Even though EC death might affect vessel density, it is 
debated whether apoptosis under physiological conditions 
is required to initiate vessel pruning, as, despite a mild 
increase in the vascular area, vessel remodeling and matu-
ration properly take place in the above-mentioned knockout 
mice and others. For example, even though EC apoptosis is 
increased in mice lacking the pro-survival protein MCL1, 
vessel regression is not affected [12]. In addition, vessel 
regression is unaffected in EC-specific Casp8 knockout mice 
[13], even though EC apoptosis is reduced. Furthermore, 
TRAIL−/− mice only show a mild and transient increase in 
vessel density that is recovered at P5, and a small decrease 
in the capillary free area surrounding arteries [110]. In the 
developing rat retina, no correlation between vessel removal 
and EC apoptosis could be found [89]. Consistently, while 
the majority of apoptotic cells in the developing mouse 
and zebrafish retinal vasculature are found in pruning ves-
sels, only a small subset of them (around 5% to 15%) con-
tained apoptotic ECs [12, 88, 102]. Up to date, analysis of 
retina angiogenesis in Bak−/− BaxEC/EC mice (with full Bak, 
and EC-specific Bax deletion) has most directly evaluated 
the impact of EC death to vessel remodeling. Strikingly, 
Bak−/− BaxEC/EC knockout  with full inhibition of apopto-
sis via the intrinsic cell death signaling pathway in ECs, 
delayed, but did not prevent vessel pruning around arteries 
[12]. In the capillary region, where apoptosis is more scat-
tered, blocking apoptosis did not have any effect on vessel 
pruning either [12].

Elegant time-lapse imaging studies in zebrafish have 
ultimately revealed in vivo that EC apoptosis is not com-
mon during vessel pruning [105, 111, 112]. Instead, ECs 
migrate out of remodeling vessels and reintegrate into 
neighboring vessel segments, thus eliminating the need for 
EC removal by cell death. In this model, changes in blood 
flow and the resulting impact on shear–stress are the driving 
forces for vessel pruning [111]. EC migration in response 

to hemodynamic cues also occurs in the mouse retina [88]. 
Interestingly, the sensitivity of ECs to flow depends on 
non-canonical wnt signaling, as in its absence ECs show 
an increased sensitivity to flow which results in premature 
vessel pruning [109].

One possible explanation linking the cell death and 
migration hypothesis could be that ECs that detach from 
the extracellular matrix during migration undergo cell death 
due to anoikis, which might explain why the majority of 
apoptotic ECs are found in remodeling vessels. In this case, 
EC apoptosis might not be the primary cause of vessel prun-
ing, but consequence of cellular detachment or secondary to 
impaired blood flow [105]. It should be noted that TUNEL 
or cleaved CASP-3 positive cells have a short half-life and 
the commonly observed shedding of apoptotic ECs into the 
vascular lumen and their quick clearance by macrophages 
further complicates the precise evaluation of the kinetics of 
the above-mentioned processes. In addition, as our current 
knowledge of vessel remodeling is based on studies from 
both wildtype and mutant mice, caution should be taken 
by comparing physiologically and artificially induced ves-
sel remodeling. Taken together, successful vessel pruning 
is likely a multi-step process involving EC migration, rein-
tegration into neighboring vessels and a minor contribution 
of EC apoptosis.

Cell death‑independent functions 
of the apoptosis signaling machinery in ECs

Accumulating evidences suggest that molecules of the cell 
death signaling machinery in ECs (and other cell types) 
can act beyond their classic apoptotic function. Deletion of 
TAK1 in ECs does not just lead to increased TNF-dependent 
EC apoptosis, but also to TNF-independent defects in EC 
migration [55]. Furthermore, the loss of the IAP survivin in 
ECs does not just lead to increased EC death in the devel-
oping embryo, but also to defects in neural tube closure. 
Those are not solely attributable to tissue hypoxia resulting 
from vascular malformations, but to cell death-independent 
changes in EC derived growth factor secretion that otherwise 
supports neural tube closure under physiological conditions 
[113]. Similarly, ECs of Casp8 knockout embryos display 
an enhanced cytokine expression profile, which is independ-
ent of RIPK3 and necroptosis [114]. These studies suggest 
that certain cell death signaling molecules also regulate 
additional, non-cell death-related EC properties and func-
tions such as growth factor and cytokine expression, which 
might have fundamental roles during tissue development. 
They also raise the question of whether embryonic lethality 
in diverse knockout mice related to the cell death signaling 
pathway is solely due to dysregulated apoptosis/necroptosis 
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or further supported by other, non-cell death related vascular 
dysfunctions.

During postnatal angiogenesis, several studies have 
shown that the pro-cell death signaling machinery does 
not promote apoptosis, but regulates vessel development 
independent of cell death. In contrast to many other cell 
types, the pro-apoptotic BH3-only protein PUMA, though 
strongly expressed in ECs [15], does not induce apoptosis 
[115]. Instead, it regulates EC proliferation, autophagy and 
blood vessel development in the retina via ERK signaling 
[15]. CD95 is also expressed in brain and retina ECs dur-
ing postnatal development, and angiogenesis is delayed in 
EC-specific CD95 knockout mice [14]. In ECs, co-immu-
noprecipitation experiments revealed that CD95 interacts 
with SFK and p85. In line, CD95L stimulation of HUVECs 
leads to the phosphorylation and activation of Akt and ERK, 
and inhibition of Akt blocks CD95L induced EC prolifera-
tion [14]. In addition to its physiological role during angio-
genesis in the central nervous system, activation of CD95 
with the agonistic anti-CD95 mAb Jo2 was able to induce 
immune cell infiltration and angiogenesis in an in vivo 
Matrigel assay [116], indicating that CD95 signaling might 
also regulate inflammation induced angiogenesis. Recently, 
CASP-8 has also been shown to regulate angiogenesis in the 
retina in a cell death-independent way. Even though lethal 
during embryonic development, knockout of Casp8 in ECs 
during postnatal development did not affect mouse survival, 
thus indicating that after a critical time window of vasculo-
genesis and angiogenesis during embryonic development, 
postnatal ECs are more resistant to cell death in the absence 
of CASP-8. In fact, postnatal deletion of Casp8 in ECs only 
led to a mild delay in angiogenesis, which was dependent 
on RIPK3, but not MLKL and therefore necroptosis [13]. 
In line, RIPK1 and RIPK3 have been shown to positively 
regulate the response of ECs to VEGF stimulation in the 
bead sprouting assay, as inhibition of either of them amelio-
rated the VEGF induced sprouting response [117]. In both 
of the studies indicated above, this effect was mediated by 
increased p38 signaling, a known inhibitor of angiogenesis 
[118].

Even though the above-mentioned findings support 
a cell death-independent role of the cell death signaling 
machinery, the effect of death ligand stimulation of ECs per 
se in an in vitro setting is controversial and largely con-
text dependent. Whereas some studies report that stimula-
tion with TRAIL induces apoptosis in HUVECs [119] and 
has anti-angiogenic properties [120], other studies find 
that TRAIL stimulates angiogenesis [121]. In addition, 
and even in the absence of CASP-8, TNF-α and TRAIL 
(potent inducers of necroptosis in the absence of CASP-8 
in other cell types [42, 122–124]) did not induce cell death 
in ECs in vitro [13]. Similar findings have been reported for 
CD95L. Even though CD95 is expressed on the surface of 

ECs, they are resistant to CD95L-induced cell death in vitro 
[125–127]. In HUVECs, this is mediated by association of 
monomeric CD95 with cMet and a strong expression and 
recruitment of c-FLIP to the DISC, therefore preventing 
CD95 oligomerization and DISC activation [128]. Interest-
ingly, dimerized CD95 is detected when ECs lose matrix 
attachment and undergo anoikis [128] or when Akt signal-
ing is inhibited [129], which highlights again that apoptosis 
might be a consequence, not cause, of vascular removal. 
To further explain why ECs seem surprisingly resistant to 
cell death, one study suggests that HUVECs treated with 
LPS secrete cleaved CASP-3 fragments into the superna-
tant, thus actively escaping from apoptosis [130]. Additional 
non-apoptotic, but barrier-promoting functions of CASP-3 
have been reported in lung microvascular ECs [131]. Even 
though apoptosis was reported to be increased in the retina 
vasculature of Bcl2−/− mice in vivo [83], isolated retina ECs 
from these mice did not show increased cell death under 
basal conditions but defects in cell adhesion, migration and 
capillary morphogenesis [132]. Thus, this data suggests that 
Bcl2−/− ECs behave differently in processes of angiogenesis 
and that an environmental factor not present in culture would 
be required to induce apoptosis in vivo.

Taken together, these studies highlight the exceptional 
cell death-independent functions of the apoptosis machin-
ery in ECs during physiological blood vessel formation. 
They further strengthen the hypothesis of a timely appro-
priate requirement of pro-survival factors, such as CASP-8, 
in the developing endothelium during the course of vessel 
formation.

EC death in pathology: a focus on oxygen 
induced retinopathy

ROP  and proliferative diabetic retinopathy (PDR) are dis-
eases characterized by pathological EC apoptosis and vessel 
obliteration that is followed by an equally pathological boost 
of neo-vascularization which often results in the formation 
of disturbed and leaky vascular tufts [133, 134]. Vessels 
growing into the vitreous often lead to vision impairment, 
hemorrhage, scarring and in the worst case, retinal detach-
ment [135]. ROP can be recapitulated in the oxygen-induced 
retinopathy (OIR) model in mice or rats [133, 134]. In this 
model, newborn mice are briefly exposed to hyperoxic con-
ditions, which will lead to the regression of all capillaries in 
the central retina. Upon return to normal oxygen conditions, 
these areas become hypoxic, leading to increased production 
of proangiogenic factors, such as VEGF, PlGF and IGF-1 
and thus pathological neoangiogenesis [136–138]. EC apop-
tosis accounts for the initial hyperoxia-induced vaso-oblite-
ration, thus rendering the OIR model a useful system for the 
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study of pathological EC death and regression [133, 139]. In 
addition, the malformed neo-vasculature undergoes sponta-
neous regression over time [85] which will eventually lead 
to the resolution of the vascular malformations. Similar to 
ROP, PDR is characterized by retinal–capillary non-perfu-
sion that results in EC and pericyte apoptosis [140]. Again, 
this capillary loss results in the formation of focal ischemic-
areas that induce an increased production of cytokines and 
pro-angiogenic factors such as VEGF-A , therefore resulting 
in increased pathological angiogenesis [141].

Several studies indicate that vaso-obliteration and EC 
apoptosis in the OIR model are regulated by the intrinsic 
cell death signaling pathway. Bim−/− mice are resistant to 
hyperoxia induced vessel regression [81]. On the other hand, 
vaso-obliteration did not depend on BCL1, even though 
Bcl2−/− mice presented a reduced amount of pathological 
neovascular tufts [83]. Strikingly, however, this phenotype 
was not recapitulated in EC specific Bcl-2−/− mice, where 
vaso-obliteration was increased, but neovascularization 
unchanged compared to control littermates [142], indi-
cating that BCL2 in other cell types also modulated OIR. 
More recently, it has been shown that revascularization in 
Bak−/−BaxEC/EC mice during OIR is increased. Even though 
ECs in these mice are protected from apoptosis, vessel oblit-
eration and ischemia still occured. However, ECs within 
closed and unperfused vessels that were protected from 
apoptosis were able to rebuild a functional vascular system 
in response to pro-angiogenic stimulation faster compared 
to control mice, thus resulting in increased revascularization 
upon return to normoxia [143].

In contrast to its mild contribution to vessel pruning dur-
ing physiological angiogenesis, the extrinsic cell death sign-
aling pathway regulates EC death and vessel resolution in 
the OIR model. In the rat, treatment with a CD95L-neutral-
izing antibody reduced vaso-obliteration in the OIR model 
[99]. However, CD95L loss of function mice (Faslgld/gld) 
show normal vaso-obliteration in the OIR model, but the 
formation of neovascular tufts was increased [144, 145]. 
This was accompanied by having fewer TUNEL + cells in 
the tuft areas, indicating that CD95 signaling might limit 
pathologic neovascularization by inducing EC apopto-
sis. TRAIL−/− mice did not show any impairment in vaso-
obliteration, however, similar to Faslgld/gld mutant mice, 
neovascularization was increased [110]. Furthermore, tuft 
regression was delayed, indicating that TRAIL was required 
to limit both excessive neovascularization and to promote 
resolution of malformed vessels. Consistent with its role as 
a pro-survival factor, vaso-obliteration in the OIR model 
was increased in EC specific Casp8 knockout mice [13]. Of 
benefit, as CASP-8 regulates angiogenesis in a cell death-
independent way, tuft formation was also decreased in the 
OIR model [13], suggesting that regulating CASP-8 in ECs 
could be beneficial for inducing or preventing vessel growth.

Taken together, our knowledge based on studies of the 
OIR model indicates that EC apoptosis can be a major con-
tributor to neovascular diseases such as ROP and PDR. 
It should be noted that ROP is unique and different from 
other pathological neovascular conditions, as the vessels in 
the developing retina are still immature and thus depend-
ent on VEGF signaling. In line, adult mice are resistant to 
OIR. This is consistent with, for example, the timely role 
of BCL2 and CASP-8 in early development, as discussed 
before. Hence, it also supports the finding that ECs possess a 
differential sensitivity and phenotypic outcome towards cell 
death by different signaling pathways. The above-mentioned 
studies, together with the fact that the extrinsic cell death 
signaling pathway also regulates cytokine production and 
thus potentially inflammation driven neo-angiogenesis, high-
light the complex contribution of death receptor regulated 
signaling in ECs during pathological angiogenesis—a novel 
field that requires further investigation.

Targeting the cell death signaling machinery 
in ECS during tumor angiogenesis

Growing tumors become vascularized with blood vessels to 
promote tumor oxygenation, nutrient delivery and ultimately 
metastatic spread [146]. Anti-angiogenic tumor therapy ini-
tially aimed to ‘starve tumors to death’ by inducing mas-
sive vessel regression [147]. Similar to physiological vessel 
development, TIE-1, EVI (the protein encoded by Gpr177) 
and R-spondin-3 have been shown to promote tumor angi-
ogenesis. Therefore, deletion of these pro-survival fac-
tors in ECs has been shown to reduce tumor angiogenesis 
in B16-xenograft and lewis lung carcinoma (LLC) models 
[90, 107, 108]. In addition, as a subset of tumor vessels in 
expanding tumors remains immature, VEGF withdrawal 
strategies might be exploited, similar to treatment of ROP, 
for enforcing vessel regression [148]. However, as already 
indicated, these treatments only target the most immature 
vessels, while leaving behind a more mature and stable vas-
cular network [149]. Therefore, new strategies are required 
to promote full regression of the tumor vasculature.

Whereas activation of the cell death signaling machinery 
in tumor cells has been in the center of anti-cancer therapy 
in the last decades [150, 151], studies targeting cell death 
signaling pathways in ECs to force vessel regression are 
just recently starting to emerge. Hereby, targeting TAK1 
(which is known to inhibit apoptosis) in ECs seems to be 
a promising strategy. Specific deletion of TAK1 in ECs 
significantly reduced tumor growth in an EL4 lymphoma 
and LLC model that form tumors that are refractory to anti-
VEGF therapy [18, 152]. Deletion of TAK1 after the tumor 
had already formed also lead to a significant regression of 
the tumor tissue due to increased EC apoptosis. However, 
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vascular leakage, hemorrhage formation, and tumor hypoxia 
were increased [18]. Another study reported that TAK1 
deletion induced EC necroptosis and, therefore, increased 
metastatic spread, as tumor cell extravasation was promoted 
in the leaky vasculature [153]. Consistently, several other 
studies have reported that EC necroptosis, or activation of 
the necroptosis signaling machinery in ECs, rather favor 
metastatic spread. For example, tumor cells extravasate 
by inducing necroptosis of ECs via DR6, which is further 
increased in EC specific Casp8 knockout mice, where induc-
tion of necroptosis is facilitated [154]. In contrast, inhibi-
tion of RIPK1 and RIPK3 reduces metastasis formation and 
vascular leakage, even though contradictory data exists on 
whether this is via inhibition of necroptosis, or inhibition of 
cell death-independent functions of RIP-kinases [117, 154].

Taken together, EC death in the tumor vasculature clearly 
has its advantages and disadvantages and further studies are 
required to decipher the potential of induced EC death in 
cancer therapy. Hereby, it is likely that its effects might be 
different in the primary tumor and sites of tumor metasta-
sis and also depend on the precise cell death modality, for 
example EC apoptosis vs. necroptosis.

Conclusions and future perspective

A collection of numerous studies over the last 20 years has 
shaped our understanding of EC death during blood vessel 
development and also significantly contributed to our knowl-
edge about pathological EC death to diseases such as ROP. 
Taken together, those studies highlight the differential func-
tion of cell death signaling molecules in ECs during these 
processes (Fig. 2). Yet, it is important to note that most of 
our interpretations are based on studies in the mouse retina. 
Therefore, further research is required to understand the dif-
ferential contribution of EC death in different vascular beds 
and different developmental stages: How is it possible, that 
the same pro-survival factors, such as CASP-8, are essen-
tial during vessel formation in the embryo, but dispensable 
at later developmental stages? And what is controlling the 
switch from a deathly cell death signaling machinery to the 
proangiogenic functions of the same molecules?

In this context, the role of vessel-associated cells, such 
as pericytes and macrophages that could substantially alter 
the sensitivity of ECs to cell death requires further attention. 
In addition, regulation of differential cell behavior by the 

Embryonic development Postnatal development Pathology

• Cell death is required for proper
heart formation.

• Cell death seems dispensable
for proper development of the
embryonic microvasculature.

• However, further investigation of
embryos lacking both apoptosis
and necroptosis is required.

Increased cell death:

Increased apoptosis and
necroptosis lead to cardiovascular
defects, hemorrhage formation and
lethality (e.g. Casp8ECko, FADDECko)

• Cell death contributes to vaso-
obliteration during oxygen
induced retinopathy, and
spontaneous regression of
malformed neovascular tufts.

Increased cell death:

Vasoobliteration is increased in
Casp8ECko mice,potentially due to
loss of its pro-survival function.

Increased cell death and vessel re-
gression might be a therapeutical
strategy in anti-angiogenic cancer

therapy

• Cell death is required during
hyaloid vessel regression. Loss
of apoptosis results in persistent
fetal ocular vascularization.

• Apoptosis seems dispensable
for vessel pruning, but might
contribute to vessel remodeling.

• Cell death independent
functions of apoptotic molecules
promote angiogenesis (e.g.
Casp8).

Increased cell death:

Increased apoptosis in Mcl1
knockout mice does not affect

vessel regression.

Effect of EC cell death during developmental
and pathological angiogenesis

Fig. 2   Contribution and function of cell death signaling molecules 
in ECs during vessel development and pathology. Apoptosis-related 
molecules can act in a cell death-dependent and -independent man-

ner  in ECs. Red lightnings symbols indicate negative effects, and 
light bulbs symbol indicates positive effects, of increased cell death 
signaling in ECs.
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physical properties of the environment, for example by the 
extracellular matrix (ECM) is gaining increasing attention. 
To answer these questions, improved invivo systems, com-
bined with mathematical modeling, are required to study the 
interaction of ECs within the vessel sprout and its surround-
ing tissue during angiogenesis to precisely define the timely 
manner of EC migration, apoptosis, and vessel pruning.

Last but not least, further work is required to translate 
our knowledge of EC death under physiological condi-
tions to pathological vessel regression. Do they follow the 
same mechanistic principles? And is the cell death sign-
aling machinery required to maintain physiological vessel 
homeostasis in the quiescent, adult vasculature? Answering 
these questions  will contribute to the fundamental under-
standing of the mechanisms regulating vessel formation and 
will contribute to develop and improve the efficacy of anti-
angiogenic therapies.
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