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Abstract
Non-apoptotic Caspase-8 Signaling Mediates Retinal Angiogenesis
Kendra Vincia Johnson

The retina is one of the most metabolically active tissues in the body and the high
energetic demand is met by a well-organized vascular network. Aberrant vasculature is a
prominent feature of many vision-threatening diseases, and although angiogenic
pathways have been extensively studied the limited efficacy of therapies currently
available for the treatment of these diseases suggests that there is more to be elucidated.
The caspase family of proteases is best known for their roles in programmed cell
death and inflammation, however members of this family have been found to have
essential functions independent of cell death. Caspase-8, in particular, has been
previously shown to be essential for embryonic vascular development, however, a
requirement for caspase-8 in postnatal vascular development has not been established
and it is unclear how caspase-8 exerts its function.
In this study, we investigate the cell specific roles of caspase-8 in the development
of the retinal vasculature using the postnatal mouse retina as our model and identified
endothelial caspase-8 as a mediator of canonical Wnt signaling. Inducible endothelial cellspecific caspase-8 knockout (Casp8 iECKO) resulted in a delay in early angiogenesis
and barrier establishment, and an increase in inflammation and premature vascular

remodeling compared to littermate controls. Assessment of Lef1, a downstream effector
of the Wnt pathway, confirmed that this phenotype was a result of inhibited Wnt signaling.
We additionally show that caspase-8 mediates this pathway through degradation
of its substrate HDAC7. HDAC7 has been shown previously to bind to β-catenin blocking
its nuclear translocation. Caspase-8 mediated HDAC7 degradation restores β-catenin
translocation and downstream Wnt signaling.
We also explore the function of caspase-8 in myeloid cells – microglia and
macrophages – during angiogenesis. We used an inducible myeloid-specific caspase-8
knockout (Casp8 imGKO) mouse and found that loss of caspase-8 in these cells did not
affect angiogenesis. However, Casp8 imGKO resulted in a reduction in microglia number
and a change in their morphology specifying a role for caspase-8 in mediating cell survival
and activation in microglia.
Altogether we show that caspase-8 exerts cell specific functions during retinal
angiogenesis that are independent of cell death. We elucidate a novel role of caspase-8
in mediating Wnt/β-catenin signaling, and implicate caspase-8 as a potential therapeutic
target in pathological angiogenesis.
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Chapter 1: Introduction
1.1.

The retina and its vasculature
The retina is an essential part of the eye which enables vision. This thin sensory

membrane lines the inner surface of the back of the eyeball receiving light, focused by
the lens. The light is converted into neural signals and directed to the brain via the optic
nerve for visual recognition. The neural retina, consisting of several layers of neurons
interconnected by synapses, consumes high levels of oxygen and nutrients making the
retina one of the most metabolically active tissues in the body. As such, the retina is
extremely reliant upon its vasculature to supply its needs, and a highly organized vascular
network has evolved to do so (Liu et al. 2017, Joyal et al. 2018). The retina is supplied by
two sources; the choroid and the central retinal artery. The choroid is a highly fenestrated
vascular plexus, sandwiched between the retina and the sclera, which supplies the
avascular retinal photoreceptor layer by diffusion. The central retinal artery, on the other
hand, enters the eye through the optic disc and branches radially within the inner part of
the retina to form non-fenestrated retinal vasculature, composed of three capillary layers:
the superficial, intermediate, and deep layers that are located in the nerve fiber layer
(NFL), inner plexiform layer (IPL) and outer plexiform layer (OPL) respectively. The
neurons of the inner retina, up to the inner nuclear layer (INL), depend on the retinal
vessels for their blood supply (Stahl et al. 2010, Liu et al. 2017). Figure 1.1 depicts the
organization of the retina and the location of the vasculature.
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1.1.1 The neurovascular unit
Aside from supplying the neural retina with its nutrient requirements, the retinal
vasculature has an important role in establishing and maintaining a suitable environment
that permits proper neuronal function. This is carried out by the blood-retinal barrier
(BRB), analogous to the blood-brain barrier (BBB) in the brain, which is a unique feature
of the central nervous system (CNS) vasculature. The BRB controls the passage of
molecules from peripheral circulation into the retinal parenchyma, allowing the entry of
nutrients while excluding toxic material and inflammatory cells. While endothelial cells
(ECs) are the core anatomical element of the BRB, key CNS functions are maintained by
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the highly organized activity of multiple cell types within the neurovascular unit (NVU),
including ECs, pericytes, astrocytes, microglia and neurons (Obermeier et al. 2013, Zhao
et al. 2015) (Fig 2.1). Together these cells regulate neurovascular coupling, the
mechanism by which local blood supply is matched to neuronal demand, and barrier
function.

1.1.2. Components of the neurovascular unit
CNS ECs line the vasculature and provide the major anatomical barrier
contribution due to specialized properties that set them apart from peripheral ECs. For
3

one, CNS ECs form tight junctions comprised of claudins – claudin 5 being the most highly
enriched in the retina – and occludin, anchored to the cytoskeleton via cytoplasmic
adaptor proteins zonula occludens (ZO-1, -2, -3), which establish a high-resistance
paracellular barrier to small hydrophilic molecules and ions (Daneman et al 2010, Zhao
et al. 2015, Liebner et al. 2018). CNS ECs also form adherens junctions, which function
in cell adhesion and mediate tight junction assembly (Taddei et al 2008). Secondly, CNS
ECs exhibit low transcytosis and use highly polarized cellular transporters to regulate the
influx of nutrients and efflux of metabolic waste and toxins between the blood and the
neural parenchyma (Chow and Gu 2015, Liebner et al 2018). Finally, CNS ECs lack the
expression of leukocyte adhesion molecules, which prevents infiltration of immune cells
from the blood into the parenchyma (Chow and Gu 2015).
Pericytes are mural cells which are most closely attached to ECs in the NVU. They
support capillary structure and regulate vascular tone and blood flow through expression
of contractile and cytoskeletal proteins (Hamilton et al 2010, Sweeney et al. 2016).
Pericytes also regulate angiogenesis, maturation of ECs and barrier permeability. The
interaction of ECs with pericytes induces tight junction formation and the basement
membrane, which is partially built by pericytes, contributes components that regulate
barrier development and maintenance (Gerhardt and Betsholtz 2003b, Armulik et al.
2011, Daneman et al. 2010b). Positioned between ECs, astrocytes and neurons,
pericytes also process signals from neighboring cells to coordinate functional responses
for proper CNS functioning (Liebner et al 2018).
Astrocytes populate the retina ahead of vascular development and form a scaffold,
which guides the extension of tip cell filopodia during angiogenesis (Gerhardt et al. 2003).
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Müller glia, which extend vertically from the ONL and into the innermost ganglion cell
layer, continue this function by guiding the growth of the intermediate and deep vascular
plexus (Stone et al 1995). Both astrocytes and Müller glia have been shown to positively
regulate retinal angiogenesis by secreting VEGF (Stone et al 1995, Gerhardt et al. 2003),
however studies have shown that genetic ablation of VEGF in Müller glia and astrocytes
does not impact retinal vascular development (Scott et al. 2010, Weidemann et al. 2010).
Instead, the neuronal compartment has been shown to be the main source of VEGF
crucial for proper retina vascularization (Sapieha et al. 2008). Astrocytes and Müller glia
also secrete other signaling molecules that regulate angiogenesis and barrier formation
and maintenance, such as angiopoietin-1 and Norrin (Ye et al. 2009, Zhao et al. 2015).
Müller glia, additionally, play a key role in supporting vascular and neuronal function by
regulating vascular permeability and maintaining homeostasis of potassium and other
ions (Kaur et al 2008).
Microglia are the primary immune cells of the CNS. Derived from yolk-sac
macrophage precursors, these cells invade the embryonic CNS where they persist into
adulthood. Microglia are involved in immune regulation, homeostasis and wound repair.
Microglia and monocyte-derived macrophages also play a key role during angiogenesis
by supporting tip cell anastomosis (Checchin et al. 2006, Arnold and Betsholtz 2013) and
secreting soluble factors that shape vascular growth and branching (Rymo et al. 2011).
Due to the high metabolic activity of the CNS and its limited capacity to store
energy,

it

is

particularly

vulnerable

to

vascular

and

barrier

dysfunction.

Neurodegenerative diseases are frequently associated with defects in vascular integrity,
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which conveys the importance of fully understanding processes involved in vascular
development.

1.2.

Overview of Angiogenesis
The retina acquires its vasculature by angiogenesis, which is the growth of new

vessels from preexisting vasculature (Gerhardt et al 2003). This process is mediated by
the hypoxia-inducible factor 1-alpha (HIF1A), a transcription factor that orchestrates the
cellular response to hypoxia. Sprouting angiogenesis is initiated in poorly perfused tissues
when oxygen sensing mechanisms detect a level of hypoxia that demands the formation
of new blood vessels to satisfy the metabolic requirements of parenchymal cells. Under
normoxic conditions, HIF1A is rapidly degraded by prolyl hydroxylases, however, under
hypoxic conditions HIF1A degradation is inhibited, allowing its accumulation and
transcriptional upregulation of a number of growth factors (Huang et al. 1996, Boulahbel
et al. 2009).
HIF1A activity results in the release of proangiogenic factors from hypoxic tissues,
such as vascular endothelial growth factor (VEGF), which induce basement membrane
degradation, pericyte detachment and EC activation. EC proliferation and angiogenic
sprouting are coordinated by endothelial tip and stalk cells. Tip cells form mobile filopodia
that guide the growing vessel in response to chemo -attractive and -repulsive cues, while
stalk cells proliferate rapidly to elongate vessels. Microglia and macrophages support tip
cell anastomosis which increases vascular complexity. Stalk cells then undergo
lumenogenesis proceeded by vascular perfusion. Nascent vessels then recruit pericytes
and deposit new basement membrane to promote vessel stabilization. The final
maturation of vessels involves pruning of excess vasculature as metabolic and oxygen
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needs are met (Gerhardt et al 2003, Fantin et al. 2010, Potente et al. 2011, Korn and
Augustin 2015). The angiogenic process is summarized in Figure 1.3, and the key
signaling pathways involved in this intricate process and are summarized below.
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1.2.1. VEGF signaling
Throughout this dissertation, VEGF refers to the VEGF-A isoform which is the
dominant inducer of vascular development. In the developing retina, VEGF is secreted by
astrocytes, Müller glia and neurons (Stone et al. 1995, Gerhardt et al 2003, Sapieha et
al. 2008). The binding of VEGF to its receptor VEGF receptor 2 (VEGFR2) on ECs
induces receptor dimerization and endogenous signal transduction which promotes EC
proliferation, migration and survival. Endothelial tip cells respond to VEGF by forming
motile filopodia enriched in VEGFR2 and VEGF coreceptor neuropilin-1 (Nrp1), which
stimulate endothelial migration at the tip cell. VEGFR2 is also upregulated in stalk cells
and VEGF binding promotes stalk cell survival and proliferation. As the retina becomes
more vascularized, increased oxygen and nutrient supply suppresses VEGF expression.
1.2.2. NOTCH signaling
Along with VEGF signaling, Notch signaling regulates tip/stalk cell selection.
VEGF/VEGFR2 signaling drives the expression of Notch ligand Dll4. ECs expressing Dll4
more quickly or at higher levels are selected as tip cells, and Dll4-mediated activation of
Notch in neighboring ECs downregulates VEGFR2 and Nrp1 while upregulating VEGFR1
inhibiting tip cell behavior in these cells thus confining them to the stalk cell fate (Hellström
et al. 2007, Phng and Gerhardt 2009, Eilken and Adams 2010, Potente et al. 2011).
Dll4/Notch signaling is also necessary for arterial-venous differentiation, remodeling of
periarterial capillaries and vessel maturation and quiescence in the mouse retina (Duarte
et al. 2013, Ehling et al 2013).
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1.2.3. Wnt Signaling
Wnt signaling mediates both angiogenesis and barrier development (Liebner et al.
2008, Daneman et al. 2009, Zhou et al. 2014). Canonical Wnt signaling regulates vascular
morphogenesis through stabilization of β-catenin and translocation into the nucleus to
induce the transcriptional targets that control angiogenesis, proliferation, survival, and
barrier formation (Dejana 2010). Wnt ligands transduce cellular signals by binding the
transmembrane Frizzled (Fzd) receptors. While angiogenesis and barrier formation in
most brain regions are promoted by activation of β-catenin through the Wnt7a/b/Frizzled/Lrp5/6 ligand-receptor complex, in the retina and cerebellum these
functions are provided by the related Norrin/Frizzled-4/Lrp5/6 signaling module (Ye et al.
2009, Wang et al. 2012, Zhou et al. 2014). Loss-of-function (LOF) studies for the genes
Ndp (encoding Norrin), Frizzled-4 (Fz4), Lrp5/6, and Tspan-12 in mouse retinae all show
delayed and incomplete growth of the superficial vascular plexus as well as loss of the
deep vascular layers (Luhmann et al. 2005, Junge et al. 2009, Ye et al. 2009, Xia et al.
2010, Chen et al. 2012). Additionally, inhibition of Norrin/Fz4/Lrp5/6 signaling also results
in loss of BRB integrity, indicating that the canonical pathway is essential for BRB
formation and maintenance (Paes et al. 2011, Wang et al. 2012, Zuercher et al. 2012,
Mazzoni et al. 2017).
1.2.4. Pathways involved in vessel regression
In comparison to angiogenesis, the mechanisms involved in vascular remodeling
are much less understood, however vessel regression is an essential step in the
maturation of the retinal vasculature. This process varies among vascular networks; while
some undergo complete regression – for example the regression of the hyaloid
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vasculature – others undergo a more controlled procedure. A few pathways implicated in
vessel regression are summarized here. Withdrawal of survival factors, such as VEGF,
has been shown to induce EC apoptosis in many vascular networks (Alon et al. 1995,
Meeson et al. 1999). The apoptotic cells can then be phagocytized by macrophages that
have been reported to play both passive and active roles in vessel regression (Korn and
Augustin 2015). Hemodynamics is also a regulatory factor in vascular remodeling.
Studies using pharmacological induction of vasoconstriction or vessel obstruction
induced pruning in zebrafish and in the mouse retina, whereas stimulation of blood flow
protected branches from regression (Lobov et al. 2011, Chen et al. 2012b, Kochhan et
al. 2013). DLL4/Notch signaling contributes to this process by shifting gene expression to
a more vasoconstrictive phenotype (Lobov et al. 2011). As discussed above, Wnt
signaling is crucial for promoting vessel stabilization. Inhibition of canonical Wnt signaling
can induce vessel destabilization and cause aberrant regression (Phng et al. 2009,
Mazzonni et al. 2017).
1.2.5. Pathological angiogenic signaling
Apart from development, angiogenic signaling pathways have also been
implicated in pathological vascular growth and barrier dysfunction. In fact, VEGF, NOTCH
and Wnt signaling have all been implicated in the pathophysiology of diseases causing
blindness. In the western world, diabetic retinopathy (DR) and age-related macular
degeneration (AMD) are the most prevalent causes of blindness. These diseases are
characterized by neovascularization and vascular leakage resulting in macular damage
and loss of vision, and VEGF has been implicated as a major driver of pathological
neovascularization in both diseases. VEGF, NOTCH and Wnt signaling were also shown
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to promote pathologic vascular permeability in DR and AMD (Ferrara et al. 2003,
Schlingemann and Witmer 2009, Chen et al. 2011, Apte et al. 2019, Miloudi et al. 2019).
VEGF has also been linked in the pathophysiology of retinopathy of prematurity (ROP),
one of the leading causes of childhood blindness caused by the development of abnormal
retinal blood vessels in premature infants exposed to supplemental oxygen, along with
mutations in the Wnt signaling pathway genes Ndp, Lrp5 and Fzd4 which are considered
risk factors for advanced ROP (Dejana 2010, Mutlu and Sarici 2013). Similarly, mutations
in Ndp, Lrp5 and Fzd4 have also been associated with autosomal dominant familial
exudative vitreoretinopathy (FEVR) and Norrie disease which are developmental vascular
diseases (Drenser 2016).
Currently, the standard of care in anti-angiogenic therapies rely on targeting VEGF.
The FDA first approved pegaptanib (a VEGF-neutralizing RNA aptamer) for the treatment
of neovascular age-related macular degeneration in 2004 and since then various antiVEGF agents have become available and used in the treatment of retinal vascular
diseases and various cancers. Bevacizumab (Avastin) is a humanized monoclonal antiVEGF antibody that targets all isoforms of VEGF-A that was initially approved as a cancer
therapy, but is frequently used off-label for retinal edema. Ranibizumab (Lucentis) is a
humanized anti-VEGF Fab antibody fragment specifically designed and manufactured for
use in the eye. Aflibercept (Eylea) is a recombinant fusion protein consisting of portions
of the human VEGF receptors -1 and -2 fused to the Fc domain of human immunoglobulin
G1 domain which functions as a VEGF trap, and has been found to be more potent than
ranibizumab or bevacizumab (Apte et al. 2019). For a significant portion of patients, antiVEGF therapy produces rapid resolution of edema and improves visual acuity. However,
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not all patients ae responsive and prolonged use of anti-VEGF agents has been shown
to induce adverse systemic effects including thromboembolic events, myocardial
infarction, stroke, hypertension, gastrointestinal perforations, and kidney disease (Ehlers
et al. 2017, Falavarjani and Nguyen 2013, Lopes-Coelho et al. 2021, Mutlu et al. 2013).
For this reason, identification of other pathways that regulate physiological and
pathological vessel growth is of high interest in order to further develop better or
complementary therapeutic treatments. In order to explore the mechanisms a suitable
model is a necessity, and this is fulfilled by the postnatal mouse retina.

1.3.

Models of Angiogenesis: The mouse retina
Angiogenesis has been studied in various in vivo settings from embryogenesis to

pathology, for example in cancers. While gene knock out studies have been successful
in identifying many molecules essential for embryonic angiogenesis, frequent mortality of
mutant embryos impedes the observation of successive processes. The study of
postnatal angiogenesis induced by tumors has contributed to the understanding of
pathological vascular growth, however this process is far less organized than occurs
physiologically during development. The mouse retina overcomes these challenges and
presents an invaluable tool for studying angiogenesis. The retina develops a highly
organized architecture, and in mice, this process begins postnatally allowing for an
accessible model system that can be easily manipulated for investigation of various
events occurring during angiogenesis.
During the embryonic stage, diffusion from the hyaloid and choroidal vasculature
supplies the oxygen and nutrient needs of the retina (Saint-Geniez and D'Amore 2004).
In contrast to humans, mouse (and other rodent) pups are born with an immature retinal

12

vasculature and persistent hyaloid vessels. The retinal vasculature begins to develop
immediately after birth, sprouting from the optic disc forming a primitive vascular plexus
which is rapidly remodeled into large and small vessels. This process occurs parallel to
the regression of the hyaloid vessels. During the first postnatal week, the retinal vessels
extend radially over the superficial layer of the retina from the optic nerve reaching the
retinal edges at approximately postnatal day 8 (P8). From P7 onward, superficial
capillaries begin to sprout vertically to form the deep and intermediate vascular plexus
respectively. The deep plexus, located in the outer plexiform layer, forms rapidly and
reaches the retinal periphery at approximately P12, followed by the intermediate plexus
in the inner plexiform layer between P12 and P15. By the end of the third postnatal week,
all three vascular layers are fully mature with multiple interconnecting vessels between
layers (Gerhardt et al. 2003, Uemura et al. 2006, Stahl et al. 2010). Figure 1.4 depicts the
time course of the developing retinal vasculature. It is important to note that this timecourse has been established in C57Bl/6 mice and that the time course of normal vascular
development varies among wild-type strains.
This dissertation is centered on exploring previously unexplored angiogenic
mechanisms and elucidating the contribution of caspase-8 in the regulation of vascular
development. For this study, all mice were bred on a C57Bl/6J background allowing
comparison with this reputable time course.
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1.4.

Introduction to caspases
Caspases (cysteine-dependent aspartate-specific proteases) are a family of highly

conserved enzymes, which are crucial signal transducers of programmed cell death and
inflammation. Caspases were originally identified as executioners of programmed cell
death; however, our understanding of caspase biology has expanded to include a broad
array of functions in health and disease. Caspases are expressed as inactive zymogens
called procaspases, which are activated by a specific stimulus. They then transmit
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downstream signals by specific cleavage of cellular components that mediate a certain
pathway.

Caspases have been classified based on their presumptive roles – such as in
mediating apoptosis or inflammation – however, most of the apoptotic caspases
(caspase-2, -3, -6, -7, -8, -9, and -10) have non-apoptotic roles attributed to them and
similarly inflammatory caspases (caspase-1, -4, and -5) have been found to induce
pyroptosis, a form of death associated with massive activation of inflammatory cells
(Labbé and Saleh 2008). Only caspase-14 remains a true non-apoptotic caspase,
15

mediating keratinocyte differentiation (Denecker et al 2007). The classified apoptotic
caspases are further distinguished as initiator caspases with long prodomains that
activate by dimerization (caspase-2, -8, -9, -10) and executioner caspases with short
prodomains that are activated by cleavage (Pop and Salvesen 2009). Figure 1.5 depicts
the mammalian caspases organized by structure and function.
Initiator caspases undergo proximity induced activation which occurs in response
to caspase recruitment to its specific activating platform. This is facilitated by the adaptor
molecules from the activating platform binding to the caspase prodomains. For example,
caspase-8 is recruited to the death-inducing signaling complex (DISC) by FADD binding
to the death effector domains (DEDs) of caspase-8. Following activation, initiator
caspases undergo autocleavage, and are released from their activation platform so that
they can cleave their downstream substrates. Effector caspases are activated via
cleavage by an initiator caspase. Because proteolysis is irreversible, the activation of
caspases is tightly regulated by three mechanisms; caspase degradation, caspase
inhibition – the best characterized are CrmA against caspase-1 and -8, and XIAP against
caspase-9, -3 and -7 – and decoy inhibition, where decoy proteins that are structurally
related to caspase prodomains compete for the same adaptors within activation platforms
(Pop and Salvesen 2009).
While most caspases are ubiquitously expressed, many of their functions are celltype specific and their activity is titrated to the specific needs of the cell. Caspases have
a broad list of potential substrates mediating a variety of cellular processes. In humans,
there are 12 members of the caspase family, however the following section will focus on
caspase-8.
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1.4.1. Caspase-8: The bridge between life and death
Caspase-8, also known as FLICE, is the initiator of the extrinsic apoptosis
pathway. Apoptosis is a form of programmed cell death characterized by blebbing, cell
shrinkage, nuclear fragmentation, and DNA fragmentation (Kerr et al. 1972). As a result
of apoptosis, cells are reduced to apoptotic bodies that are removed by resident
phagocytic cells without alarming surrounding cells (Tummers and Green 2017).
Apoptosis plays a fundamental role during development and homeostasis of multicellular
organisms, but can also be induced in pathological situations. Caspase-8 activity has also
been found to be required to inhibit another form of programmed cell death called
necroptosis. During necroptosis, cells die by rupture of the plasma membrane and the
cellular contents, including damage-associated molecular patterns (DAMPs), proinflammatory cytokines, and other alarmins, are released into the microenvironment
causing surrounding cells to respond in a pro-inflammatory manner (Pop and Salvesen
2009, Tummers and Green 2017). Caspase-8, therefore, serves as a molecular switch
between apoptosis, necroptosis and cell survival. While caspase-10 also functions as an
initiator of the extrinsic apoptosis pathway, it is not expressed in rodents. We therefore
focus on caspase-8.
1.4.1.1.

Extrinsic apoptosis pathway

The extrinsic apoptotic pathway is initiated by the ligation of death receptors (DR)
on the cell surface. Death receptors are part of the tumor necrosis factor (TNF) gene
superfamily and are characterized by cysteine-rich extracellular domains and an
intracellular cytoplasmic sequence known as the death domain, which is essential for
signal transduction (Ito and Nagata 1993). Upon binding its cognate ligand, the DRs
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undergo trimerization, promoting the binding of Fas-associated death domain protein
(FADD). FADD binds to the DRs by its DD domains, but it also possesses a death effector
domain (DED) which allows it to bind procaspase-8. This results in the formation of a
multiprotein death-inducing signaling complex (DISC), comprising the DRs, FADD, and
procaspase-8. The catalytically inactive caspase-8 homolog, c-FLIP, is also associated
with this complex, but will be discussed further in the following section. Further
recruitment of multiple procaspase-8 molecules leads to proximity-induced dimerization,
activation and cleavage resulting in the release of active caspase-8 into the cytoplasm
where effector capases-3, -6, and -7 can be activated to promote cell death (Kumar et al.
2005, Hughes et al. 2009, Oberst et al. 2010).
Caspase-8 can also activate the intrinsic apoptotic pathway. Cleavage of Bid (a
pro-death member of the Bcl-2 gene family) leads to the activation of effector proteins
Bax and Bak. Activated Bax and Bak induce mitochondrial outer membrane
permeabilization (MOMP) and the release of proteins of the intermembrane space, such
as cytochrome c. This promotes the formation of the apoptosome, the activating platform
for caspase-9, and downstream activation of effector caspases (Li et al 1998, Tummers
et al. 2017).
1.4.1.2.

Non-apoptotic caspase-8 signaling

In addition to executing apoptosis, caspase-8 also plays a vital role in survival as
it is required for embryonic development (Varfolomeev et al. 1998, Sakamaki et al. 2002),
immune cell proliferation (Salmena et al. 2003), and resistance to RIPK1-RIPK3-mediated
programmed necrosis (Dillon et al. 2012, Oberst et al, 2011) and was found to act as a
DNA-damage sensor by triggering cell proliferation (Boege et al. 2017). In all of these
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roles, c-FLIP is a key regulator that determines the activity of caspase-8. Although c-FLIP
has multiple splice forms at the mRNA level, two major protein isoforms predominate,
namely c-FLIP long (c-FLIPL) and c-FLIP short (c-FLIPS). c-FLIPS is a truncated version
of procaspase-8, whereas c-FLIPL closely resembles full-length procaspase-8, but lacks
the active site catalytic cysteine residue and proteolytic activity. c-FLIPS inhibits DRmediated apoptosis by inhibiting formation of the DISC complex, however c-FLIPL has a
more controversial role, being reported as both an activator and inhibitor of procaspase8 (Safa 2012, Tummers and Green 2017).
While the mechanism is not completely understood, in vitro and structural studies
show that caspase-8 has a higher affinity for c-FLIPL than for itself, suggesting that
procaspase-8:c-FLIPL heterodimers may be preferred over procaspase-8 homodimers.
Furthermore, c-FLIPL can heterodimerize with and activate non-cleavable procaspase-8
without autocleavage, resulting in a limited/selective substrate specificity (Boatright et al.
2004). This procaspase8:c-FLIPL heterodimer (Casp8/c-FLIP) inhibits receptorinteracting serine/threonine protein kinase 3 (RIPK3)-mediated programmed necrosis.
Casp8/c-FLIP cleaves RIPK3 blocking the phosphorylation and activation of the ultimate
effector of necroptosis, the pseudokinase mixed-lineage kinase domain-like (MLKL),
downstream of RIPK3 (Oberst et al. 2011). Participation in these varying signaling
pathways makes caspase-8 a central node in the determination of whether a particular
cell dies by apoptosis or necroptosis.
1.4.1.3. Caspase-8 in vascular development
Caspase-8 is essential for embryonic development. Genetic ablation of caspase8 in mice results in midgestational embryonical lethality. Caspase-8 null embryos present
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with circulatory failure at E10.5, impaired yolk sac angiogenesis and damaged blood
vessel capillaries, as well as impaired heart muscle development (Varfolomeev et al.
1998, Sakamaki et al. 2002). Expression of catalytically inactive caspase-8 in mice is also
embryonically lethal (Kang et al 2013), suggesting embryogenesis is dependent on the
catalytic activity of caspase-8. Furthermore, while conditional deletion of caspase-8 in
brain, heart, or liver does not impact development (Krajewska et al. 2011, Dillon et al.
2012), endothelial deletion of caspase-8 deletion phenocopies the defect observed in
caspase null embryos (Kang et al. 2004). This indicates a specific requirement for
endothelial caspase-8 in embryonic vascular development.
1.5. Significance and Outline
Caspase-8 has been shown to be essential in embryonic vascular development,
however it is still unknown whether it remains necessary postnatally. The following
chapters explore the role of caspase-8 in postnatal angiogenesis in the mouse retina.

Chapter 2 describes the methods used in this study
Chapter 3 examines the expression of caspase-8 during physiological angiogenesis
Chapters 4 through 8 examine the effect of endothelial cell-specific deletion of caspase8
Chapter 9 examines the effect of caspase-8 deletion in the myeloid cell population
Chapter 10 examines the potential of performing whole-tissue caspase-8 inhibition using
a cell penetrant selective inhibitor, Pen1-CrmA.
Chapter 11 provides conclusions and future directions for this project
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This dissertation identifies caspase-8 as a mediator of canonical Wnt signaling and as a
potential therapeutic target in pathological angiogenesis.
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Chapter 2: Materials and Methods
2.1. Rodent Husbandry and Handling
All animal experiments were performed in compliance with established protocols
approved by the Columbia University Institutional Animal Care and Use Committee
(IACUC).
2.1.1. Mouse Breeding and Genotyping
All animals were on a C57BL/6J background. Caspase-8 floxed (Casp fl/fl) mice
developed by Stephen Hedrick (Beisner et al. 2005) were purchased from Jackson
Laboratories (stock # 027002). Endothelial-Cre mice (Cdh5(PAC)-CreERT2) developed
by Raif Adams (Pitulescu et al. 2010) were obtained from Cancer Research UK by MTA.
Cre expression in these animals is driven by the VE-cadherin (cdh5) promoter, and
controlled by tamoxifen induction. Cre reporter mT/mG mice developed by Liqun Luo
(Muzumdar et al. 2007) were purchased from Jackson Labs (stock # 007676). Prior to
Cre recombination, cell membrane-localized tdTomato (mT) fluorescence expression is
widespread in cells/tissues. Cre recombinase expressing cells have cell membranelocalized EGFP (mG) fluorescence expression replacing the red fluorescence (Fig 4.1).
Myeloid-Cre mice (Cx3cr1-CreERT2) developed by Dan Littman (Parkhurst et al. 2013)
were purchased from Jackson Laboratories (stock # 021160). Cre expression in these
animals is driven by Cx3cr1 promoter allowing conditional gene manipulation in central
nervous system microglia, as well as other Cx3cr1-expressing myeloid cell populations,
induced by tamoxifen. Cre+ mice express a fusion protein of CreERT2-EYFP, which
allows detection by signal enhancement with GFP stain (9.1 B).
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Endothelial specific caspase-8 inducible knockout (Casp8 iECKO) mice were
bred by crossing caspase-8 floxed mice and endothelial-CreERT2 mice for several
generations to produce offspring which were homozygous for the floxed Casp8 allele
(Casp8 fl/fl) and heterozygous for endothelial Cre (Cdh5(PAC)-CreERT2het). Cdh5(PAC)CreERT2het/Casp8 fl/fl mice were then crossed with Casp8 fl/fl mice to generate
experimental Casp8 iECKO and Casp8 fl/fl littermates. PCR primers for Cdh5(PAC)CreERT2

are

forward

(5′-

GATATCTCACGTACTGACGG)

and

reverse

(5′-

TGACCAGAGTCATCCTTAGC). The caspase-8 genotyping protocol utilizes 3 primers
which detect the WT allele, the floxed allele and the KO when recombination has
occurred: A (5′-ATAATTCCCCCAAATCCTCGCATC),
B (5′-GGCTCACTCCCAGGGCTTCCT), C (5′-GCTACAGTGATGGTTTGTACATGG).
Microglia specific caspase-8 inducible knockout (Casp8 imGKO) mice were
bred in a similar scheme to the Casp8 iECKO mice. Casp8 fl/fl mice and myeloid-CreER
mice were crossed for several generations to produce Cx3cr1-CreERT2het/Casp8 fl/fl
mice, which were then crossed with Casp8 fl/fl mice to generate experimental Casp8
imGKO and Casp8 fl/fl littermates. While it is understood that all cells of myeloid lineage
will undergo recombination, including monocyte-derived macrophages also present in the
retina at the timepoints analyzed, microglia specific caspase-8 inducible knockout (Casp8
imGKO) is used to denote these animals for simplicity. The Cx3cr1-CreERT2 genotyping
protocol utilizes 3 primers which detect WT, heterozygotes and KO; Common (5′AAGACTCACGTGGACCTGCT), mutant reverse (5′-CGGTTATTCAACTTGCACCA),
WT reverse (5′-AGGATGTTGACTTCCGAGTTG).
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For both Casp8 iECKO and Casp8 imGKO, recombination was induced in pups by
intraperitoneal (i.p.) injection with 50 µg tamoxifen from P1-P3 (Fig 4.1 and Fig. 9.1) and
Casp8 fl/fl littermates were used as WT controls (Casp8 WT).
2.1.2. Subcutaneous CrmA injections.
To induce whole tissue caspase-8 inhibition in the retina, pups were treated with
Pen1-CrmA (see Fig. 10.1). Pups were placed in a latex glove and immersed up to the
neck in crushed ice and water for 5-8 mins to induce hypothermia (Phifer and Terry 1986).
Pen1-CrmA (5 µL of a 50 µM solution) was injected subcutaneously at the eyelid once
daily from P1-P5 (Fig 10.1). An equivalent volume of 1X PBS was used in control animals.
2.1.3 Optical Coherence Tomography imaging
Optical coherence tomography (OCT) is a non-invasive medical imaging technique
which uses near-infrared light to collect optical cross sections of biological tissues, most
notably used in ophthalmology and optometry where it can be used to obtain real time, in
situ information on retinal pathology (Drexler and Fujimoto 2008). Structural changes in
the retina are common manifestations of ophthalmic diseases and may be indicative of
decline in visual function. Retinal layer thickness, for example, has been shown to
correlate to visual acuity in several pathological settings such as diabetic macular edema
(Islam 2016) and retinal vein occlusion (Kim et al. 2015, Ou et al. 2017). In this study, we
use OCT to analyze the development of the retinal layers with Casp8 iECKO, adapting
the technique to the mouse as described in Jagodzinska et al. 2017 and Avrutsky et al.
2020.
Mice were anesthetized by intraperitoneal injection with ketamine (80-100 mg/kg)
and xylazine (5-10 mg/kg) prior to imaging. Each eye received 1 drop of tropicamide and
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phenylephrine chloride to dilate the iris. OCT images were captured using the Phoenix
Micron IV image-guided OCT system. For each eye, 2 vertical and 2 horizontal OCT
scans were captured. InSight software was used to generate segmentation of the
individual retinal layers in each OCT scan, and the data then processed to calculate
average layer thicknesses. For each eye, retinal thickness values from the 4 OCT images
were averaged to generate mean retinal thickness values for that eye. Segmentation of
retinal layers from OCT images is depicted in Fig 2.1. OCT imaging and analysis were
performed by Anna Potenski.

Figure 2.1. Comparative representation of retinal layer segmentation and vascular plexi observed
by immunostaining (left: Isolectin = red, DAPI = white) OCT (right) in a healthy C57BL/6J mouse
retina. Image adapted from Avrutsky et al. 2020

2.1.4. Measurement of Optokinetic Reflex by OptoDrum
Optokinetic reflex defined by head or eye movements in response to visual
stimulus is an established method of determining visual function in laboratory animals.
The OptoDrum is an improved version of the optomotor test using controlled stimulus
parameters and automated evaluation of the tracking performance of the freely moving
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animal (Benkner et al. 2013). In these studies, the OptoDrum was used to evaluate visual
acuity and contrast perception in Casp8 iECKO discussed in Chapter 8.
Awake mice are placed on the platform in the center of the arena. The OptoDrum
presents slowly rotating striped patterns to the animal and the mouse behavior is
recorded and monitored by a camera. The software automatically evaluates the tracking
performance of the mouse and produces a behavioral score. Figure 2.2 demonstrates
the experimental setup.

Figure 2.2. Experimental setup of OptoDrum optokinetic reflex measurement. (A) The “optokinetic
drum” virtual arena. Rotating stripe patterns are projected onto the walls and can be flexibly
adjusted (width, contrast, and speed). The mouse is observed from above by a camera.
(B) Overhead view of spatial resolution. Image adapted from Benkner et al. 2013.

2.2. Caspase-8 inhibitor Pen1-CrmA
The CrmA construct was provided by our collaborators Scott Snipas and Guy
Salvesen (Sanford Burnham Prebys Medical Discovery Institute), and the expression and
purification were performed as detailed in Denault et al. 2003. Penetratin-1 (Pen1) was
custom synthesized by PolyPeptide Group, France. Pen1 was mixed at a 1:2 molar ratio

26

with purified CrmA and incubated for 2 hr at 37°C to generate disulfide-linked Pen1-CrmA.
Linkage was assessed by 20% SDS-PAGE and Western blotting with anti-His antibody.

2.3. Cytokine Array
Retinas were lysed in the supplied cell lysis buffer with added Halt Protease
inhibitor cocktail (1:100), Phosphatase Inhibitor cocktail 2 (Sigma, 1:100) and
Phosphatase Inhibitor cocktail 3 (Sigma, 1:100). Protein concentration was determined
by Pierce BCA Protein Assay (Thermofisher Scientific). Cytokine array was performed
according to manufacturer instructions (Abcam, Ab133995). Membranes were imaged
using Licor Odyssey system, and densitometry was performed using the Licor Image
Studio Lite software.

2.4. Western Blot Analysis
Retinas were lysed in RIPA buffer containing Halt Protease inhibitor cocktail
(1:100), Phosphatase Inhibitor cocktail 2 (Sigma, 1:100) and Phosphatase Inhibitor
cocktail 3 (Sigma, 1:100). Protein concentration was determined by Pierce BCA Protein
Assay (Thermofisher Scientific) and samples were resolved by SDS PAGE and analyzed
by western blotting. Western blots were blocked for 1 hr with Licor Blocking Buffer and ,
incubated with primary antibody overnight at 4°C, washed with 1X TBS-Tween (0.1%),
and incubated with the species-appropriate secondary antibody for 2 hr at room
temperature (RT). Western blots were imaged using Licor Odyssey system, and
densitometry was performed using the Licor Image Studio Lite software. Normalization
was performed using the Revert Total Protein Stain (Licor).
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2.5. Immunohistochemistry and Antibodies
2.5.1 Retina dissection and processing
Pups were euthanized with 100 µL of ketamine (10 mg/ml) and xylazine (0.5
mg/ml) and transcardially perfused with normal saline. Eyes were enucleated in 1X PBS.
Retinal flatmounts: Retinas were isolated from enucleated eyes. For claudin-5,
and VE-Cadherin staining, retinas were fixed in ice cold ethanol (95%) for 45 min followed
by acetone for 1 min. For all other staining retinas were fixed in 4% paraformaldehyde
(PFA)/PBS overnight at 4°C. Retinas were permeabilized for 2 hr at RT in PBS in 1%
Triton X-100/PBS and blocked overnight at 4°C in 10% normal goat serum/ 1% BSA.
Retinas were incubated with primary antibodies (see Table 2.1) diluted in blocking buffer
for 48-60 hr at 4°C, washed with 1X PBS (4 times, 5 mins each), and incubated with the
species-appropriate Alexa Fluor-conjugated secondary antibody (Invitrogen, 1:1000)
overnight at 4°C. Retinas were also stained with Hoechst 33342 (Invitrogen; 1:2000 in 1X
PBS, 10 min at RT) and then flat mounted.
Retinal sections: Eyes were fixed in 4% PFA/PBS overnight at 4°C, followed by
incubation in 30% sucrose/ PBS until the eyes sank (~ 2 days). Eyes were then embedded
in OCT (TissueTek, Sakura-Finetek) and sectioned with a cryostat (15 µm). Sections were
permeabilized for 2 hr at RT in 0.1% Triton X-100 in blocking buffer, followed by overnight
blocking at 4°C. Sections were incubated with primary antibodies (see Table 2.1) diluted
in blocking buffer overnight at 4°C, washed with 1X PBS (4 times, 5 mins each), and
incubated with the species-appropriate Alexa Fluor-conjugated secondary antibody
(Invitrogen, 1:1000) 2hr at RT.
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Flatmounts and sections were imaged using a Zeiss LSM 800 confocal microscope
or Zeiss AxioImager.
2.5.2 Vascular Analyses
Vessel densities for whole flat mounted P7 retinas were measured using
intersection analysis in Fiji. A 2500 μm2 grid was placed randomly over the retinal leaflet.
Each intersection point of the grid served as a test point. Test points overlaying the entire
leaflet vasculature from the optic nerve to the angiogenic front were counted as positive
“crossing” points. Test points that did not overlay the vasculature were negative “noncrossing” points. The fractional vascular density per animal was calculated by dividing the
number of crossing points by the total number of test points overlaying retina leaflets (Fig
2.3 A).
Vascular outgrowth was measured as a fraction of the distance from the optic
disc at the center of the retina to the vascular front divided by the total distance from the
optic disc to the edge of the retina (Fig 2.3 B).
Vascular bed area analysis of the superficial plexus at P7 was calculated in Fiji
as a fraction of the vascular bed area normalized to the total area of the retina (Fig 2.3
C). At P10 and P14 for superficial, mid and deep plexuses, vessel area was calculated
as the percent area signal of thresholded Isolectin signal.
Vessel sprout analysis was performed by counting the number of EC sprouts at
the vascular front of imaged P6 whole flat mounted P7 retinas.
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2.5.3 EdU incorporation
Casp8 iECKO and Casp8 WT control animals were injected i.p. with 1 μL of 10
mg/mL 5- ethynyl-2′-deoxyuridine (EdU) per gram body weight. After 4 hr, retinas were
collected and fixed. EdU detection was performed using the Click-iT AlexaFluor 488
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Imaging kit (Thermofisher Scientific). Retinas were stained with ERG (Abcam) and
IsolectinB4-649 (Vector Laboratories) and the superficial plexus imaged with confocal
microscopy. EdU/ERG double positive cells were counted using Fiji.
2.5.4 Analysis of Extracellular matrix (ECM) sleeves
P6 retinas from Casp8 iECKO and Casp8 WT control animals were isolated and
stained with IsolectinB4-649 (Vector Laboratories) and Collagen IV (Abcam). ECM
analysis was performed by counting empty ECM sleeves that were Collagen IV positive
and Isolectin negative.
2.5.5 TUNEL Assay
Whole fixed retinas were permeabilized in 20 μg/mL Proteinase K for 1h at RT and
TUNEL assay (Promega) was performed according to manufacturer instructions.
2.5.6 In vivo biocytin-TMR assay
Mice were injected intravenously (i.v.) with a 1% 5-(and-6)-tetramethylrhodamine
biocytin (biocytin-TMR, 869 Da) solution (Thermofisher Scientific) and perfused after 30
min. Retinas and livers were collected, and whole flat mounted P7 retinas and liver
sections were stained with Isolectin. Multiple areas of whole-mount retinas (superficial
plexus) and cerebella or livers were imaged with a Zeiss LSM700 confocal microscope
and analyzed using Fiji software. The intensity of biocytin-TMR outside of the vessels
(tracer leakage) was measured by line scan analysis as described (Knowland et al. 2014,
Dileepan et al. 2016). Biocytin-TMR signal intensities in the retina and cerebella were
normalized to those of livers.
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Table 1: Antibodies and Reagents
Antibody
DyLight649-IsolectinB4
VECadherin
Claudin5
CD31
Iba1
CD68
Desmin
GFAP
Collagen IV
Full-length caspase-8
Cleaved caspase-8
Full-length caspase-9
Caspase-7 (A488)

Company
Vector
Invitrogen
Invitrogen
Millipore
BioCare
BioRad
Proteintech
Invitrogen
Abcam
Cell Signaling
Cell Signaling
Abcam
Novus
Biologicals
Cleaved caspase-7
Cell Signaling
Cleaved caspase-3 (A647)
Cell Signaling
Caspase-1
Novus Bio
Anti-GFP
Invitrogen
ERG
Abcam
Lef1
Cell Signaling
HDAC7
Abcam
Phospho-MLKL
Abcam
C1q
Abcam
ICAM1
eBioscience
VCAM1
eBioscience
Biocytin-TMR
(5-(and-6)- Invitrogen
tetramethylrhodamine
biocytin)
DeadEnd
Fluorometric Promega
TUNEL System
Click-iT EdU (A488)
Invitrogen

Catalog Number
DL-1208
53-1441
35-200
CBL1337
CP290B
MCA1957GA
16520-1-AP
53-9892-82
Ab6586
#4927
#8592
Ab202068
NB100-56529G

Concentration
1:200
1:100
1:100
1:200
1:200
1:250
1:200
1:100
1:200
1:200
1:500
1:50
1:100

#8438
#9602
NB100-56565
A-11122
Ab110639
#2230
Ab12174
Ab196436
Ab11861
14-0542-85
14-1061-85
T12921

1:100
1:50
1:100
1:200
1:200
1:200
1:50
1:100
1:200
1:200
1:200

G3250
C10337

2.6. Quantification and Statistical Analysis
ImageJ software (FIJI) was utilized for the quantitation and analysis of
immunofluorescence images. Statistical analysis was performed using GraphPad Prism
software version 9.0. 2-tailed unpaired Student’s T-test was used to compare the
differences between two groups in these studies. Differences between groups were
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presented as the mean ± SEM. The sample size (n) for each experiment is indicated in
the figure legends. P values < 0.05 were considered to be statistically significant.
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Chapter 3: Investigating caspase-8 expression during normal
angiogenesis
3.1. Introduction
Caspase-8 is essential for embryonic development. Genetic deletion of caspase8 in mice results in midgestational embryonical lethality. Caspase-8 null mouse embryos
present with circulatory failure at E10.5, impaired yolk sac angiogenesis and damaged
blood vessel capillaries, as well as impaired heart muscle development (Varfolomeev et
al. 1998, Sakamaki et al. 2002). These defects were recapitulated with endothelial cellspecific caspase-8 deletion during embryonic development (Kang et al. 2004), indicating
that endothelial caspase-8 is required for the proper development of the vascular system.
However, a requirement for caspase-8 in postnatal vascular development has not been
established and it is unclear how caspase-8 exerts its function. The mouse retina is a
well-established model for studying angiogenesis. From birth until postnatal day 7 (P7),
the endothelial network extends gradually from the central retina toward the periphery,
followed by sprouting into the deeper retinal layers and barrier establishment within the
next 2 weeks (Gerhardt et al 2003, Pitulescu et al. 2010). The retina offers an easily
accessible model for analyzing the role of caspase-8 during these processes at various
stages of postnatal life.

3.2. Caspase-8 is expressed postnatally in retinal vasculature and retinal
myeloid cells
To determine whether caspase-8 was expressed postnatally in the developing
retina, we harvested retinas from WT C57Bl/6 pups at various intervals during the
vascular development timeline: P2, P5, P7, P10, P14 and P21 and stained for caspase34

8 along with endothelial marker Isolectin and CD68, which stains retinal myeloid cells microglia and macrophages. Caspase-8 expression was detected as early as P2 in
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endothelial cells (ECs), as well as in microglia and macrophages, with expression levels
increasing up to P7 and subsequently declining becoming nearly undetectable in the
superficial plexus vascular plexus by P21 (Fig. 3.1A). Caspase-8 was also expressed in
the developing deep plexus at P10 and in the mid plexus at P12 (Fig 3.1B). These data
indicate a potential role for caspase-8 in ECs and myeloid cells during retinal
angiogenesis.
Many other caspases have been found to play a vital role in CNS development
and dysfunction. For example, caspase-9 and -7 have been shown to regulate
synaptogenesis and axonal pathfinding and maturation during development (Ohsawa et
al. 2010), while these same proteases were found to mediate neuronal death during
retinal vein occlusion (Avrutsky et al. 2020). Caspase-1 was found to be a critical mediator
of blood-brain barrier injury (Israelov et al. 2020). Additionally, a clear role for caspase-3
has been established in mediating microglial morphology (Burguillos et al. 2011). We
therefore sought to determine whether any other caspases were expressed during
angiogenesis. At P7, the timepoint of highest caspase-8 expression, we found that
caspase-9, -7, and -1 were also expressed, however they were primarily in microglia, as
indicated by colocalization with Iba1 (Fig. 3.2).
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3.3. Caspase-8 does not promote cell death during retinal angiogenesis
Caspase-8 is the initiator of the extrinsic apoptotic pathway. Ligand bindinginduced trimerization of death receptors results in the recruitment of adapter protein Fasassociated death domain (FADD) and subsequent recruitment and activation of caspase8. Caspase-8 then induces apoptosis through cleavage and activation of downstream
effector caspases -3, -6 and -7 (Ranjan and Pathak 2016, Tummers and Green 2017).
To determine whether caspase-8 activity proceeded through this canonical pathway, we
analyzed cleavage of these proteases using antibodies detecting the neoepitopes
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generated through this process. Cleaved caspase-8 was detected in microglia and
macrophages at P7, however despite high expression in ECs caspase-8 cleavage was
not detected in the endothelium. Cleaved caspase-3 was also detected in myeloid cells
at this timepoint, however cleaved caspase-7 did not appear to be present in either
endothelial cells or microglia, but instead was detected in what may be retinal ganglion
cells (Fig 3.3).

Finally, we performed terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) assay to confirm that caspase-8 expression and cleavage during
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angiogenesis did not contribute to cell death. TUNEL assay detects DNA fragmentation,
a consequence of certain types of cell death, by labeling the free 3 -hydroxyl termini
(Gavrieli et al. 1992). Analysis at P7, the timepoint of highest caspase-8 expression,
revealed few TUNEL positive apoptotic cells (Fig. 3.4).

Together these data suggest that caspase-8 expression and activation does not
promote cell death during angiogenesis, despite the high level of expression in ECs and
microglia. Additionally, the myeloid-specific cleavage of caspase-8 and caspase-3
suggests cell-specific roles of caspase-8 in ECs and myeloid cells during angiogenesis.
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Chapter 4: Generation of inducible endothelial cell specific
caspase-8 knock out
4.1. Introduction
To investigate the significance of endothelial caspase-8 during retinal vascular
development, we performed genetic ablation of caspase-8 specifically in ECs. Caspase8 floxed (Casp8 fl/fl) mice were crossed with VE-Cadherin-CreERT2 mice to generate a
tamoxifen-inducible endothelial deletion of caspase-8 (Casp8 iECKO) (Fig 4.2A). The
inducible endothelial Cre allowed us to circumvent embryonic lethality observed with
embryonic caspase-8 deletion (Varfolomeev et al. 1998, Sakamaki et al. 2002, Kang et
al. 2004), and specifically target caspase-8 at the beginning of retinal angiogenesis.
Developed by Ralf Adams, the tamoxifen-inducible VE-Cadherin Cre (Cdh5(PAC)EreERT2) mouse allows for efficient and specific recombination in ECs (Pitulescu et al.
2010). This mouse has been used to generate numerous endothelial specific gene
knockout animals for the analysis of vascular development and dysfunction.

4.2. Characterization of inducible endothelial Cre
To test the specificity and efficacy of recombination, we utilized the Tomato-eGFP
mT/mG reporter mouse, which expresses membrane-targeted GFP wherever
recombination takes place (Muzumdar et al. 2007). These mice were crossed with VECadherin Cre mice (Fig 4.1A) and recombination was induced in pups with tamoxifen
treated from P1-P3 as reported in Pitulescu et al. 2010. Microscopy of retinal flatmounts
following tamoxifen induction confirmed that recombination was highly efficient and
specific to the endothelium (Fig 4.1B).
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Recombination in Casp8 iECKO pups and littermates was carried out as stated
above and PCR genotyping confirmed caspase-8 recombination in tissue digests from
Casp8 iECKO pups after tamoxifen treatment. The tamoxifen induction protocol resulted
in the appearance of a caspase-8 recombination band in Cre-positive floxed animals, but
not in Casp8 fl/fl animals lacking Cre (Fig 4.2B). Analysis of the vasculature in Casp8
iECKO pups at P7 revealed a loss of caspase-8 expression in ECs, while expression was
still observed in microglia (Fig. 4.2C).
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In contrast to the lethal effects observed with the loss of caspase-8 in the
embryonic vasculature, postnatal deletion of caspase-8 was non-lethal during the time
the mice were observed (until 30) and pups were indistinguishable from Casp8 WT
littermates (Fig. 4.3).
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Chapter 5: Endothelial caspase-8 modulates early
postnatal vascular development
5.1. Endothelial caspase-8 deletion delays early vascular growth
Caspase-8 expression in ECs was highest during the first postnatal week and we
therefore chose to assess the effects of caspase-8 deletion then. Analysis of the
vasculature by staining with the endothelial marker Isolectin in P7 retinas showed that
vascular outgrowth and the area of the vessel bed were both reduced by approximately
20% in Casp8 iECKO retinas compared to Casp8 WT littermates (Fig 5.1 A-C), similarly
reported in Tisch et al. 2019. We also observed an approximate 10% decrease in vessel
density in Casp8 iECKO retinas (Figure 5.1 A, D), indicating a reduction in the complexity
of the vascular network with the loss of endothelial caspase-8.
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We next sought to determine the extent of the delay in vascular outgrowth by
examining the deep and mid vascular plexus at P10 and P14 as they emerge respectively.
While no differences were observed in the superficial plexus by P10, we observed a
significant delay in the development of the deep plexus in Casp8 iECKO animals (Fig. 5.2
A-B). However, by P14 no differences were observed in any of the vascular layers
between Casp8 iECKO and littermate controls (Fig 5.2 C-D). These data indicate that
while endothelial caspase-8 is essential during the outgrowth of the superficial plexus and
the early outgrowth of the deep plexus, its role beyond P14 is redundant.
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5.2. Endothelial caspase-8 deletion reduces endothelial cell proliferation and
sprouting
Vascular endothelial growth factor (VEGF), one of the major regulators of blood
vessel formation, promotes angiogenesis by stimulating proliferation and angiogenic
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sprouting in the early postnatal retina (Gerhardt et al. 2003, Potente et al. 2011). To
assess whether changes in EC proliferation contributed to the reduced vessel outgrowth
and vascular area in Casp8 iECKO retinas, we performed 5- ethynyl-2′-deoxyuridine
(EdU) EdU proliferation assay. We administered EdU at P6 and measured its
incorporation within EC nuclei to assess the number of cells in S phase. EC nuclei were
identified by ERG, which is an EC-specific transcription factor (Nikolova-Krstevski et al.
2009). EdU labeling in P6 retinas showed significantly fewer EdU+ERG+ cells per vessel
area in Casp8 iECKO pups compared with Casp8 WT littermates (Figure 5.3), indicating
a reduction in EC proliferation with the loss of endothelial caspase-8.

47

We also assessed angiogenic sprouting by evaluating the number of tip cells at
the vascular front. At P6, Casp8 iECKO animals showed significant blunting of the
vascular front with fewer angiogenic sprouts compared with Casp8 WT littermates (Fig
5.4).

Together, these data show that loss of endothelial caspase-8 results in vascular
defects during developmental angiogenesis downstream of VEGF signaling, which may
account for the decrease in vascular outgrowth observed in Casp8 iECKO animals.

5.3. Endothelial caspase-8 deletion does not affect astrocyte distribution or
pericyte recruitment
Astrocytes and pericytes form part of the neurovascular unit, both playing essential
roles during angiogenesis. The superficial vascular plexus initially forms superimposed
on a pre-existing astrocyte network, where the astrocyte scaffold guides the extension of
tip cell filopodia (Gerhardt et al. 2003). Pericytes, on the other hand, are recruited to the
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developing endothelium providing stability and perfusion support (Potente et al. 2011,
Jain 2003). To determine whether endothelial caspase-8 deletion affected either of these
cells, we assessed their distribution by microscopy. Analysis of astrocytes by GFAP
staining revealed no difference in the astrocyte coverage in Casp8 iECKO animals. When
normalized to Isolectin, GFAP appeared increased due to the decrease in vessel area
(Fig 5.5 A, B). Pericyte coverage, analyzed by staining of the pericyte marker desmin
normalized to Isolectin, also revealed no differences between Casp8 iECKO and Casp8
WT retinas (Fig 5.5 C, D), indicating that pericyte recruitment and vessel stabilization
were unaffected by endothelial caspase-8 deletion.
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5.4. Endothelial caspase-8 deletion transiently affects endothelial cell
junction stability
A later step in the development of the CNS vasculature is the establishment of a
highly selective barrier, which permits entry of nutrients into the retina while excluding
harmful toxic material and inflammatory cells. This is partly mediated by the expression
of tight junction proteins such as claudin 5, the most highly enriched tight junction protein
in retinal ECs (Daneman et al 2010). Along with tight junction proteins, adherens junction
proteins also play a role in mediating cell-cell contacts, as well as cell dynamics. Adherens
junction protein VE-Cadherin was shown to mediate claudin 5 expression (Taddei et al.
2008) and was also found to be crucial for EC elongation and migration during
angiogenesis (Sauter et al. 2014, Cao et al. 2017). To assess whether caspase-8 deletion
altered EC junctions, we stained for VE-Cadherin and claudin 5 in P6 retinas. Expression
of both VE-Cadherin and claudin 5 were decreased in Casp8 iECKO animals compared
to littermate controls at P6 (Fig 5.6 A). The staining of these proteins also appeared
discontinuous in Casp8 iECKO retinas suggesting that the EC junctions were
destabilized. These effects, however, were no longer observed at P10 where claudin 5
expression and distribution showed no difference between genotypes (Fig. 5.6 B).
At P10 we also assessed paracellular BRB permeability, by intravenously injecting
the low-molecular-weight tracer 5-(and-6)-tetramethylrhodamine biocytin (biocytin-TMR,
869 Da), which crosses the endothelial barrier when tight junctions are disrupted
(Knowland et al. 2014, Lengfeld et al 2017, Mazzoni et al. 2017), and measuring its
leakage into the retinal parenchyma. Since the BRB is not completely established at P10
bright puncta of biocytin-TMR within the tissue parenchyma due to tracer leakage from
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blood vessels and uptake into neurons can be observed (Fig 5.6 C), however
quantification revealed no difference in tracer leakage between genotypes. These data
demonstrate that loss of endothelial caspase-8 causes a transient interruption in EC
junction stability and barrier establishment.
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Chapter 6: Cell death does not contribute to vascular defects
in Casp8 iECKO pups
6.1. Endothelial caspase-8 deletion induces premature vessel regression
A critical developmental stage in postnatal angiogenesis in the retina is vascular
remodeling, where ECs in newly formed vessels undergo selective regression to yield the
mature vascular plexus (Korn and Augustin 2015). One indication of vascular remodeling
is the occurrence of empty extracellular matrix (ECM) sleeves within the capillary network.
Nascent ECs and mural cells secrete ECM proteins which constitute a basement
membrane-like remnant lacking ECs once regression occurs (Latker and Kuwabara
1981). To determine whether premature vascular remodeling contributed to the decrease
in vascular complexity observed in Fig 5.1 A and D, we assessed whether Casp8 iECKO
increased vessel regression by quantifying the number of CollV+IsoB4– sleeves. We
found that Casp8 iECKO mice showed an increase in empty ECM sleeves as compared
to Casp8 WT littermate controls at P6 (Fig 6.1 A, B). These data suggest that loss of
endothelial

caspase-8

promotes

premature

hypovascularized superficial plexus.

54

vessel

pruning,

resulting

in

a

6.2. Cell death does not contribute to vessel regression observed with
endothelial caspase-8 deletion
Vessel regression is usually a consequence of EC apoptosis during development
(Korn and Augustin 2015, Baffert et al. 2006). To determine whether endothelial cells
were undergoing apoptosis, we performed TUNEL assay and found no difference in the
number of TUNEL+ ECs between Casp8 iECKO retina and littermate controls at P6 (Fig
6.2 A, B).
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TUNEL assay is not specific to apoptosis and detects any DNA fragmentation
(Mirzayans and Murray 2020) that may also occur during other cell death processes like
pyroptosis (Xu et al. 2014), indicating that it was unlikely that any other cell death process
was occurring during vessel regression. However, we sought to confirm this by assessing
whether necroptosis or pyroptosis was occurring. Caspase-8 inhibits necroptosis by
cleaving the receptor-interacting serine/threonine protein kinase 3 (RIPK3) and blocking
the phosphorylation and activation of the pseudokinase mixed-lineage kinase domain-like
(MLKL) – the ultimate effector of necroptosis – downstream of RIPK3 (Sun et al. 2012,
Dhuriya and Sharma 2018). We explored induction of necroptosis by staining for
phosphorylated MLKL (pMLKL) and observed no difference in MLKL activation in Casp8
iECKO mice compared to Casp8 WT littermate controls (Fig 6.3 A, B). We also explored
whether Casp8 iECKO induced pyroptosis by assessing activation of caspase-1 which
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mediates cell lysis during pyroptosis (Fink and Cookson 2006, Bergsbaken et al. 2011)
and found no difference between Casp8 iECKO and littermate controls (Fig 6.3 C, D).
Together these data suggest that EC death does not contribute to overall vessel
regression observed with endothelial caspase-8 deletion.
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6.3. Endothelial cell phagocytosis contributes to vessel regression
Microglia and monocyte-derived macrophages are intimately associated with the
vasculature in the retina and play vital roles during angiogenesis including supporting tip
cell anastomosis (Checchin et al. 2006, Arnold and Betsholtz 2013) and secreting soluble
factors that shape vascular growth and branching (Rymo et al. 2011). These phagocytes
of the CNS have also been found to engulf parts of blood vessels depending on their
activation state (Jolivel et al. 2015). We therefore investigated the effects of endothelial
caspase-8 deletion on microglia and macrophages. CD68 is commonly used as a marker
of phagocytes, and increased CD68 expression is associated with an increase in
phagocytic activity as it is mainly associated with endosomal/lysosomal compartment
(Chistiakov 2017). Analysis of CD68 staining in P6 retinas showed an increase in the
number of CD68+ cells associated with the superficial plexus, as well as an increase in
CD68 expression (Fig 6.4 A-C), indicating an increase in microglia and macrophage
recruitment and activation. Caspase-8 expression in CD68+ cells also appeared to be
increased in Casp8 iECKO animals (Fig 6.4A), which also indicates an increase in
microglia activity as caspase-8 is known to be involved in this process (Burguillos et al.
2011).
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The complement pathway has been implicated in microglia-dependent synaptic
modeling in the CNS (Hong et al. 2016, Silverman et al. 2016, Vukojicic et al. 2019). In
these studies, localization of C1q – the initiating protein of the classical complement
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cascade – was associated with microglial phagocytosis. We explored C1q expression and
localization with endothelial caspase-8 deletion and found an increase in C1q localization
with ECs in Casp8 iECKO animals compared to Casp8 WT controls (Fig 6.4 D),
suggesting phagocytosis of ECs as likely mechanism for vessel regression.

6.4. Endothelial caspase-8 deletion induces inflammation
Due to the increase in recruitment and activation of myeloid cells observed, we
investigated whether endothelial caspase-8 deletion induced inflammation by assessing
the expression of inflammatory cytokines. Cytokines are small secreted molecules, which
serve as the chemical messengers between cells mediating a variety of cellular processes
(Zhang and An 2009) including the responses of the immune system. Cytokine array,
performed using retinal lysates from P6 retinas, revealed a significant increase in a
number of pro-inflammatory cytokines in Casp8 iECKO compared to littermate controls
(Fig 6.5A). Cytokines involved in chemotaxis and proliferation of microglia and
macrophages were particularly upregulated. Table 2 lists the most highly upregulated
cytokines and their functions.
We additionally assessed expression of vascular cell adhesion molecule 1 (VCAM1), a member of the immunoglobulin superfamily upregulated on endothelium in response
to inflammation, where it facilitates leukocyte and transmigration into tissues (Berlin et al
1995). We found VCAM-1 expression in ECs to be increased in Casp8 iECKO animals
compared to Casp8 WT littermate controls (Fig 6.5 B). Together these data show that
deletion of endothelial caspase-8 induces results in an increased inflammatory state in
the retina.
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Table 2. Cytokines upregulated with Casp8 iECKO
Cytokine

Fold Increase

Function

Reference

CX3CL1

> 0.5

Imaizumi et al. 2004,
Yang et al. 2007,
Lauro et.al 2019

GM-CSF

> 0.5

IFGBP-3

> 0.5

IFGBP-5

> 0.5

VEGF
CXCL10
CCL25

> 0.5
> 0.4
> 0.4

IL-1a
IL-12

> 0.4
> 0.4

CCL3

> 0.4

CXCL13

> 0.4

Axl
IFGBP-6

> 0.4
> 0.4

Vascular inflammation
Monocyte, leukocyte adhesion
and infiltration
Microglia recruitment
Differentiation and proliferation
of myeloid progenitor cells
Myeloid cell chemotaxis
Upregulation of proangiogenic
genes (e.g. VEGF MMP-2, MMP9)
Angiogenesis inhibitor, tumor
suppressor
Pro-angiogenic growth factor
Leukocyte recruitment
Leukocyte
recruitment
and
proliferation
Propagation of inflammation
Development of TH1 and TH17
cells
CD8+ T cell recruitment
Astrocyte
and
microglia
activation
Recruitment of lymphocytes and
antigen presenting cells (APCs)
Natural killer cell development
Angiogenesis inhibitor, tumor
suppressor
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Lotfi et al. 2019
Granata et al. 2007
Rho et al. 2008
Gerhardt et al. 2003
Liu et al. 2011
Wang et al. 2018
Shaftel et al. 2008
Teng et al. 2015
Trifilo et al. 2003,
Janssen et al. 2015
Irani 2016
Park et al. 2009
Zhang et al. 2012

Chapter 7: Endothelial Caspase-8 mediates Wnt/ β-catenin
Signaling
7.1. Endothelial caspase-8 deletion decreases downstream Wnt signaling
As discussed in Chapter 1.2.3, the Wnt/β-catenin pathway controls several
aspects of CNS angiogenesis. Blockade of endothelial Wnt/β-catenin signaling impairs
EC proliferation, angiogenesis and barrier development (Dejana 2010, Daneman et al.
2008, Liebner et al. 2008, and Zhou et al. 2014). In the retina specifically, it has been
demonstrated that loss-of-function of the Norrin/Frizzled-4/Lrp5/6 signaling module show
delayed and incomplete growth of the primary vascular plexus as well as loss of deep
vascular plexus (Luhmann et al. 2005, Junge et al., 2009, Ye et al. 2009, Chen et al.
2012, Xia et al. 2010). Loss of the Wnt inhibitor Apcdd1 during angiogenesis in the retina
increased vessel density showing a role of Wnt signaling in the regulation of vascular
pruning (Mazzoni et al. 2017). Additionally, inhibition of Wnt signaling in endothelial cells
in the mouse model experimental autoimmune encephalomyelitis (EAE) increased
immune cell infiltration showing the role of Wnt signaling in the regulation of inflammatory
responses (Lengfeld et al. 2017).
Due to the disruption in angiogenesis and barrier development, along with the
premature pruning and induction of inflammation observed with Casp8 iECKO, we
explored whether endothelial capase-8 regulated this pathway by assessing the Lef1
transcription factor which mediates downstream Wnt signaling (Behrens et al. 1996). We
counted Lef1+ EC nuclei normalized to the superficial plexus vascular area in sections of
P6 retina and found a decrease in Lef1+ ECs in Casp8 iECKO animals (Fig 7.1 A, B),
indicating that loss of endothelial capase-8 inhibited Wnt/β-catenin signaling.
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7.2. Caspase-8 substrate, HDAC7, is increased in endothelial cells with
endothelial caspase-8 deletion
Due to the decrease in Lef1 observed in Casp8 iECKO animals, we sought to
establish a link between caspase-8 and Wnt/β-catenin signaling. We explored the
pathway through histone deacetylase 7 (HDAC7), which was identified to be one of the
best caspase-8 substrates, being cleaved at up to 20 times more efficiently than
downstream effector caspase-3 even at low levels of caspase-8 activity (Scott et al 2008).
Histone deacetylases (HDAC) regulate several biological processes such as cell cycle
progression, cell differentiation and survival. They act as molecular switches for gene
transcription by modulating chromosome structure making the DNA less accessible to
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transcription factors (Shin et al 2003, Lee et al. 2004, Zeng et al. 2006, Chang et al. 2014).
HDAC7 is a member of the class II HDACs and a known repressor of MEF2 (Dressel et
al. 2001). HDAC7 is expressed in the vascular endothelium during early embryogenesis
where it maintains vascular integrity (Chang et al. 2014). HDAC7 was also found to be
involved in VEGF-stimulated endothelial cell migration, tube formation, and vascular
sprouting. During angiogenesis, VEGF signaling induces HDAC7 phosphorylation
through the phospholipase C/protein kinase C/protein kinase D1 (PLCβγ/PKCβ/PKD)
signaling pathway, which leads to the cytoplasmic accumulation of HDAC7 (Ha et al.
2008). Further studies revealed that HDAC7 mediated these angiogenic processes
through modulation of β-catenin stabilization in the cytoplasm. HDAC7 was found to bind
to β-catenin disrupting its translocation to the nucleus, resulting in inhibition of EC growth
(Margariti et al. 2010).
We hypothesized that endothelial caspase-8 modulated Wnt signaling during
angiogenesis through HDAC7. To confirm this theory, we assessed HDAC7 signal
normalized to vessel area in P6 retinal sections and found that HDAC7 was increased in
Casp8 iECKO animals compared to Casp8 WT littermates (Fig 7.2 A, B). These results
indicate that endothelial caspase-8 is involved in modulating HDAC7 in endothelial cells,
which further supports the theory that endothelial caspase-8 regulates angiogenesis
through Wnt/β-catenin signaling (Figure 7.3).
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Chapter 8: Exploring the effect of loss endothelial caspase-8
in visual development
8.1. Introduction
Development of the mouse retina begins embryonically and is completed
postnatally, with neural and vascular development occurring simultaneously. Retinal
lamination, the layered organization of cells, is completed within the first postnatal week
coinciding with the outgrowth of the superficial vascular plexus. Synaptogenesis within
the inner plexiform layer (INL) and outer plexiform layer (OPL) takes place from P7-P14
concurrent with the development of the mid and deep vascular plexus which reside within
these layers (Fan et al. 2016, Gerhardt et al. 2003). Mouse eye opening occurs during
that period, suggesting that synaptic formation leads to the attainment of visual function
(Fan et al. 2016). Interestingly, neural and vascular development in the CNS have been
found to influence each other. Although Müller glia and astrocytes were previously
believed to be the main source of VEGF, genetic ablation of VEGF in Müller glia and
astrocytes does not impact retinal vascular development (Scott et al. 2010, Weidemann
et al. 2010). However, conditional ablation of RGCs completely abolishes developmental
retina angiogenesis, despite the retinal astrocytic network remaining intact (Sapieha et al.
2008), indicating that the neuronal compartment is crucial for proper retina
vascularization. On the other hand, the correct vascular growth and patterning has been
found to be critical for the accurate organization of neurodevelopmental processes during
CNS development. Manipulation of vascular patterning was found to produce an
abnormal eye and optic chiasm due to incorrect RGC axon growth (Erskine et al. 2017).

68

8.2. Endothelial caspase-8 deletion does not affect retinal layer
organization and visual acquisition
Due to the delay in angiogenesis observed with deletion of endothelial caspase-8,
we explored whether visual development was also impaired in these animals. We first
measured the thickness of the retinal layers at P10, the timepoint where Casp8 iECKO
mice showed decreased outgrowth of the deep plexus, using retinal cross sections and
nuclear staining (DAPI) (Fig 8.1 A, B). We also measured retinal layer thickness at P18
using optical coherence tomography (OCT) imaging (Fig 8.1 C, D). At both P10 and P18,
no significant differences were observed in any of the retinal layers between Casp8
iECKO animals and littermate controls.
We next assessed synaptogenesis by staining with synaptophysin, a protein that
occurs specifically on presynaptic vesicles (Fan et al 2016, Antonow-Schlorke et al.
2001), and found no difference between the genotypes (Fig. 8.2 A). Biochemical analysis
of synaptophysin by western blot further revealed that synaptophysin expression was
unaffected in Casp8 iECKO retinas (Fig. 8.2 B).
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Finally, we used the OptoDrum (described in 2.1.4.) to measure visual acuity (Fig.
8.3A) and contrast perception (Fig. 8.3B) at P30 and found no differences between the
Casp8 iECKO and littermate controls in either measure. Although preliminary, these data
point toward endothelial caspase-8 deletion having no effect on the development of visual
function.
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Chapter 9: Microglial caspase-8 modulates microglia survival
and activation
9.1 Generation of inducible microglial caspase-8 knock out
As discussed previously, retinal myeloid cells play an essential role in vascular
development. Caspase-8 was also seen to be highly expressed in these cells during the
first week of retinal angiogenesis (Fig 3.1). For these reasons, we were interested in
exploring the consequence of deleting caspase-8 in these cells. To do so we generated
tamoxifen-inducible myeloid-specific caspase-8 knockout mice (Casp8 imGKO) by
crossing caspase-8 fl/fl mice with Cx3cr1-CreERT2 mice (Parkhurst et al. 2013) (Fig
9.1A). Recombination was induced by i.p. tamoxifen injection from P1-P3, targeting
caspase-8 deletion during early vascular development. Cre+ mice express a fusion
protein of CreERT2-EYFP, which allows detection by signal enhancement with GFP stain
(9.1 B). Analysis of microglia and macrophages at the vascular front visualized with
Isolectin stain shows effective deletion of microglial caspase-8 at P7, while caspase-8
expression persists in the endothelium (Fig 9.1C).
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9.2. Myeloid caspase-8 deletion does not affect angiogenesis
Vascular development was assessed at P7 by staining with Isolectin. No difference
was seen in vascular outgrowth, area of the vascular bed or vessel density between
Casp8 imGKO animals and littermate controls (Fig 9.2 A-D), indicating that microglial
caspase-8 did not influence early vascular development.
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9.3. Microglial caspase-8 deletion alters microglia morphology and
activation
Caspase-8 has been shown to play and essential role in modulating microglial
activation and morphology (Burguillos et al. 2011). We, therefore, investigated whether
the deletion of caspase-8 in these cells induced any microglia abnormalities. Microglia
were assessed by staining with Iba1 and CD68 and we observed an approximate 30%
decrease in the number of microglia associated with the superficial plexus at P6 (Fig 9.3
A, B). Additionally, individual microglia appeared to be larger as indicated by the relative
Iba1 expression per cell (Fig 9.3 C). CD68 expression was also increased in microglia at
this time (Fig 9.3 D), suggesting an increase in phagocytic activity. Because of the
difference in microglia morphology observed in Casp8 imGKO animals, we sought to
determine whether this effect was induced due to background effects or specific to the
loss of microglial caspase-8. We examined Cx3cr1-Cre+ and Cx3cr1-Cre- littermates in
the absence of tamoxifen treatment and assessed microglia using CD68. No differences
were observed in microglia morphology between littermates (Fig 9.3 E), indicating that
the differences observed was mediated by the loss of caspase-8 in Casp8 imGKO pups.
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9.4. Microglial caspase-8 deletion may induce microglia death
Due to the drastic decrease in microglia number observed, we investigated
whether loss of caspase-8 in these myeloid cells induced cell death. We performed
TUNEL assay and saw no observable increase in TUNEL+ cells between Casp8 imGKO
animals and littermate controls (Fig. 9.4 A, B). However, upon further investigation we
found that Casp8 imGKO animals showed increased pMLKL (Fig 9.5 A, B) and caspase1 (Fig 9.5 C, D). These data indicate that loss of caspase-8 in myeloid cells induces
necroptosis and pyroptosis through activation of MLKL and caspase-1 respectively.
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Chapter 10: Whole tissue caspase-8 inhibition – Preliminary
Study
10.1. Introduction
Our data thus far indicates that caspase-8 is required for proper developmental
angiogenesis through its modulation of Wnt/β-catenin signaling. Wnt signaling has been
implicated in pathological settings (Chen et al. 2011, Lengfeld et al 2017), which presents
the idea of targeting caspase-8 for pharmacological intervention. We therefore, sought to
inhibit caspase-8 during retinal angiogenesis to determine whether caspase-8 inhibition
would recapitulate the phenotype seen with genetic ablation of capase-8.

10.2. Pen1-CrmA, inhibitor of caspase-8
Rather than use commercially available caspase inhibitors with broad off-target
effects, we utilized the cowpox viral serpin known as cytokine response modifier A
(CrmA). CrmA is a potent inhibitor of caspase-8 and has been shown to inhibit Fasmediated apoptosis (Zhou et al. 1997). CrmA also potently inhibits caspase-1 (Ray et al.
1992, Zhou et al. 1997), which may produce some confounding effects. However,
caspase-1 expression was relatively low in comparison to caspase-8 in the WT retina
giving some confidence for the use of this inhibitor in our studies.
For these experiments we crosslinked CrmA, to Penetratin-1 (Pen1), a cell
permeating peptide (Davidson et al. 2004), to promote crossing of the BRB. Previous
studies using Pen1 linked to caspase-9 inhibitor, XBir3, have shown efficient delivery of
the inhibitor to the CNS (Akpan et al 2011, Avrutsky et al. 2020).
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10.3. Pen1-CrmA treatment inhibits vascular remodeling
Pen1-CrmA was administered by subcutaneous injection under the eyelid from P1P5, using 1X PBS as a control (Fig 10.1 A). Analysis of the vasculature by staining
Isolectin in P7 retinas showed no difference in vascular outgrowth and vessel area
between the treatment groups (Fig 10.1 B-D), however vessel density was increased by
approximately 10% in Pen1-CrmA treated retina. These data suggest that Pen1-CrmA
does not inhibit endothelial caspase-8 activity as vascular outgrowth was unaffected.
However, the hypervascular phenotype observed suggests that Pen1-CrmA inhibits
normal vascular pruning, which may occur through the inhibition of caspase-8 in microglia
and macrophages resulting in a decrease in activation of these cells. More investigation
is needed to elucidate the mechanism of action of Pen1-CrmA.
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Chapter 11: Conclusions and Future Directions
11.1. Caspase-8 plays a non-apoptotic role in retinal angiogenesis.
Caspase-8 was previously described to be critical for embryonic cardiac and
vascular development. This dissertation describes a role of endothelial caspase-8 in
mediating retinal angiogenesis postnatally. We utilized the postnatal mouse retina to
investigate the expression of caspase-8 during angiogenesis and interrogate the cellspecific functions of the protease during this vital biological process. Caspase-8 was
found to be expressed highly in ECs and microglia during the angiogenic timeline in the
retina. In ECs specifically, caspase-8 expression peaked between P5 and P7 in the
superficial plexus, and was also observed in the deep plexus at P10 and mid plexus at
P12 (Fig 3.1). These timepoints correlate to timepoints of high EC proliferation as the
respective vascular layers emerge (Gerhardt et al. 2003), suggesting that caspase-8
activity is important during this process.
While caspase-8 is typically associated with apoptosis, we found that during this
time-course the occurrence of cell death was low (Fig 3.3), demonstrating that the primary
role of caspase-8 was not in the induction of apoptosis. Despite the activation of
downstream effector caspase-3 in microglia (Fig 3.3), these cells were also devoid of
TUNEL labelling (Fig 3.4) denoting that these cells were not undergoing cell death. These
data provide further evidence that while originally identified as mediators of cell death,
caspases – particularly caspase-3 which is a commonly used marker of apoptosis – carry
out functions independent of cell death. Specifically, caspase-8 and -3 have been
previously shown to mediate microglial morphology (Burguillos et al. 2011).
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11.2. Endothelial caspase-8 mediates canonical Wnt signaling via HDAC7
degradation.
Our results show that loss of endothelial caspase-8 delays angiogenesis by
disrupting EC proliferation and tip cell sprouting (Fig 5.1, Fig 5.3, Fig 5.4). Early barrier
establishment was also disrupted as indicated by the decrease in Claudin 5 and VECadherin expression and organization at EC junctions (Fig 5.6). While we observe an
upregulation in VEGF (Fig 6.5A, Table 2), which can induce EC tight junction disruption
and vascular permeability (Senger et al. 1983, Gerhardt et al. 2003), it is more likely that
this phenotype is induced due to Wnt signaling inhibition since angiogenesis is also
impaired in these animals. We also found that endothelial caspase-8 deletion resulted in
an increased inflammatory state as revealed by an upregulation of several inflammatory
cytokines (Fig 6.5A, Table 2). Although it may be intuitive to describe this phenomenon
as an induction of inflammation, suppression of the immune system – including the down
regulation cell adhesion molecules, such as VCAM-1 – is a normal process which occurs
during barrier establishment mediated by the Wnt signaling pathway (Liebner et al. 2008,
Malhotra and Kincade 2009, Zhou et al. 2014, Chow and Gu 2015, Guo et al. 2015,
Lengfeld et al. 2017). Rather the increased inflammation is representative of a
developmental delay induced by inhibition of the Wnt signaling pathway. We also show
that Casp8 iECKO induced premature vessel regression (Fig. 6.1). Altogether the data
suggest a role for caspase-8 in mediating canonical Wnt/β-catenin signaling. This theory
was confirmed through analysis of Lef1 which revealed a decrease in downstream βcatenin signaling with deletion of endothelial caspase-8 (Fig. 7.1).
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In order to determine the mechanism by which caspase-8 mediates Wnt signaling,
we examined the caspase-8 substrate HDAC7 which has been previously found to
referee β-catenin cytoplasmic stabilization and nuclear translocation. We determined that
endothelial caspase-8 deletion led to an increase in HDAC7 accumulation in ECs (Fig
7.2), lending support to the hypothesis that caspase-8 mediates canonical Wnt signaling
through regulation of HDAC7 degradation, thus illuminating a novel regulatory
mechanism of canonical Wnt/β-catenin signaling.
While we were able to show that endothelial caspase-8 deletion resulted in a
general increase in HDAC7 in the vasculature in retinal sections, further validation of this
mechanism can be performed in vitro to assess degradation of HDAC7 biochemically (via
Western Blot) with caspase-8 knock down (Casp8 KD) using an siRNA to caspase-8. As
observed in Figure 7.2, HDAC7 expression is quite high in the neuronal layers of the
retina which may confound data if this was performed using retinal lysates. Additionally,
using an in vitro assay we can assess subcellular localization of HDAC7 and β-catenin in
ECs with Casp8 KD.

11.3. Endothelial caspase-8 deletion increases C1q deposition on vessels.
We also show that loss of endothelial caspase-8 results in an increase in the
deposition of C1q on the endothelium and an increase in premature vessel regression
(Fig. 6.1, Fig 6.4 D). C1q is a well-known initiator of the complement classical pathway
and has been recently shown to mediate microglia-dependent synaptic modeling in the
CNS (Hong et al. 2016, Silverman et al. 2016, Vukojicic et al. 2019). These data, in
addition to the increase in the vascular recruitment of CD68+ cells in Casp8 iECKO
animals (Fig 6.4 A-C), suggest that C1q may also mediate microglia-directed vascular
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pruning in the retina.

This can be further explored by assessing the presence of

endothelial cell antigens within the lysosomal compartment in microglia.

11.4. How do endothelial cells circumvent caspase-8 mediated angiogenic
delay?
The delay in vascular development observed with endothelial caspase-8 deletion
is a transient phenotype. By P14 outgrowth of the vasculature in Casp8 iECKO has caught
up to that observed in littermate controls (Fig 5.2). Additionally, the defect in barrier
establishment displayed by discontinuous Claudin 5 and VE-Cadherin staining is no
longer observed by P10, supported even further by the analysis of the permeability of the
barrier at P10 which showed no difference between genotypes (Fig 5.6). This suggests
that alternate regulatory pathways occur to compensate for the loss of caspase-8 in order
to combat the delay in vascular growth. One possible factor that may contribute to
angiogenic recovery is discussed in Margariti et al 2010. The authors show in HUVECs
that inhibition of the proteasome using the cell permeant potent proteasome inhibitor
MG132 reduced HDAC7 degradation and that this was mediated by the PLCγ-IP3K
pathway. This delineates an alternate mechanism that may also occur in vivo to regulate
HDAC7 degradation and β-catenin signaling.
Another factor that may contribute to increased angiogenesis is the increased
VEGF expression observed at P6 (Fig 6.5A, Table 2). VEGF is a major driver of
angiogenesis secreted by neurons, astrocytes and Müller glia (Stone et al 1995, Gerhardt
et al. 2003, Sapieha et al. 2008). In response to the delayed vascular outgrowth caused
by Casp8 iECKO, these cells may upregulate VEGF expression and secretion which may
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drive the recovery observed by P14. Analysis of VEGF by immunofluorescent staining
can be used to interrogate this hypothesis.
Additionally, Wnt signaling is highly regulated at different levels by a variety of
agonists and antagonists, which either modulate intracellular components of the signal
transduction machinery or act extracellularly to modulate ligand–receptor interactions.
There are two families of growth factors known to activate Wnt signaling besides Wnts:
Norrin, which has been previously discussed in Chapter 1.2.3, and R-spondins (Rspo).
Additionally, there are six known families of secreted Wnt antagonists – the Dickkopf
proteins (Dkks), secreted Frizzled-related proteins (sFRPs), Wnt-inhibitory factor 1 (WIF1), Wise/SOST, Cerberus, and insulin-like growth-factor binding protein 4 (IGFBP-4) –
and four families of transmembrane Wnt antagonists – Shisa, Wnt-activated inhibitory
factor 1 (Waif1/5T4), adenomatosis polyposis coli down-regulated 1 (APCDD1), and Tiki1
(Cruciat and Niehrs 2013). While the molecular mechanisms of all of these effectors have
not been fully elucidated, the overall outcome is the titration of Wnt signaling to specific
cellular processes. However, perturbation of the normal Wnt signaling by endothelial
caspase-8 deletion may result in a shift in the expression of certain effectors to increase
Wnt signaling in order to promote recovery. This can be determined by analysis of
downstream Wnt signaling targets such as Lef1 and cyclin D1 between P10 and P14 –
the interval where the deficit in vascular outgrowth is resolved – and further validation by
biochemical analysis of Wnt effector expression or interaction with known binding
partners.
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11.5. Does endothelial caspase-8 regulate other signaling pathways?
Our data shows that loss of endothelial caspase-8 inhibits Wnt signaling. Wnt
signaling has been previously shown to promote Dll4/Notch signaling mediated through
the Notch-regulated ankyrin repeat protein (Nrarp) (Corada et al. 2010, Phng et al. 2009).
Notch ligand Dll4 drives tip cell selection in ECs during sprouting angiogenesis (Eilken
and Adams 2010, Hellström et al. 2007, Phng and Gerhardt 2009, Potente et al. 2011).
As discussed in Section 5.2, Casp8 iECKO decreased angiogenic sprouting, which
suggests that endothelial caspase-8 may also be mediating tip cell selection through
regulation of Wnt signaling. Immunofluorescent staining for Dll4 staining would be needed
to confirm this theory.
In addition to mediating cell-cell contacts, adherens junction proteins – VECadherin in particular – have been shown to regulate sprouting angiogenesis (Bentley et
al 2014, Sauter et al. 2014). Deletion of endothelial caspase-8, results in a decrease in
VE-Cadherin at EC junctions which was also reported in Tisch et al. 2019. The authors
explore the mechanism by which caspase-8 affects angiogenic sprouting through VECadherin, and postulate that loss of endothelial caspase-8 results in increased p38
phosphorylation by RIPK3, which impairs VE-Cadherin dynamics causing a loss of
junction integrity in ECs thus diminishing angiogenic sprouting. This is a similar
mechanism to what has been reported for caspase-8 mediated epithelial cell remodeling
during wound healing (Lee et al. 2009, Li et al 2010).

11.6. Does loss of endothelial caspase-8 lead to visual deficits?
As discussed in Chapter 8, we were interested in exploring whether endothelial
caspase-8 deletion led to visual deficits, particularly due to the delay in the development
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of the deep vascular plexus, which occurred during a key timepoint of synaptogenesis.
Our data so far suggests that there is no deficit in Casp8 iECKO animals as indicated by
assessment of retinal layer thickness, synaptophysin expression, and tests of visual
acuity and contrast perception (Fig. 8.1 – Fig 8.3). However, the number of animals
included in this preliminary study was small and the data was spread over a range, so
this study can be enhanced by including more animals.
To compliment this study, we can also perform electroretinograms (ERG). The
ERG measures electrical output from the retina in response to a flash light stimulus and
different components of the ERG signal correspond to the function of specific retinal cell
types (Audo et al 2008). We can use this tool to evaluate whether the neurons of the inner
retina

are

functioning

correctly,

and

therefore

have

undergone

successful

synaptogenesis.

11.7. Myeloid caspase-8 modulates microglial survival and morphology.
We demonstrate that caspase-8 regulates microglia survival and activation. While
deletion of caspase-8 in the myeloid population showed no effect on the development of
the vasculature at the observed timepoints (Fig 9.2), there was a significant decrease in
microglia number likely mediated by necroptosis and possibly pyroptosis as indicated by
an increase in activation of MLKL and caspase-1 respectively. As discussed previously,
caspase-8, when in the Casp8/c-FLIP heterodimer, inhibits necroptosis (Oberst et al.
2011, Sun et al. 2012). To do so, caspase-8 cleaves RIPK3 blocking downstream
phosphorylation and activation of MLKL. The increase in phosphorylated MLKL observed
in microglia (Fig 9.6 A, B) therefore suggests the occurrence of necroptosis.

89

Caspase-8 has been shown previously to be important in modulating microglia
activation and morphology (Burguillos et al. 2011). Caspase-8 has also been shown to
process IL-1β either independently or in the inflammasome, namely NLRP3 which is a
known microglia inflammasome (Antonopoulos et al. 2013, Antonopoulos et al. 2015,
Bossaller et al. 2012, Gustin et al. 2015, Shenderov et al. 2014). While IL-1β expression
in the CNS and changes in microglia morphology are typically indicative of a pathological
state, non-immunological functions of IL-1 and microglia have also been described such
as in repair and physiological activity (Salter et al. 2017, Spulber et al. 2009). It is therefore
likely that caspase-8 mediates physiological IL-1β processing needed for microglial
activity during vascular development. Deletion of caspase-8 in microglial results in a
significant upregulation of caspase-1 (Fig 9.6 C, D), which may occur in order to facilitate
the required IL-1β processing to keep microglia active, compensating for the loss of
caspase-8. This may especially be needed to increase microglia size (Fig 9.3 A, C) to
compensate for the loss in microglia numbers. However, caspase-1 mediated IL-1β
processing may induce inflammation and promote pyroptosis. While, caspase-1 is a
marker for pyroptosis we can also evaluate this process by performing Western Blot for
gasdermin D and assessing its cleavage (Zhao et al. 2018). Additionally, it would be
interesting to investigate whether the increase in caspase-1 activity prompted by
caspase-8 deletion induces inflammation. We can assess this by cytokine array using
retinal lysates from Casp8 imGKO mice and littermate controls.

11.8. Pen1-CrmA inhibition of caspase-8
As discussed in Section 1.4.1., FADD recruitment leads to dimerization of
caspase-8 forming either a Casp8/Casp8 homodimer, which typically results in the
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induction of the extrinsic apoptotic pathway, or Casp8/c-FLIP heterodimer, leading to a
lower level of caspase-8 activation and inhibition of apoptosis (Hughes et al. 2016).
Cleavage of caspase-8 and its downstream effector caspase-3 in microglia and
macrophages and not in ECs (Fig 3.3), indicates that caspase-8 has cell-specific
functions. Due to this data, we theorized that endothelial caspase-8 may be operating in
a Casp8/c-FLIP heterodimer, while microglial caspase-8 at least partially functioned in a
Casp8/Casp8 homodimer due to the observed cleavage of caspases -8 and -3. We were
curious as to whether inhibition of caspase-8 would recapitulate the same phenotype as
produced by genetic deletion and found an entirely different phenotype. Pen1-CrmA
treatment showed no effect on vascular outgrowth, which confirmed to us that in ECs
caspase-8 exerted its function through Casp8/c-FLIP heterodimer since CrmA has been
shown to be unable to inhibit Casp8/c-FLIP (Oberst et al. 2011). However, Pen1-CrmA
did result in an increase in vessel density, indicating a decrease in vascular pruning.
Together these data suggest that Pen1-CrmA inhibits microglia and macrophage activity
through inhibition of myeloid-specific Casp8/Casp8 homodimer leading to the
hypervascularization observed. Further investigation is needed to confirm this.
These experiments will be repeated using Pen1-CrmA and mutant CrmA (Pen1CrmAmut). The CrmA mutant contains a single point mutation which causes loss of
inhibitory activity without affecting significantly disrupting the protein structure (Tewari et
al. 1995). We will stain for cleaved caspase-8 and cleaved caspase-3 to determine
whether Pen1-CrmA inhibits caspase-8 activity in microglia.

In order to determine

whether this increase in vessel density is a result of a decrease in vessel regression, we
will perform Col IV staining to assess ECM sleeves in the Pen1-CrmA treated animals.
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We will also use cytokine array to assess whether Pen1-CrmA inhibits the generation of
inflammatory cytokines in this model.

11.9. Is caspase-8 a viable therapeutic target?
While we have now established a role for caspase-8 in developmental
angiogenesis,

it

remains

unknown

whether

caspase-8

mediates

pathological

angiogenesis. As discussed in Chapter 1, VEGF is a major driver of angiogenesis both in
development and in disease. The timing of caspase-8 expression during retinal vascular
development, suggests that caspase-8 expression may be driven by VEGF. Further
experiments would be needed to validate this theory; however, this would make caspase8 a worthwhile target as its expression was localized to ECs and microglia. Many antiangiogenic therapies currently center around regulating VEGF levels, however this
strategy has been shown to induce adverse systemic effects including thromboembolic
events, myocardial infarction, stroke, hypertension, gastrointestinal perforations, and
kidney disease after prolonged use (Ehlers et al. 2017, Falavarjani and Nguyen 2013,
Lopes-Coelho et al. 2021, Mutlu et al. 2013). Caspase-8 presents a more specific target
for intervening in pathological angiogenesis.
In Tisch et al. 2019, the authors also explore endothelial caspase-8 deletion in the
oxygen-induced retinopathy (OIR) model resembling retinopathy of prematurity (ROP).
They find that loss of endothelial caspase-8 was protective against neovascularization,
which lends credibility to caspase-8 as a therapeutic target. We can also explore
endothelial caspase-8 in our retinal vein occlusion (RVO) model (Avrutsky et al. 2020).
As reported, RVO induces an upregulation in caspase-8. Treatment with the caspase-9
specific inhibitor, Pen1-XBir3, effectively ameliorated retinal edema and inflammation and
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preserved neuronal function after RVO, however caspase-8 upregulation was unaffected.
It would be interesting to explore endothelial caspase-8 deletion in this context to
determine whether this conferred any additional benefits to targeting caspase-9. It would
also be informative to assess caspase-8 expression in other diseases exhibiting
pathological vascular growth, such as diabetic retinopathies and cancers.
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