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ABSTRACT

Vascular endothelial growth factor (VEGF)-A signal transduction is a central mediator
of angiogenesis in development and in pathological conditions, such as ischemic retinopa-
thies. The role of VEGFA in pathophysiological processes including neovascularization and
vascular permeability, and the therapeutic benefit of targeting VEGFA and its main receptor
on endothelial cells, VEGF receptor-2 (VEGFR?2), has been well documented. However, the
significant treatment burden for the patient and the transient efficacy of anti-VEGF/VEGFR2
drugs in retinal vascular diseases create a need for new therapeutic targets to improve the
diseases” outcome. Vascular endothelial protein tyrosine phosphatase (VE-PTP, also known
as PTPRB) is an endothelial specific tyrosine phosphate that interacts with VEGFR2 and Tie2,
thereby regulating their activity. Here, we evaluated the efficiency of a siRNA targeting hu-
man PTPRB and identified commercially available antibodies specific for VE-PTP to be used
in in vitro studies. Immunofluorescence analyses of human umbilical vein endothelial cells
showed colocalization of VE-PTP with vascular endothelial (VE)-cadherin at endothelial cell
junctions, where VE-PTP is known to interact with VEGFR2, Tie2 and VE-cadherin. Silencing
of PTPRB expression in vitro was accompanied by increased VEGFA-induced VEGFR2 phos-
phorylation at tyrosine site 1175, which unexpectedly was accompanied by decreased phos-
phorylation of the downstream extracellular regulated kinase (Erk) 1/2. Moreover, endothe-
lial specific genetic deletion of the murine VE-PTP codifying gene, denoted Ptprb, impaired
retina vascular development, negatively affecting retina vessel density, vessel outgrowth and
tip cell density. These effects on the retina vasculature did not depend on changes in expres-
sion levels of Flk1, Tie2 or Cdh5. In a mouse model of oxygen-induced retinopathy (OIR), ge-
netic Ptprb deficiency reduced vessel obliteration but had no effect on formation of neovascu-
lar tufts. In conclusion, we demonstrate that VE-PTP is required in vivo for normal develop-
ment of the retinal vasculature and inhibition of PTPRB expression in vitro markedly enhances
VEGFR2 phosphorylation in response to VEGFA while subsequent activation of its down-
stream signalling transducer Erk 1/2 is suppressed. This suggests a potential mechanism by
which targeting VE-PTP may reduce vessel obliteration observed in ischemic eye diseases.

However, more in-depth analyses are warranted.

Keywords: VE-PTP, VEGFA, VEGFR?2, Erk 1/2, OIR, retinopathy.
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RESUMO

A transducao de sinal do vascular endothelial growth factor (VEGF)-A é um dos principais
mediadores da angiogénese durante o desenvolvimento e em condi¢des patologicas como
retinopatias isquémicas. O papel do VEGFA em processos fisiopatolégicos, incluindo a
neovascularizacao e a permeabilidade vascular, e o beneficio de terapias que tém como alvo
o VEGFA e o seu recetor principal nas células endoteliais, o VEGF recetor-2 (VEGFR2), tem
sido bem documentados. Contudo, a carga significativa do tratamento para o paciente e a
eficécia transitoria dos medicamentos anti-VEGF/VEGFR2 em doencas vasculares da retina
criam a necessidade de novos alvos terapéuticos para melhorar o resultado do tratamento. A
vascular endothelial protein tyrosine phosphatase (VE-PTP, também conhecida como PTPRB) é
uma fosfatase de tirosinas, especificamente expressa em células endoteliais, que interage com
o VEGFR2 e o Tie2, regulando assim a atividade destes. Neste trabalho, avalidmos a eficiéncia
de um siRNA direcionado ao PTPRB humano e identificdimos anticorpos comerciais
especificos para a VEPTP para serem wusados em estudos in wvitro. Andlises de
imunofluorescéncia de células endoteliais da veia umbilical humana revelaram que a VE-PTP
se localiza com a vascular endothelial (VE)-cadherin nas juncdes de células endoteliais, onde se
sabe que a VE-PTP interage com o VEGFR2, Tie2 e VE-cadherin. O silenciamento da expressao
do PTPRB in vitro aumentou a fosforilacdo do VEGFR2, induzida pelo VEGFA, na tirosina
1175, o qual inesperadamente foi acompanhado por uma diminui¢do na fosforilacdo da
extracellular requlated kinase (Erk) 1/2. Além disso, a delecdo genética do gene que codifica a
VE-PTP, denominado Ptprb, em células endoteliais prejudicou o desenvolvimento vascular na
retina afetando negativamente a densidade vascular, o crescimento vascular e a densidade de
tip cells na retina. Estes efeitos na vasculatura da retina ndo dependem de mudancas nos niveis
de expressdo de Flk1, Tie2 ou Cdh5. Num modelo de ratinho de retinopatia induzida com
oxigénio (OIR), a deficiéncia genética do Ptprb reduziu a obliteracdo da vasculatura, mas nao
afetou a formacao de tufts neovasculares. Concluindo, neste trabalho demonstramos que a
VE-PTP é necessaria in vivo para o normal desenvolvimento da vasculatura da retina e que a
inibicdo da expressao de PTPRB in vitro aumenta significativamente a fosforilacdo do VEGFR2
em resposta ao VEGFA enquanto que a subsequente ativagao do seu transdutor de sinalizagao
downstream Erk 1/2 é suprimida. Isto sugere um potencial mecanismo pelo qual ter como alvo
a VE-PTP pode reduzir a obliteracao dos vasos sanguineos observada em doengas isquémicas
dos olhos. Contudo, analises mais aprofundadas sao necessarias.

Palavras-chave: VE-PTP, VEGFA, VEGFR2, Erk 1/2, OIR, retinopatia.
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1.
INTRODUCTION

1.1. The Vascular Endothelium

A key component of the vascular system is the monolayer of endothelial cells (ECs) that
coats the inner-most aspect of arteries, veins and capillaries. The endothelium forms a barrier
between the bloodstream and the surrounding tissues, thereby being in contact with both ex-
travascular cells and blood components. In addition, it functions as an endocrine organ, with
arteries delivering oxygen and nutrients to tissues, veins removing the cellular metabolic
waste and capillaries exchanging fluids, solutes and condensed matter between tissue com-
partments. These highly specialized functions are a result of ECs phenotypic, morphological
and physiological differences that arise from the heterogeneity of the vascular system. This
heterogeneity across the vascular bed allows ECs to perform in a distinct way in various or-
gans and to play a major role in different tasks, such as the regulation of immune responses,
inflammation and angiogenesis (Kriiger-Genge et al., 2019). This system is also highly con-
served across mammalian species.

Signals released from ECs control and maintain the physiological functions of the vas-
culature. They are also responsible for the recruitment of other blood vessel components, such
as connective tissue, smooth muscle cells (SMCs) and pericytes, reinforcing the importance of
ECs for growth and development of the blood-vessel wall as well as for regulation of vessel
structure and function (Alberts et al., 2002).

1.1.1. Vasculogenesis and Angiogenesis

Blood vessel formation during mammalian embryonic development and in the adult
occurs through two main processes (Figure 1.1). The first process is termed vasculogenesis
and involves aggregation of ECs precursors, the angioblasts, which subsequently differentiate
to endothelial cells, to form a primitive vascular plexus. The second process is a complex re-
modelling process, termed angiogenesis, which involves growth of newly formed vessels by
sprouting from a pre-existing vessel as well as migration and pruning, resulting in the devel-
opment of a functional vascular system (Coultas et al., 2005; Jain, 2003; Mori et al., 2010).

The de novo formation of a network of blood vessels (vasculogenesis) is a crucial process
for embryonic development. During this process vascular endothelial growth factor (VEGF)-



A (also denoted VEGF) initiates the expansion, migration and differentiation of ECs to estab-
lish a simple capillary network, the primitive capillary plexus that covers the yolk sac (Dong
& Yang, 2018; Jain, 2003). VEGF receptor (VEGFR)-2, also known as Flk1 (Fetal liver kinase 1)
or KDR (Kinase Insert domain receptor), whose activation is induced by binding of VEGFA,
is also crucial for the formation of the vascular plexus (Coultas et al., 2005; Jain, 2003). Em-
bryos lacking VEGFR2 or expressing half the normal level of VEGFA, die embryonically due
to defects in the development of blood vessels (Carmeliet et al., 1996; Ferrara et al., 1996;
Shalaby et al., 1995). Therefore, establishment of the vascular plexus is a process that requires
the activity of VEGFA and VEGFR2-positive angioblasts and is known to be initiated at em-
bryonic day (E)8.5 (Dong & Yang, 2018).

Once the primitive vascular plexus is established, new blood vessels start to gradually
form and organize into a functional circulation, in a process known as angiogenesis. ECs re-
main in a quiescent state in normal physiological conditions. However, during development
as well as in the adult, angiogenesis is induced. Thus, during wound healing or in pathological
processes such as cancer, quiescent vessels are activated by several growth and transcription
factors that control a chain of molecular and cellular events that subsequently leads to for-
mation of a mature vasculature (Alberts et al., 2002; Kriiger-Genge et al., 2019).

Sprouting angiogenesis is initiated in response to hypoxia, which increases the intracel-
lular concentrations of the transcription factor hypoxia-inducible factor (HIF)-1 (Alberts et al.,
2002; Jain, 2003). In addition, it upregulates the expression levels of different genes, such as
VEGF, eNOS (endothelial nitric oxide synthase) and ANGPT2 (angiopoietin-2), that act on
nearby ECs promoting vessel formation and maturation (Jain, 2003). The EC response entails
a sequence of steps: activation of quiescent ECs, sprouting, anastomosis and maturation into
a new quiescent status. First, proteolytic degradation of the basement membrane occurs
through matrix metalloproteases, allowing interaction between cells and the extracellular ma-
trix (ECM) (Carmeliet & Jain, 2011; Jain, 2003; Kriiger-Genge et al., 2019). VEGF selects sensi-
tive ECs, with higher expression of VEGFR2 compared to the neighbouring cells, to become
tip cells. The tip cell guides the vessel sprout at the forefront and extends numerous filapodia,
able to sense environmental guidance signals for directed migration (Kriiger-Genge et al.,
2019). Stalk cells are the neighbouring cells of tip cells, less sensitive to VEGF, which are des-
ignated to elongate the sprout, proliferate and establish the lumen. This process is also regu-
lated by other signalling mechanisms and proteins that tightly control and restrict the activa-
tion of the stalk cells. Briefly, when VEGF binds to VEGFR2 on tip cells, expression of the
Notch ligand delta-like ligand 4 (DLL4), is upregulated in a growth factor gradient-dependent
manner, controlling the development of new vessel sprouts. DLL4 activates Notch on stalk
cells, downregulating VEGFR2 expression, which decreases the responsiveness to VEGFA.
Thereby, the stalk cell phenotype is maintained. The sprouting angiogenesis process culmi-
nates with the anastomosis of two tip cells of opposing branches, guided by tissue-resident
macrophages, allowing blood flow through the new vessel (Carmeliet & Jain, 2011; Fantin et
al., 2010; Kriiger-Genge et al., 2019). Subsequently, ECs acquire a quiescent phenotype, while
pericytes and SMCs stabilize the newly formed vessel (Carmeliet & Jain, 2011; Kriiger-Genge
et al., 2019).
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Figure 1.1. Overview of the vasculogenic and angiogenic processes. Vasculogenesis in embryos (left) is the de
novo creation of new vasculature from primitive mesodermal cells that express VEGFR2. VEGF released from
neighbouring endodermal cells converts these VEGFR2+ cells into angioblasts surrounding the blood islands.
These islands fuse to form the primitive vascular network that eventually converts into the arteriovenous system.
In contrast, angiogenesis (right) is the formation of new vessels from the existing vasculature. The initial steps
involve degradation of the extracellular matrix (ECM), detachment of pericytes, and tip formation. The non-pro-
liferating tip endothelial cells move toward proangiogenic factors and are followed by dividing stalk cells (repro-
duced from Markiewski et al., 2020).

1.2. Vascular Permeability in Health and Disease

Vascular permeability is a process in which ECs establish a dynamic barrier between
the blood and the tissue allowing the extravasation of plasma constituents (Claesson-Welsh,
2015; Claesson-Welsh et al., 2021). Under normal physiological conditions, molecules smaller
than 40 kDa spontaneously pass through the endothelial barrier, while large molecules need
active disruption of the vascular barrier (Claesson-Welsh, 2015). The different functions of
ECs in different segments of the microvasculature, result in increased permeability from arte-
rioles (lower) to venules (higher), when leakage is induced (Claesson-Welsh, 2015; Claesson-
Welsh et al., 2021). The mechanism that controls vascular leakage and endothelial junctions
may differ between different organs. There are two main pathways, transcellular and para-
cellular, by which active transport across the endothelial occurs. Transcellular permeability
requires the formation of transendothelial channels from vesicular vacuolar organelles or fe-
nestrae while paracellular pathway involves transient opening of tight and adherens junctions
(AJs) between adjacent ECs (Azzi et al., 2013; Claesson-Welsh, 2015; Radeva & Waschke,
2018). Disruption of AJs occurs in response to several inflammatory mediators, such as
VEGFA, histamine and bradykinin (Claesson-Welsh, 2015). The main component of AJs is
vascular endothelial (VE)-cadherin, a transmembrane protein exclusively expressed in the en-



dothelium. VE-cadherin is composed of an extracellular region made up of five immuno-
globulin-like domain repeats, a single transmembrane domain and a short intercellular re-
gion. VE-cadherin extracellular domain mediates the homophilic interaction between cadher-
ins of adjacent cells, while its transmembrane domain participates in lateral clustering within
the same cell, such as VEGFR2. Through its cytoplasmic region, VE-cadherin binds to p120-
catenin, 3-catenin and y-catenin (plakoglobin), associations that serve a critical role in mainte-
nance of AJs integrity (Azzi et al., 2013; Claesson-Welsh, 2015; Radeva & Waschke, 2018).

Vascular permeability, in physiological settings, is regulated by opening and closing of
endothelial junctions, which in part is dependent on VE-cadherin internalization, degradation
and recycling (Claesson-Welsh, 2015; Claesson-Welsh et al., 2021). VE-cadherin phosphoryla-
tion occurs in response to intermediate levels of flow in venules but not at high shear stress
such as in arteries (Orsenigo et al., 2012). In response to permeability modulators, such as
inflammatory cytokines and growth factors, levels of tyrosine phosphorylation of VE-
cadherin increase further (X. Li et al., 2016). As a consequence, discrete gaps are established
at endothelial junctions, leading to increased vascular permeability, in a process triggered by
Src family kinases. Activation of other pathways including Rho family guanosine triphos-
phates (GTPases), which mediate changes in the endothelial cytoskeleton, also contributes to
destabilization of the endothelial barrier (Claesson-Welsh, 2015; Claesson-Welsh et al., 2021).
Maintenance of AJs through VE-cadherin dephosphorylation can be accomplished by junc-
tion-associated protein tyrosine phosphatases (PTPs) including vascular endothelial protein
tyrosine phosphatase (VE-PTP) and density-enhanced phosphatase 1 (DEP1) (Azzi et al., 2013;
Radeva & Waschke, 2018).

In the quiescent endothelium, endothelial barrier stability is tightly regulated in order
to maintain homeostasis. In healthy organs, increased permeability (hyperpermeability) can
occur in a reversible way as a result of a transient stimulus, which happens in acute inflam-
mation. Increased permeability, can however be sustained in chronic inflammation, in which
the disintegration of the vascular barrier contributes to multi-organ failure. Uncontrolled and
exaggerated increase in vascular permeability contributes to diseases such as arthritis, cancer,
ischemic stroke, retinopathies, among others, and it can result in edema, inflammation, im-
paired function and often disease progression (Claesson-Welsh, 2015; Claesson-Welsh et al.,
2021; Radeva & Waschke, 2018).

The vasculature in such diseases displays an abnormal phenotype with unstable, leaky
vessels and impaired blood flow. It is well established that defects in tumor vessels contribute
to a hypoxic microenvironment, which in turn supports uncontrolled angiogenesis through
increased expression of pro-angiogenic molecules, such as VEGF. This deterioration of the
normal vasculature is accompanied by poor perfusion and increased interstitial pressure, in-
terfering with anti-tumor drug delivery (Azzi et al., 2013; Claesson-Welsh, 2015; Claesson-
Welsh et al., 2021). Also in retinal diseases, such as diabetic retinopathy, retinal vein occlu-
sions and age-related macular degeneration, loss of normal vessel function results in ischemia
and therefore increased VEGF expression, which leads to excess vascular permeability and
disease progression (Claesson-Welsh, 2015). Anti-angiogenic therapies that promote normal-
ization of vessel function and structure by targeting and neutralizing permeability-inducing



modulators, such as VEGF, could improve drug delivery in cancer as well as stabilize and
reverse vision loss in eye diseases (Ferrara & Adamis, 2016). Indeed, several VEGF blockers
have been approved to treat retinal and cancer diseases. However, many patients exhibit or
acquire resistance to VEGF inhibitors. Therefore, new clinical treatments that allow more ef-
ficient delivery of conventional therapeutics therapies as well as a better understanding of
angiogenetic and permeability mechanisms are needed in order to improve current anti-VEGF
drugs (Carmeliet & Jain, 2011; Claesson-Welsh, 2015).

1.3. Protein Tyrosine Phosphatases

Protein tyrosine phosphorylation is regulated by kinases and phosphatases in a dy-
namic balance, which serves to control physiological functions (Tonks, 2006; Xu & Fisher,
2012). In humans, there is a similar number of tyrosine-targeting phosphatases and kinases,
illustrating the important role for these enzymes in the regulation of signalling pathways
(Corti & Simons, 2017). Protein phosphatases, which are organized in families that differ in
structure and mechanism, show a high degree of complexity, functioning as positive or neg-
ative regulators, of specific signalling pathways. Classical phosphotyrosine-specific phospha-
tases are divided into receptor PTPs (RPTP), localized at the cell membrane, and non-receptor
PTPs. RPTPs are composed by an extracellular domain that binds secreted ligands or interacts
with ECM components, and an intracellular conserved catalytic domain endowed with phos-
phatase activity. The catalytic domain is regulated through reactive oxygen species (ROS) me-
diated oxidation inactivation (Corti & Simons, 2017; Tonks, 2006). The twenty one RPTPs,
subdivided into eight sub-families, display different extracellular domain compositions
(Tonks, 2006; Xu & Fisher, 2012).

Disruption of PTP function is associated with several human diseases, such as cancer,
diabetes and hereditary disorders. Unfortunately, development of drugs that target the active
site of PTPs is challenging due to its highly conserved cysteine residue that makes it difficult
to selectively inhibit the activity of a specific PTP. Also the active site is positively charged,
preferentially binding negatively charged molecules, which usually lack cell permeability.
However, development of appropriate nonhydrolyzable molecules that mimic the ligand
binding to the active site and that bind less conservative secondary-substrates sites flanking
the active site, have shown to be highly potent and selectively inhibit PTP activity in in vivo
animal models of oncology, diabetes/obesity, autoimmunity, and tuberculosis (Zhang, 2017).
Understanding the signalling and mechanisms underlying RPTPs physiological functions is
a prerequisite for development of new potent, selective and bio-active inhibitors, which may
provide new approaches to treat human disease (Corti & Simons, 2017; Tonks, 2006; Xu &
Fisher, 2012; Zhang, 2017).

1.4. Vascular Endothelial Protein Tyrosine Phosphatase

VE-PTP (also denoted PTPRB in human) belongs to the R3 subfamily of RPTPs, charac-
terized by an extracellular domain composed exclusively of fibronectin type IlI-like domains,
and an intracellular catalytic domain (Fachinger et al., 1999; Vestweber, 2021). In contrast to



other tyrosine phosphatase, VE-PTP is specifically expressed on ECs, with a pronounced ex-
pression on arterial endothelium of blood endothelial cells (Baumer et al., 2006). However,
VE-PTP is not expressed in lymphatic endothelial cells (Souma et al., 2018; Vestweber, 2021).
VE-PTP is highly expressed in the vasculature of most if not all organs in the mouse such as
lungs, brain, spleen, kidney and heart as well as in tumor vasculature (Dominguez et al., 2007;
Fachinger et al., 1999).

Endothelial selectivity of VE-PTP to ECs is related to its role in controlling endothelial
functions. During embryonic development, mice carrying a VE-PTP gene inactivation or that
express a truncated form of the protein, die at embryonic day (E)10 as result of severe vascular
malformations. Phenotypic alterations in VE-PTP mutant mice comprise growth delay during
development and defects in the heart. Moreover, although during vasculogenesis the vascular
plexus of the yolk sac can be formed in the absence of VE-PTP expression, it is unable to re-
model into hierarchically branched structures, establishing VE-PTP activity as essential for
vessel remodelling and angiogenesis (Baumer et al., 2006; Dominguez et al., 2007). In addition,
VE-PTP expression is upregulated during embryonic development when angiogenesis is in-
duced, compared to its expression during vasculogenesis (Dominguez et al., 2007). In adults,
VE-PTP functions as an important regulator of vascular permeability, by stabilizing VE-
cadherin junctions (Nawroth et al., 2002; Nottebaum et al., 2008). The junction stabilization
effect is dependent on VE-PTP’s association with the endothelial specific adhesion molecule
VE-cadherin and also with the tyrosine kinase receptors Tie2 and VEGFR2 (Fachinger et al.,
1999; Mellberg et al., 2009; Nawroth et al., 2002). Most recently, FGD5 and ephrin type-B re-
ceptor 4 (EPHB4) were also identified as direct substrates of VEPTP (Braun et al., 2019; Drexler
etal., 2019).

1.41. Regulation of VEGFR?2 signalling by VE-PTP

In mammals, VEGFR?2 is preferentially expressed in ECs and in embryonic precursor
cells, but is also found in neuronal cells and hematopoietic stem cells (Corti & Simons, 2017;
Wang et al., 2020). VEGFR?2 activation is induced by binding of VEGF-A, VEGF-C and VEGE-
D, leading to homo- and hetero-dimerization of the receptor followed by conformational
changes and autophosphorylation of the tyrosine kinases (Wang et al., 2020). Subsequently,
VEGEFR?2 activation by VEGF induces several downstream pathways, which regulate biologi-
cal processes such as migration, proliferation and survival as well as enhanced vascular per-
meability and neovascularization. Interaction of VEGFR2 with its major ligand VEGF-A (also
known as vascular permeability factor for its ability to induce vascular leakage), plays an im-
portant role in regulation of angiogenesis (Abhinand et al., 2016; Corti & Simons, 2017; Wang
et al., 2020). Furthermore, activation of the receptor by VEGF-A can result in phosphorylation
of specific intracellular tyrosine (Y) residues, such as Y1175 (Y1173 in mouse), Y951 (949),
Y1214 (Y1212), Y1054/1059 (Y1052/1057) (Abhinand et al., 2016; Corti & Simons, 2017;
Matsumoto et al., 2005). Phosphorylation of each tyrosine site is linked to activation of specific
downstream signalling pathways that control different physiological responses (Olsson et al.,
2006).



VE-PTP was found close to the nucleus within endocytic vesicles, but on matured vas-
culature it is translocated to ECs contacts, where it preferentially localizes and controls barrier
function by regulating the activity of its substrates (Hayashi et al., 2013; Nottebaum et al.,
2008). In the quiescent endothelium, VE-PTP forms a complex with VEGFR?2, as revealed by
proximity ligation assay. However, VEGFR2 activation by VEGF induces transient loss of this
association, accompanied by a transient increase in VEGFR2 phosphorylation at Y1175. In ad-
dition, VE-PTP silencing in immortalized ECs increases VEGF-induced VEGFR2 phosphory-
lation at Y1175 and Y951, but not at Y1214, while baseline phosphorylation of VEGFR2 is un-
affected (Hayashi et al., 2013; Mellberg et al., 2009). The presence of VE-PTP in ECs leads to
interaction and dephosphorylation of VEGFR?2 tyrosine residues, in a process that requires
the presence of Tie2, but not its kinase activity. In the same study, VEGFR2 was found to exist
both in complex with Tie2 or in a trimeric complex with Tie2 and VE-PTP (Hayashi et al.,
2013). In unstimulated cells, silencing of VE-PTP increases phospho (p)- extracellular signal-
regulated kinase (Erk) and p-Akt (also known as protein kinase B) levels, while VEGF stimu-
lation results in a further slight increase in p-Akt (Mellberg et al., 2009). VEGFR2 increased
tyrosine phosphorylation and activation of downstream signalling pathways as result of VE-
PTP silencing can affect the VEGF-response during angiogenesis and development. Indeed,
VE-PTP was shown to be important during endothelial morphogenesis, since abrogation of
VE-PTP overcomes cell cycle arrest at Go/ G1 therefore affecting tubular morphogenesis of 3D
cultures (Mellberg et al., 2009). In stalk cells of the sprout, VE-PTP regulates VEGFR2 activity
and its ablation results in immature sprouts due to excess VEGFR2 activity accompanied by
reduced perycite coating. Furthermore, VE-PTP silencing and subsequent increase in p-
VEGEFR?2, increases VE-cadherin phosphorylation (Figure 1.2), which in mouse embryoid bod-
ies, tumors and inter-somitic vessels in developing zebrafish results in loss of cell polarity and
lumen formation, supporting VE-PTP’s crucial role in these processes (Hayashi et al., 2013).

1.4.2. Other VE-PTP substrates

1.42.1. VE-cadherin

VE-cadherin is a component of endothelial junctions essential for the maintenance of
vascular integrity and the formation of blood vessels (Giannotta et al., 2013). Gene inactivation
of VE-cadherin leads to embryonic lethality at E9.5, due to defects in vessel maturation and
remodelling (Carmeliet et al., 1999). In addition, VE-cadherin is necessary for correct vascular
connections and inhibition of sprouting activity, supporting its important role during vascular
development. Partial reduction of VE-cadherin expression is sufficient to prevent formation
of a stable vasculature, therefore partial inhibition of internalization or a change in function
of VE-cadherin may strongly affect vascular stability and organization (Montero-Balaguer et
al., 2009). Moreover, VE-cadherin tyrosine phosphorylation at Y685 induces vascular perme-
ability, while dephosphorylation at Y731 via the tyrosine phosphatase Src homology phos-
phatase-2 leads to leukocyte extravasation. In both processes VE-cadherin endocytosis is in-
duced, supporting the important role for VE-cadherin in the control of endothelial junction
integrity and vascular permeability (Arif et al., 2021; Orsenigo et al., 2012; Wessel et al., 2014).



VE-PTP was shown to associate with VE-cadherin in cis through the membrane-proxi-
mal extracellular domain of each protein. In the same study, VE-PTP was able to reduce
VEGFR2-induced VE-cadherin phosphorylation and cell layer permeability independently of
its enzymatic activity (Nawroth et al., 2002). Further studies, showed that VE-PTP regulates
vascular permeability by controlling VE-cadherin phosphorylation at Y685 (Wessel et al.,
2014). In contrast, silencing of VE-PTP increased phosphorylation at Y685 as well as ECs per-
meability and leukocyte extravasation, in a process that required dissociation of VE-PTP from
VE-cadherin (Broermann et al., 2011; Wessel et al., 2014). Dissociation of the two molecules
was shown to happen in vitro in response to leukocyte binding to tumor necrosis factor o
activated ECs as well as in vivo upon lipopolysaccharide (LPS)-induced leukocyte extravasa-
tion, and also both in vivo and in vitro in response to VEGF (Broermann et al., 2011; Nottebaum
et al., 2008). The signalling mechanism behind this process is triggered by several different
mechanisms; binding of leukocytes to the vascular cell adhesion molecule 1, stimulation with
VEGEF that activates the small GTPase Racl, the generation of ROS via nicotinamide adenine
dinucleotide phosphatase (NADPH) oxidase and the activation of the tyrosine kinase Pyk2
(Figure 1.2) (Vockel & Vestweber, 2013). Disruption of endothelial junctions is accompanied
by increased VE-cadherin, p-catenin and plakoglobin tyrosine phosphorylation. However,
only plakoglobin is necessary for VE-PTP’s support of the adhesive function of VE-cadherin.
Moreover, plakoglobin was identified as a substrate for VE-PTP using a trapping mutant of
VE-PTP (Nottebaum et al., 2008). Stimulation of ECs with thrombin, a permeability-increasing
mediator, leads to stromal interaction molecule 1 activated Ca2* entry and subsequent activa-
tion of Pyk2, which mediates VE-PTP phosphorylation at Y1981 facilitating binding and acti-
vation of Src and subsequent VE-cadherin phosphorylation linked to disruption of endothelial
junctions (Soni et al., 2017).

Regulation of VE-cadherin function by VE-PTP was also shown in tumors. In metastatic
melanoma cells, VE-PTP can form a complex with VE-cadherin and p120-catenin, preventing
VE-cadherin degradation, which leads to the formation of perfusion pathways in the tumor,
by a process known as vascular mimicry. In contrast, silencing of VE-PTP enhances VE-
cadherin autophagy and disruption of vascular mimicry formation (Delgado-Bellido et al.,
2020). In the quiescent endothelium, VE-PTP reduces VE-cadherin internalization rate,
thereby restricting endothelial permeability by stabilizing VE-cadherin junctions in a manner
that is independent of VE-PTP phosphatase activity. In this process, VE-PTP serves as an
adaptor protein that directly interacts with the Rho family guanine nucleotide exchange factor
(GEF)-H1 (also known as ARHGEF2) inhibiting its binding to RhoA, thereby reducing RhoA
activity and tension across VE-cadherin junctions (Juettner et al., 2019). VE-cadherin internal-
ization was also restricted in hypoxic conditions due to increased expression of the transcrip-
tion factor HIF2a accompanied by enhanced VE-PTP expression, which prevented loss of en-
dothelial barrier function (Gong et al., 2015). Therefore, VE-PTP’s supportive role of VE-
cadherin function is important for maintenance of junctional integrity and regulation of vas-
cular permeability.
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Figure 1.2. Role of the VE-PTP substrates VE-cadherin and VEGFR2 for endothelium barrier function. VE-PTP
associates with and supports the function of VE-cadherin by blocking its phosphorylation as well as the phosphor-
ylation of VEGFR2, thereby counteracting VEGF-induced dissociation of VE-cadherin complexes between adjacent
endothelial cells. VEGF (and also other pro-inflammatory factors) induces the dissociation of VE-PTP from VE-
cadherin via a mechanism based on the activation of Racl, the generation of ROS via NADPH oxidase, and the
activation of the kinase Pyk2. This dissociation is necessary to inhibit the function of VE-cadherin.

1.42.2. Tie2

Tie2 is a receptor tyrosine kinase that belongs to the angiopoietin/Tie signalling family,
being the principal mediator of the vascular functions attributed to this pathway. Activity of
the receptor Tie2 is controlled by its ligands angiopoietin 1-4. The ligands Angiopoetin-1
(ANGPT-1) and ANGPT?2 are the best characterized members of this family (Akwii & Mikelis,
2021; Bilimoria & Singh, 2019; Eklund & Olsen, 2006). ANGPT1 is produced by non-ECs and
induces its activity on ECs by acting directly on the endothelium or by recruiting mural cells,
while ANGPT2 is expressed by ECs, stored in the cytoplasm of these cells in Weibel-Palade
bodies and can be released under hypoxic and inflammatory conditions. ANGPT1 acts mainly
as an agonist and binding of the ligand to Tie2 induces receptor autophosphorylation, thereby
initiating a cascade of downstream signals that promote vascular stability (Akwii & Mikelis,
2021; Eklund & Olsen, 2006). These signals can activate different signalling pathways that
trigger distinct vascular functions, such as survival, migration, sprouting and cytoskeletal re-
modelling (Bilimoria & Singh, 2019; Eklund & Olsen, 2006). In addition, ANGPT1 has an anti-
inflammatory role during inflammation and an anti-permeability role, counterbalancing the
increasing permeability effect of VEGF (Akwii & Mikelis, 2021; Bilimoria & Singh, 2019). In
contrast, ANGPT?2 is a context-dependent antagonist or agonist, depending on the tissues en-
vironment (Eklund & Olsen, 2006). As an antagonist, ANGPT2 mainly blocks ANGPT1-
induced Tie2 phosphorylation, inhibiting vascular quiescence and stability. ANGPT2 acts as
an agonist in the absence of ANGPT1 and during lymphatic development (Akwii & Mikelis,
2021; Bilimoria & Singh, 2019; Eklund & Olsen, 2006). Moreover, Tiel presence can determine
the context-dependent role of ANGPT2 (Akwii & Mikelis, 2021). Under physiologic condi-
tions, Tiel interacts with Tie2 supporting ANGPT2 agonist function. However, in inflamma-
tion Tiel cleavage triggers ANGPT2 antagonist activity leading to loss of vascular stability



(Korhonen et al., 2016). Mechanistically, the antagonistic effect of ANGPT2 on Tie2 involves
a feedback loop, in which activation of forkhead box protein O1 (FOXO1) increases ANGPT2
expression leading to vascular remodelling and leakage (M. Kim et al., 2016).

The binding of ANGPTT1 to Tie2, a vascular-specific receptor tyrosine kinase, has an es-
tablished role in vascular function, regulating angiogenesis, cell survival, vascular permeabil-
ity, and inflammatory responses (Akwii & Mikelis, 2021; Bilimoria & Singh, 2019). Tie2 and
ANGPT1 deficient mice show similar vascular phenotypes and die embryonically around E9.5
and E12.5, respectively, due to lack of remodelling of the primary plexus (Akwii & Mikelis,
2021; Eklund & Olsen, 2006). These data supports the critical role of ANGPT1/Tie2 during
development, in blood vessel remodelling and maturation. In the adult, Tie2 is mainly re-
quired for maintenance of a mature, quiescent phenotype of the vasculature (Eklund & Olsen,
2006).

Another important component of the angiopoietin/Tie2 pathway is VE-PTP, whose
function involves binding through its cytoplasmic domain to Tie2 and in this manner it regu-
lates Tie2 activity by reducing its tyrosine phosphorylation (Figure 1.3) (Fachinger et al., 1999;
Goel et al., 2013). In addition to Tiel, VE-PTP was shown to steer the context-dependent func-
tion of ANGPT2. The absence of VE-PTP expression in the lymphatic vasculature allows
ANGPT2 to exert its agonistic function, permitting ANGPT2/Tie2-mediated lymphangiogen-
esis (Souma et al., 2018). Dissociation of VE-PTP from Tie2 increases tyrosine phosphorylation
of Tie2, resulting in activation of its downstream signalling target Erk 1/2 that leads to en-
hanced EC proliferation and enlargement of vascular structures (Winderlich et al., 2009). Gene
disruption of VE-PTP is also associated with enlargement of the blood vessels and defects in
vascular remodelling (Baumer et al., 2006). Thus, VE-PTP is required to balance Tie2 activity,
thereby controlling ECs proliferation and vascular remodelling during embryonic develop-
ment (Winderlich et al., 2009). In mouse teratomas, VE-PTP-mediated control of Tie2 activity
was also confirmed to regulate the size of tumor vessels (Z. Li et al., 2009). Inhibition of VE-
PTP by gene ablation, with antibodies and AKB-9778 (razuprotafib), a pharmacological in-
hibitor of VE-PTP, prevents LPS-, VEGEF-, histamine- and ANGPT2 induced permeability and
leukocyte extravasation in mice (Frye et al., 2015; Gurnik et al., 2016). These effects required
expression of Tie2, since blocking VE-PTP in the absence of Tie2 lead to destabilization of
endothelial junctions, which is in line with VE-PTP’s support of VE-cadherin function. Mech-
anistically, inhibition of VE-PTP stabilizes endothelial junctions via ANGPT1 binding to Tie2,
subsequent translocation to EC contacts and activation of the receptor, which triggers activa-
tion of Rapl leading to Racl activation, thereby reducing radial stress fiber formation and
nonmuscle myosin II (Figure 1.4). Moreover, VE-PTP’s stabilizing effect on endothelial junc-
tions via Tie2 occurs by a mechanism independent of VE-cadherin. Therefore, inflammatory-
induced weakening of endothelial junctions requires not only targeting of VE-cadherin
and/or associated proteins but also interference with the actomyosin system. The latter effect
is dampened by Tie2 activation (Frye et al., 2015).
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Figure 1.3. Role of the VE-PTP substrate Tie2 for endothelium barrier function. Inhibition of VE-PTP triggers
the activation of Tie-2, which supports survival and proliferation, leads to vessel relaxation by activating eNOS,
and stabilizes endothelial junction integrity by enhancing cortical actin and dampening the activity of actin stress
fibers (explained in more detail in FGD5 section). Although VE-PTP inhibition acts negatively on VE-cadherin and
leads to the phosphorylation of VE-cadherin and associated catenins, VE-cadherin endocytosis is counteracted by
Tie-2 activation. Furthermore, reduced VE-cadherin adhesive activity may be compensated by a Tie-2-induced lack
of actomyosin-based pulling forces on junctions.

1.42.3. FGD5

The FGD (FYVE, RhoGEF, and PH domain containing) 5 is a Cdc42 GEF, specifically
expressed in hematopoietic stem cells and in ECs. It belongs to the FGD GEF family that con-
sists of FGD 1 to 6. The various FGD protein interactions allow membrane remodelling and
receptor trafficking. FGD5 plays a role in regulating cytoskeletal remodelling, in a process that
occurs after VEGF activation of VEGFR2. It also controls VEGFR?2 trafficking and assembly
with mTOR complex-2 and Akt on the early endosome. In addition, FGD5 modulates phos-
phatidylinositol 3-kinase signalling, regulating in this manner endothelial adhesion, survival
and angiogenesis. Therefore, it is essential during embryonic development and in vascular
patterning. Expression of FGD?5 is also found in highly vascularized organs, such as the kid-
ney, and it is upregulated upon VEGF stimulation (Eitzen et al., 2018). In ECs, overexpression
of FGD5 leads to disordered retinal vascular development in the mouse postnatal retina,
which supports that in normal conditions expression of FGD5 must be tightly controlled
(Cheng et al., 2012).

FGD5 was found to be a direct substrate of VE-PTP (Braun et al., 2019). Inhibition of VE-
PTP was previously described to stabilize endothelial junctions and counteract inflammation-
induced destabilization via activation of the ANGPT1/Tie2 signalling pathway. In addition,
VE-PTP ablation and subsequent activation of the Tie2 pathway overrides the junction desta-
bilization effect (Frye et al., 2015). In contrast, the junction-stabilizing effect of VE-PTP through
ANGPT1/Tie2 signalling is inhibited under histamine and thrombin stimulation, upon FGD5
ablation. Moreover, VE-PTP inhibition leads to increased phosphorylation of FGD5 at Y820,
which prevents barrier-disruption. This is a two-step process in which Tie2 activation upon
VE-PTP inhibition induces first the translocation of FGD5 to endothelial junctions by activa-
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tion of Rapl and secondly, FGD5 becomes phosphorylation at Y820 by Tie2 (directly or indi-
rectly), resulting in full activation and function of FGD5 (Figure 1.4). Activation of FGD5 leads
to activation of Cdc42 and Racl, required for the formation of cortical actin bundles at cell
contacts and inhibition of radial stress fiber formation (Braun et al., 2019). Therefore, FGD5 is
important in Tie2-stimulated phosphorylation control of vascular leakage. Moreover, FGD5
is essential in vivo for prevention of plasma leakage during leukocyte extravasation. In this
process, ANGPT1 is released from platelets, leading to activation of Tie2 and in turn phos-
phorylation of FGD5. Activation of FGD5 induces reinforcement of cortical actin bundles and
constricts the diapedesis pore during the transmigration process, preventing plasma leaks
(Braun et al., 2020; Vestweber, 2021).
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Figure 1.4. Role of the VE-PTP substrate FGD5 for endothelial barrier function. Inhibition of VE-PTP stabilizes
endothelial junction integrity by activating Rap1, which targets indirectly the activation of Racl that in turn damp-
ens Rho activity via plI90RhoGAP, thereby dampening pulling forces on junctions by radial stress fibers. The pu-
tative exchange factor FGD5 is a key component in this cascade. It is a direct substrate for VE-PTP as well as a
downstream target for Tie-2 kinase. FGD5 becomes recruited to junctions via Rapl activation. In addition, FGD5
becomes fully activated by phosphorylation at Y820, which is needed for activation of Cdc42 and strengthening of
cortical actin and for activation of Racl and inhibition of stress fibers formation.

1.424. EPHB4

The tyrosine kinase EPHB4 has an important physiological role during vascular devel-
opment and postnatal angiogenesis (Du et al., 2020). Deletion of EPHB4 in mice leads to em-
bryonic lethality due to various cardiovascular defects (Gerety et al., 1999). EPHB4 is predom-
inantly expressed on venous ECs and its expression is upregulated in tumor cells (Du et al.,
2020; Gerety et al., 1999). Activity of the EPHB4 receptor is regulated by binding of its major
ligand EphrinB2, which is essential for vascular remodelling of primitive capillary networks
into distinct arteries and veins. During angiogenesis, VEGF upregulates EphrinB2 expression,
which is accompanied by EPHB4 down-regulation (Du et al, 2020). In addition,
EphrinB2/EPHB4 signalling promotes sprouting and maturation of new blood vessels. In
adult angiogenesis, EPHB4 participates in pathophysiological processes, such as wound heal-
ing, the female reproductive cycle, tumorigenesis, ischemic cardiovascular disease and ocular
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angiogenesis (Du et al., 2020; Yang et al., 2016). Moreover, some EPH receptors have been
recognized as substrates of R3 family of PTPs (Sakuraba et al., 2013).

EPHB4 was most recently identified as a substrate of VE-PTP. As a result, increased
tyrosine phosphorylation of EPHB4 was observed upon VE-PTP inhibition. EPHB4 forms a
ternary complex together with VE-PTP and Tie2, but EPHB4 and Tie2 trigger independently
distinct signalling pathways and trans-activation of the receptors is not observed even in the
absence of VE-PTP (Drexler et al., 2019). These findings suggest a role for VE-PTP in balancing
the activity of both receptors and their corresponding signalling pathway. Furthermore, the
formation of the VE-PTP, EPHB4 and Tie2 ternary complex could explain the decrease in tu-
mor vascular permeability via EPHB4 activation of ANGPT1/Tie2 signalling pathway (Erber
et al., 2006).

1.4.3. DPotential Therapeutic Effects of Targeting VE-PTP

The VEGF/VEGFR2 pathway has been the most common target of ophthalmological
therapies. However, the benefit of VEGF therapies is limited by the requirement for periodic
and repetitive administration (Akwii & Mikelis, 2021). The angiopoietin/Tie2 pathway plays
an essential function in maintaining vascular integrity. Thus, regulators of this pathway are
potential targets for the treatment of pathological conditions characterized by pathological
angiogenesis and excessive vascular permeability.

In some diseases accompanied by development of hypoxia and low oxygen tension,
such as in diabetes and ischemic retinopathy, VE-PTP expression becomes upregulated in
vivo, thereby reducing Tie2 activity (Carota et al., 2019; Shen et al., 2014). VE-PTP’s negative
regulatory effect on ANGPT/Tie pathway, makes it a potential therapeutic target. Indeed, a
pharmacological inhibitor of VE-PTP was developed, AKB-9778 (razuprotafib) (Aerpio Phar-
maceuticals). AKB-9778 binds to VE-PTP’s catalytic domain inhibiting its phosphatase activ-
ity, thereby leading to stabilization of endothelial junctions (Akwii & Mikelis, 2021). In murine
mammary carcinoma, AKB-9778 was shown to normalize the tumor vasculature by activating
Tie2 signalling independently of the ligand context. This resulted in early phase tumor growth
delay, slower progression of micrometastases and enhanced response to concomitant cyto-
toxic treatments. VE-PTP inhibition also increased eNOS phosphorylation at the serine 1177
residue, which normalized tumor vessel structure and function, improved perfusion and re-
duced hypoxia, which in turn is linked to better prognosis (Goel et al., 2013). Similar effects
were observed upon VE-PTP inhibition in an in vivo mouse model of diabetic kidney disease,
in which Tie2 activation is strongly reduced due to high levels of VE-PTP expression in the
renal vasculature. VE-PTP gene inactivation restored Tie2 activity and increased eNOS phos-
phorylation, which was accompanied by nuclear exclusion of the transcription factor FOXOL.
As consequence, expression of factors that promoted inflammatory responses and fibrosis was
reduced, preserving in this manner the kidney structure and function (Carota et al., 2019).
Moreover, AKB-9778 was suggested to be a promising therapy for the treatment of ischemic
retinopathies. Mice with these diseases have high expression levels of ANGPT2, which stim-
ulates retinal neovascularization (NV). However, treatment with subcutaneous and intraocu-

lar injection of AKB-9778 induces Tie2 activation and strongly suppresses NV in a mouse
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model of neovascular age-related macular degeneration. In addition, AKB-9778 also pre-
vented exudative retinal detachment, suggesting it to be a promising therapy for retinal and
choroidal vascular diseases (Shen et al., 2014).

In clinical trials, AKB-9778 was tested as a novel treatment in ocular normotensive pa-
tients with diabetic eye diseases. In phase Ila clinical trials, self-administration of subcutane-
ous injection of AKB-9778 was shown to decrease intraocular pressure in patients with dia-
betic macular edema. In accordance, topical ocular administration of AKB-9778 in mice in-
creased Tie2 activity in the endothelium of Schlemm’s canal, facilitating drainage and there-
fore reducing the intra ocular pressure (G. Li et al., 2020). Moreover, deletion of a single VE-
PTP allele rescued the developmental defects observed in Tie2 haploinsufficient mice by in-
creasing Tie2 activity and promoting normal development of Schlemm’s canal (Thomson et
al., 2019). Treatment combination of AKB-9778 with ranibizumab, an anti-VEGF monoclonal
antibody, enhanced the reduction in diabetic macular edema compared to suppression of
VEGEF alone (Campochiaro et al., 2016). In phase IIb clinical trials, patients with non-prolifer-
ative diabetic retinopathy treated with AKB-9778 once or twice a day for 48 weeks also
showed a significant reduction in intraocular pressure compared to the placebo (G. Li et al.,
2020). However, phase 1II clinical trials studies were completed in March 2019 and failed to
meet its primary endpoint. Future research on the application of VE-PTP inhibitors as well as
combination therapy with anti-VEGF drugs might improve clinical outcome in other diseases
such as pulmonary artery hypertension (Akwii & Mikelis, 2021; Drexler et al., 2019).

1.5. Invivo angiogenesis model - Oxygen-induced Retinopa-
thy

The retinal vasculature is one of the most well-known vascular beds in the body. The
high metabolic demand of the adult retina is facilitated by two main vascular networks: the
retinal vasculature organized in three layers of vessels that supply the inner retina, and the
choroidal vasculature that supplies the outer retina pigment epithelium and photoreceptors.
During initial development stages, the retina in both human and mouse is supported by a
transient vascular network, the hyaloid vessels. These vessels originate from a central artery
that enters the optic fissure and progresses to the vitreous surrounding the lens (Akwii &
Mikelis, 2021; Dai et al., 2021). At the final stage of retinal development, the hyaloid vessels
start to regress and the retina is supported by the retinal vasculature. In humans, hyaloid
vessels originate at 6 weeks of gestation age (GA) and regresses at about 13 weeks of GA,
while at 16 weeks of GA the retinal vasculature begins to develop. The vasculature starts to
form at the optic nerve and extends until it has reached the peripheral edge of the retina,
originating the superficial retinal vascular plexus at 36 weeks of GA. Subsequently, the vas-
culature penetrates into the retina forming the intermediate and deep vascular plexus. Human
retinal vascular development occurs in utero and it is fully mature before birth, normally at
40 weeks of GA. In contrast, in mice, the hyaloid vasculature develops embryonically, while
the retinal vasculature develops postnatally, by a similar process. In mice, development of the

retinal vasculature begins at the postnatal day (P)1, equivalent to 25 weeks of GA in humans,
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with retinal arteries extending from the optical nerve towards the peripheral retina. At P8, the
superficial retinal vasculature has formed. The formation of the remaining two layers of ves-
sels, occurs between P7 to P12 (Dai et al., 2021). Mice develop a fully mature retinal vascula-
ture at 3 weeks after birth (Scott & Fruttiger, 2009).

Angiogenesis is an important process during vascular development, but also in patho-
logical NV that can be induced by an imbalance between pro- and anti-angiogenic factors
(Vdhdtupa et al., 2020). Oxygen-induced retinopathy (OIR) is an angiogenesis model used to
represent ischemic retinopathies, such as retinal vein occlusion, proliferative diabetic reti-
nopathy and retinopathy of prematurity (Scott & Fruttiger, 2009; Smith et al., 1994; Vihitupa
etal., 2020). In these diseases, ocular angiogenesis is abnormal, resulting in neovascularization
(abnormal vessels). Vascular leakage can occur, which may contribute to vision loss (Scott &
Fruttiger, 2009; Vahatupa et al., 2020). The OIR model in mice is an inexpensive model that
allows reproducible and quantifiable retinal NV (Smith et al., 1994).

The OIR model consists of two phases (Figure 1.5). In the first phase, P7 mouse pups
and their nursing mother are exposed to 75% oxygen until P12 (Dai et al., 2021; Scott &
Fruttiger, 2009; Smith et al., 1994; Vahatupa et al., 2020). During this phase, the immature
retinal vasculature is exposed to hyperoxia, which supresses the expression of angiogenic fac-
tors, such as VEGF, essential for physiological angiogenesis and EC survival in the immature
vessels. Hyperoxia interferes with the development of the vasculature causing rapid oblitera-
tion of the capillaries in the centre of the retina, where oxygen concentrations are higher.
Thereby, a functional network of vessels remains only in the periphery, supplied by radial
arteries and venules (Dai et al., 2021; Scott & Fruttiger, 2009). The second phase is initiated
when mouse pups and their nursing mother are removed from hyperoxia and returned to
normal room air (Dai et al., 2021; Scott & Fruttiger, 2009; Smith et al., 1994; Vihétupa et al.,
2020). Upon return to normoxic conditions, the retina experiences a relative hypoxia, which
stabilizes HIF-1. Subsequently, it upregulates the expression of angiogenic factors that pro-
mote survival, including VEGF. The increase in VEGF levels triggers pathological retinal NV
and intravitreal NV at P14 (Dai et al., 2021; Scott & Fruttiger, 2009). In addition, hypoxia leads
to vessel sprouting in veins and in the remaining capillaries in the periphery. Some of these
retinal blood vessel sprouts fail to regenerate the capillary network and instead form neovas-
cular tufts growing towards the vitreous. These tufts, are hyperpermeable and immature (Dai
et al., 2021; Scott & Fruttiger, 2009; Vahdtupa et al., 2020). Pathological retinal NV is estab-
lished from the periphery towards the centre and has its peak at P17. This process is followed
by regression of the vasculature with almost complete replacement of abnormal vessels and

reestablishment of a normal vasculature at P25 (Connor et al., 2009).
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Normoxia Vaso-obliteration ~ Neovascularization Regression

Figure 1.5. Cartoon schematic of the mouse OIR model. Neonatal mice and their nursing mother are kept in room
air from birth through P7 and normal vascular development ensues. At P7, mice are exposed to 75% oxygen, which
inhibits retinal vessel growth and causes significant vessel loss. Mice are returned to room air at P12; the avascular
retina becomes hypoxic, triggering both normal vessel regrowth and a pathological neovascular response. NV
reaches its maximum at P17. Shortly thereafter, the NV spontaneously regresses, and the retina reaches resolution
by P25 (reproduced from Connor et al., 2009).

Despite the advantages of the OIR model, there are several factors that can lead to phe-
notypic variabilities that need to be considered. Different mouse strains show variable ocular
angiogenesis after OIR in the context of light exposure and expression of angiogenic factors.
Therefore, OIR experiments should be conducted in the same strain background obtained
from a single vendor. Exposure of nursing mothers to hyperoxia can result in infertility, de-
crease in lactation and cannibalization. The weight of pups should be measured at P7 and P17
since weight loss is a strong predictor of severity of retinopathy of prematurity. Another lim-
itation of this model is the NV quantification that requires manual counting, grading or trac-
ing of NV, being a time-consuming and somewhat subjective method (C. B. Kim et al., 2016;
Stahl et al., 2010). Although, the OIR model mimics and offers a reproducible NV model for
retinopathy of prematurity, there are other models that replicate pathological angiogenesis in
the mouse retina. An example of this is laser-induced choroidal NV, which is a preferable
model to study the wet form of age-related macular edema. However, lack of perfect animal
models that recapitulate some human ischemic eye diseases, such as diabetic retinopathy, re-
mains an unmet need (Stahl et al., 2010).

Angiopoietin/Tie2 and VEGF/VEGFR2 pathways are essential in retinal vascular de-
velopment and maintenance. However, changes in expression of either the receptor or ligands
of these signalling pathways are associated with pathophysiological conditions, including ret-
inal vascular disorders (Akwii & Mikelis, 2021). Although, several anti-angiogenetic drugs
have been approved that target the VEGF pathway for the treatment of ischemic retinopathies,
most are anti-VEGF (Akwii & Mikelis, 2021; Tah et al., 2015). Studies on the molecular mech-
anisms and of the role of specific genes involved in pathological retinal NV are greatly facili-
tated by genetically modified mouse strains (Smith et al., 1994; Vahétupa et al., 2020). There-
fore, understanding the processes behind retinal NV in the OIR model can help to identify
new therapies for human NV retinal diseases (Scott & Fruttiger, 2009; Vahétupa et al., 2020).

16



1.6. Transgenic mice

Humans and mice have several genetic and pathophysiological similarities, therefore
genetically engineered mouse models are a powerful tool for studying human disease and
their associated molecular mechanisms (H. Kim et al., 2018). Production of transgenic mouse
strains comprises the introduction of DNA into the mouse genome, which can be done by
different methods. The DNA can be introduced into the genome by retroviral infection of
mouse embryos, microinjection of DNA constructs into the pronucleus of fertilized oocytes or
by manipulation of mouse embryonic stem cells. In the latter process, modified stem cells are
microinjected into blastocysts, which are implanted into the uterus of a foster mother. The
embryonic stem cells and the blastocyst are derived from mouse lines with different coat col-
ors, resulting in a chimeric offspring that is then subsequently crossed and intercrossed until
mutant homozygous mice are obtained. Another method for DNA insertion or modification
is the clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 technology
that has been used most recently to develop transgenic mice due to its high efficiency, sim-
plicity, cost-effectiveness and low fetal toxicity. This nuclease system allows insertion of var-
ious mutations in different genes better resembling human diseases (Lampreht Tratar et al.,
2018).

Transgenic mice can in principle be divided into models of either loss or gain of func-
tion. Loss of function mice are also known as knockout mice, in which a specific gene is de-
leted or silenced, while gain of function mice overexpress a specific gene. Recombinant mouse
lines can further be classified as either constitutive, in which the target gene is permanently
activated/inactivated in all cells of the animal, or conditional, in which knockout/knock-in of
the gene can be regulated in a spatiotemporal manner (Lampreht Tratar et al., 2018). Reporter
mouse models can also be used to observe the expression of a specific gene by inserting a
reporter gene, such as GFP and lacZ (Lampreht Tratar et al., 2018; Payne et al., 2018).

The Cre-loxP mediated recombination system is a gene editing tool that allows the study
and examination of specific gene functions (McLellan et al., 2017). Cre is a recombinase en-
zyme produced by the P1 bacteriophage that recognizes and binds to a 34 base pair (bp) se-
quence, the locus of crossing over (x) (loxP) sites (H. Kim et al., 2018; McLellan et al., 2017;
Sternberg & Hamilton, 1981). The binding of a single Cre recombinase enzyme to two loxP
sites in the same orientation, causes excision of the loxP flanked (floxed) DNA from the ge-
nome, leaving only a single loxP site (H. Kim et al., 2018; McLellan et al., 2017; Payne et al.,
2018). Although, the Cre-loxP system is predominantly used for gene excision, it can also be
adapted, by changing the orientation and location of the loxP sites, to induce inversion and
translocation of DNA between two loxP sites (H. Kim et al., 2018). In addition, this system
allows generation of conditional inducible mouse models, in which genetic gain or loss can
be temporally and spatially regulated. This requires breeding of first, a genetically modified
strains that carries a genetic locus with floxed DNA, with a second strain expressing the Cre
enzyme under the control of a promoter and enhancer sequences that specifically targets cells
or tissue of interest (H. Kim et al., 2018; McLellan et al., 2017).

Inducible systems enable the study of genes that are essential for development, in which
constitutive knockout can lead to lethality or development defects. The most broadly used
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inducible approaches are Cre fusion to a mutant estrogen receptor ligand binding domain
(ER-LBD) and doxycycline (dox)-inducible Cre expression (H. Kim et al., 2018; McLellan et
al., 2017). The Cre-ER recombinase, also known as CreERT2 or CreER™?, is normally present
in the cytoplasm where it binds to the heat shock protein 90 (HSP90), which prevents the Cre
from entering the nucleus (H. Kim et al., 2018; McLellan et al., 2017; Payne et al., 2018). Ta-
moxifen or 4-hydroxytamoxifen are synthetic steroids administered systemically via intraper-
itoneal injection (IP) or gavage (H. Kim et al., 2018). Moreover, 4-hydroxytamoxifen can also
be locally administrated. Tamoxifen leads to disruption of the interaction between HSP90 and
CreERT?2. This enables translocation of the CreERT2 to the nucleus and interaction of Cre with
loxP sites (Figure 1.6) (H. Kim et al., 2018; McLellan et al., 2017; Payne et al., 2018). The dox-
inducible Cre system, also called tetracycline (Tet) consists of three elements, reverse tetracy-
cline-controlled transactivator (rtTA), tetracycline-controllled transactivator (tTA) and tetra-
cycline operon (TetO). This system functions in two modes, Tet-on and Tet-off, permitting
dox-dependent gene activation or inactivation (H. Kim et al., 2018; McLellan et al., 2017). Dox
is normally administered in the food or drinking water (H. Kim et al., 2018). In the Tet-off
system the tTA protein binds to the TetO promoter, thereby activating Cre expression. Dox
administration inactivates the tTA protein that can no longer bind to TetO. In contrast, in Tet-
on system tTA gene is replaced by rtTA genes, which only binds TetO in the presence of dox,
thereby activating Cre expression (H. Kim et al., 2018; McLellan et al., 2017).
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Figure 1.6. Tamoxifen inducible system consisting of estrogen receptor fused to Cre (CreER). In the absence of
tamoxifen (Tam), the expressed fusion protein, CreER, interacts with HSP90 and exists in the cytoplasm. Admin-
istration of tamoxifen disrupts the interaction between HSP90 and CreER. Interaction of ER with tamoxifen induces
the nuclear translocation of Cre. In the nucleus, the CreER recognizes the loxP sites and inactivates the gene Y in
tissue X (adapted from H. Kim et al., 2018).

The Cre-loxP system is widely used due to its simple manipulation and efficient recom-
bination. However, this system has some limitation that need to be taken into account when
planning or analysing data from experiments. Specific promoters and enhancers that target a
specific cell type can sometimes have off-target effects of Cre, therefore it is essential to eval-
uate cell-specific Cre expression in a newly generated Cre mouse line. The inducible Cre-loxP
system can also lead to incomplete gene deletion of the floxed loci, which might depend on
the recombination of the loci site or the method and frequency of tamoxifen administration.
Another limitation of this system is the inability to analyse different cell types in an organ-
specific manner (McLellan et al., 2017). Moreover, off-target effects of Cre expression can lead

to potential toxicity of this system. Inducible cell-specific Cre expression toxicity has been
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demonstrated in different tissues, including the mouse retina where tamoxifen-activated Cre-
loxP system leads to impaired retinal angiogenesis independently of floxed target genes.
Thus, tamoxifen-injected mice expressing Cre without floxed genes should be used as control
in a study to assess possible Cre toxicity (Brash et al., 2020; McLellan et al., 2017).

In the vascular biology field, Cre activity is conventionally driven by an EC-specific pro-
moter and enhancer that allows expression of the floxed gene in all ECs populations from
early development. CreERT2 mouse models most used in vascular biology, where constitutive
gene deletion often causes lethality, are Cdh5-CreERT2 (VE-cadherin- CreERT2), TEK-CreERT2
(Tie2- CreERT2) and Pdgfb-CreERT2 (Payne et al., 2018).

1.7. In vitro models

The vascular system plays an important role in regulating homeostasis (Cochrane et al.,
2019). Blood vessels display many differences depending on the tissue or organ with which
they interact. In addition, different vascular beds from large arteries and veins to small post-
capillary venules display distinct functions according to their size and vessel type (arteries or
veins) (Cochrane et al., 2019; Sanz-Nogués & O’Brien, 2016). Vascular dysfunction can con-
tribute to several pathological conditions, including cancer. The study of vascular function is
essential to understand the molecular signalling pathways underlying vessels regulation in
health and disease as well as for discovery of potential therapeutic targets and drugs
(Cochrane et al., 2019).

Isolated ECs are used as in vitro models to study diverse physiologic and pathological
processes, especially angiogenesis in which dysregulation is associated with several diseases,
such as retinopathies (Cochrane et al., 2019; Kriiger-Genge et al., 2019; Vahéatupa et al., 2020).
The in vitro culture models most commonly used are monolayer, transwell and pseudo-capil-
lary. The transwell model is based on growth of ECs on a semipermeable membrane to allow
the study of cell migration, transport or barrier function under a controlled gradient of solutes,
while the pseudo-capillary model is used for analyses of microvascular capillary-like net-
works that form by seeding ECs on a soft hydrogel. In contrast, monolayers are simple 2D
cultures models of ECs that enable analyses of molecular and cellular mechanisms, such as
morphology, survival, migration, proliferation or barrier function (Cochrane et al., 2019). This
model also allows to investigate the effect of drugs, inflammatory and pro- or anti-angiogenic
factors on ECs.

In vitro models have a standard and well-controlled nature, which permits the system-
atic study of human cells under different experimental conditions (Cochrane et al., 2019).
However, it is important to choose ECs that can better resemble the in vivo conditions under
study (Sanz-Nogués & O’Brien, 2016). The best-characterized type of ECs used for in vitro
analyses are human umbilical vein endothelial cells (HUVECs). These are primary, fully dif-
ferentiated ECs, isolated from the umbilical cord after child birth. HUVECs are highly prolif-
erative, robust in culture and prone to form capillaries (Kocherova et al., 2019; Sanz-Nogués
& O'Brien, 2016). These cells also respond to diverse physiological and pathophysiological
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stimuli and are easy to maintain in culture (Sanz-Nogués & O’Brien, 2016). However, alt-
hough in vitro models are an important tool for assessing angiogenic and anti-angiogenic fac-
tors, validation of in vitro results by comparing with in vivo effects should be carry out.
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2.
MATERIALS AND METHODS

2.1. Antibodies

Retinal vasculature was immunostained with isolectin-B4 directly conjugated to
Alexa647 (Invitrogen, 132450; 1/200). Phosphorylated VE-cadherin was stained with rabbit
anti-phospho VE-cadherin Y685 (NEP-Precleaned pY685VEC; 1:100). Endothelial cells were
stained with goat CD31 anti-rat (R&D Systems, AF3628; 1/500) or rat anti-mouse CD31 (BD
Biosciences, 553370; 1/400) antibodies. Endothelial cell nuclei was stained with rabbit anti-
Ergl/2/3 antibody (Abcam, ab92513; 1/500). Secondary conjugated antibodies used were
donkey anti-goat Alexa488 (Invitrogen, A11055; 1/500), donkey anti-rabbit Alexa555 (Invitro-
gen, A31572; 1/500) and donkey anti-rat Alexa647 (Jackson ImmunoResearch, 712605150;
1/500).

HUVECs were stained with anti-rabbit PTPB (or VE-PTP) (Santa Cruz Biotechnology,
sc-28905; 1/100) antibody. Endothelial cell junctions were stained with goat anti-VE-cadherin
antibody (R&D Systems, AF1002; 1/400). Secondary conjugated antibodies used were donkey
anti-rabbit Alexa488 (Invitrogen, A21206; 1/500), donkey anti-goat Alexa555 (Invitrogen,
A21432;1/500) and Hoechst (Invitrogen, H3570; 1/2000).

For immunoblots analyses the following antibodies were used: rabbit anti-phospho
VEGFR2 Y1175 (Cell Signalling, 2478; 1/1000), rabbit anti-VEGFR2 (Cell Signalling, 2479;
1/1000), rabbit anti-phospho Erk 1/2 pThr202/pY204 (Cell Signalling, 4377; 1/1000), rabbit
anti-Erk 1/2 (Cell Signalling, 9102; 1/1000), anti-rabbit VE-PTP (HPA002700; 1/600), anti-rab-
bit VE-PTP (HPA054453; 1/600), anti-rabbit PTPRB (Invitrogen, PA5-68309; 1/1000), anti-rab-
bit PTPRB (Biorbyt, ORB317727; 1/1000) and an antibody against VE-PTP generated by im-
munizing rabbit with a peptide of VE-PTP (Storkbio; 1/500). Loading was normalized by blot-
ting for mouse anti-GAPDH (glyceraldehyded-3-phosphatse dehydrogenase) (Sigma,
MAB374; 1/2000). Horseradish peroxidase (HRP)-labelled secondary antibodies against
mouse (NA931, from sheep) and rabbit (NA934, from donkey) were obtained from Cyvita
(western blot, 1/10000).
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2.2. Cell Culture

221. Human Umbilical Vein Endothelial Cells

Human umbilical vein ECs (HUVECsS) (SclenCell) were cultured in tissue culture dish
plates (Falcon) with EC basal medium MV2 (PromoCell) with all supplements (5% fetal calf
serum, 5 ng/ml human epidermal growth factor (hEGF), 10 ng/ml human basic fibroblast
growth factor (bFGF), 20 ng/ml insuline-like growth factor (R3 IGF-1), 0.5 ng/ml human
VEGEF, 1 ng/ml ascorbic acid and 0.2 pg/ml hydrocortisone) at 37°C in a humidified atmos-
phere containing 5% CO.. Cells at 3 to 6 passages were used.

22.2. siRNA transfection

For small interfering RNA (siRNA)-mediated gene knock-down, HUVEC cells were
seeded in 6-well plates at a density of 2.5 x 105 cells/well. After cells reached a 60-80% con-
fluence, cells were changed to fresh medium 1 hour prior to transfection. HUVECs were trans-
fected with 20 nM of siRNA targeting human PTPRB (EHU158501, Sigma) or scrambled non-
silencing control siRNA (SIC001, Sigma), using 6 pl of Lipofectamine RNAIMAX (Invitrogen)
in 300 pl of OptiMEM media (Gibco). Initially, to determine siRNA efficiency cells were trans-
fected with different concentrations of siRNA (5 nM, 10 nM, 15 nM, 20 nM), keeping a 1:3 ratio
of siRNA to lipofectamine. Culture medium was changed the day after transfection. Cells
transfected for 48h were either washed once with 1xPBS (Gibco) and harvested for real-time
quantitative polymerase chain reaction (RT-qPCR), or used for assays.

For study of VE-PTP junctional localization, round cover glasses were placed into a 6-
well plate and coated with 0.1% of fibronectin from human plasma (Sigma) diluted 1/100 in
1x PBS. HUVECs were seeded and transfected with siRNA as described above or not. After
48 hours transfected cells were starved for 20 hours with MV2 medium with 0.5% fetal bovine
serum (FBS) and without VEGF and bFGF supplements and fixed in 1% paraformaldehyde

(PFA) for 15 minutes (min) at room temperature for immunofluorescence staining.

2.23. VEGFA stimulation assay

For signalling studies, 48 hours after transfection, HUVECs were starved for 2 hours in
MV2 medium with 0.1% FBS (Gibco). After starvation, HUVECs in a 6-well plate were stimu-
lated with recombinant murine VEGFA (50 ng/ml; PeproTech) in 600 ul of starving medium
for the indicated duration. Cells were placed on ice, washed once with cold 1xPBS and lysed
for 1 to 2 min using 100 pl of ice-cold radioimmunoprecipitation assay (RIPA) buffer (Invitro-
gen) with cOmplete protease inhibitor cocktail (Roche) (one tablet in 50 ml of lysis buffer),
PhosSTOP phosphatase inhibitors (Roche) (one tablet for 10 ml of lysis buffer) and 1 mM of
sodium orthovanadate (Na,VO,). Scrapped cells were harvested and centrifuged at 4°C,
21100xg for 5 min. The pellet was discarded and protein concentration was determined by
Bradford assay using protein assay dye reagent concentrate (Bio-Rad). Bovine serum albumin
(BSA) (Roche) was used as standard, protein samples were diluted 1/500 and concentrations
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were determined by measuring absorbance at 595.m using Synergy HTX multi-mode micro-
plate reader (BioTex). The same amount of protein from each condition were used for im-
munoblotting analyses. Experiments were replicated three to four times for each condition.

2.3. Animal Studies

All mice husbandry, procedures and oxygen-induced retinopathy (OIR) challenge took
place at Uppsala University, according to the 3Rs policy (Replacement, Reduction and Refine-
ment) and the University board of animal experimentation approved all animal work for
those studies (6789/18).

2.4. VE-PTP mouse model

VE-PTP floxed (Ptprbflox/ Ptprbtm2a (EUCOMM)Seq) (Figure 2.1) mouse line, origi-
nally generated by Susan Quaggin (Carota et al., 2019), on the genetic C57BL6/] background
driven was used for in vivo studies. The mouse was crossed with Cdh5-CreERT2 mouse line
to generate inducible endothelial specific Ptprb knockout. Cre activity and deletion of the
floxed Ptprb alleles were induced postnatally by intraperitoneal (IP) injection of tamoxifen
(Sigma) diluted in peanut oil (Sigma) at indicated amount and time points for each experi-
ment. Animals were propagated at the local animal facility under laminar airflow conditions
with 12 hours light/dark cycle at a temperature of 22-25°C. Animal housing and procedures
were in accordance with animal welfare legislation and approved by the local animal ethics
committees.

Targeted Ptprb allele
1 FRT 2 3 4

—HH ——> 7—HF

loxP loxP

Figure 2.1. Floxed Ptprb exon 2 targeted to generate Ptprb inducible knock-out mice.

Ptprb inducible EC knock-out (iIECKO) mice were genotyped by polymerase chain reac-
tion (PCR), using genomic DNA from mouse toe (for pups) or ear clips. For DNA extraction,
each tissue biopsy was boiled at 97°C for 30 min with 100 pul of alkaline solution (25 mM so-
dium hydroxide and 2 mM EDTA) and neutralized with 100 pl of 40 mM Tris-HCl pH 8 solu-
tion. PCR was performed wusing the following primers: Ptprb, forward 5°-
GCGTCTATCCAGTGGAGGACTTTC-3’, reverse 5'-CCAGGTGCCGTTCATTCAGC-3" (WT:
489 bp product; Ptprb: 546 bp); and Cre, forward 5-
GCCTGCATTACCGGTCGATGCAACGA-3’, reverse 5-
GTGGCAGATGGCGCGCGGCAACACCATT-3" (~800 bp product). Each reaction mixture
with a total volume of 20 ul was prepared using HotStartTaq Plus Master Mix Kit (Qiagen),
containing 0.5 pl of 10 uM forward and reverse primer for a specific gene, 2 pl of 2x CoralLoad
Concentrate, 10 pl of 2x HotStarTaq Plus Master Mix, 5 ul of RNase-free water and 2 pl of
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DNA sample. PCR reaction was carried out in Applied Biosystems® Veriti 96-well Thermal
Cycler with either Cre or Ptprb program shown in Table 2.1.

Table 2.1. PCR conditions for amplification of the CRE and Ptprb genes.

Cre Ptprb
Time Time
Temperature ] Number of cycles | Temperature i Number of cycles
(min) (min)
95°C 5 - 94°C 5 -
95°C 0.30 94°C 0.30
55°C 0.30 40 62°C 0.30 35
72°C 1.30 68°C 1.30
72°C 5 - 68°C 5 -

PCR products were visualized on a 2% (w/v) agarose (Lonza) gel prepared in 1x TAE
(Tris-acetate-EDTA) buffer (VWR life science). To each gel 1 ul/10 ml of SYBR® Safe DNA gel
stain (Invitrogen) was added. Electrophoresis was performed at 130 V, 400 mA, 100 W for
either 30 min or 1 hour and 15 min for Cre and Ptprb genes, respectively. Gels were imaged
with trans-UV light on Chemidoc™ MP Imaging System (Bio-Rad). The 100 bp DNA ladder
(Invitrogen) was used as reference to confirm the presence of Cre and Ptprb PCR products.

241. Vascular Development

Cre activity was induced on Ptprb#1;Cdh5-CreERT2 pups (female and male) by IP injec-
tion of 100 ug or 400 pg of tamoxifen at P1, P2 and P3. Mice were sacrificed at P6 and eyes and
lungs were collected. Eyes were fixed in 2% PFA for 1 hour at room temperature, washed
three times for 10 min in 1xPBS and dissected for retina’s analyses. Lungs were either placed
in RNAlater® solution (Sigma) for later RNA extraction or snap frozen in 2-methylbutane
(Honeywell) with dry ice, immediately after collection. Snap frozen lungs were disrupted on
ice in RIPA lyses buffer with inhibitors as described before (section 2.2.3) with the rotor tissue
homogenizer Tissue-Tearor (Biospec Products). Lysates were centrifuged at 4°C, 21100xg for
10 min, the pellet was discarded and protein concentration was determined by Bradford assay
as described on section 2.2.3 using a dilution of 1/2500. Protein was stored at -80°C.

24.2. Oxygen-induced retinopathy

A standard OIR model was used as described in Connor et al., 2009. In this procedure
one litter of pups and their respective mother were placed into a chamber with an oxygen
concentration of 75.0% (ProOx 110 sensor and A-Chamber, Biospherix, Parish, NY). Pups were
weighed at P7 before entering the oxygen chamber. Mice remained in the chamber for 5 days,
from P7 to P12, while lactating adult females were removed from the chamber on P8, P9, P10
and P11 for 2 hours a day. At P12 mice were returned to normal atmospheres (~21% oxygen),
and IP injections of 400 pg of tamoxifen were given at P12, P13 and P14. At 17, pups were
weighed and sacrificed by cervical dislocation along with their mother. Eyes from pups were
immediately collected, fixed in 2% PFA at room temperature for 1 hour and washed 3 times

with PBS for 10 min before retinas dissection.
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2.5. Western Blot

Proteins obtained from cells and lung lysates were prepared according to NuPAGE
(Invitrogen) instructions for reducing sample preparation. To each 15 ug and 150 pg of protein
sample from cells and lung lysates, respectively, 5 pl of NuPAGE LDS Sample Buffer (4x), 2
ul of NuPAGE Sample Reducing Agent (10x) and Milli-Q water up to 13 ul were added. Sam-
ples were boiled at 70°C for 10 min to denature proteins. Proteins were separated on NuPAGE
Novex 4-12% Bis-Tris polyacrylamide gel (Invitrogen) in running buffer (MOPS (1x) (Invitro-
gen) in deionized water) and reducing buffer (MOPS (1x), NuPAGE antioxidant). Electropho-
resis was performed at 200 V, 400 mA, 100 W for 50 min. Separated proteins were transferred
to a methanol (Supelco) pre-wetted polyvinylidene difluoride (PVDF) membrane (Invitrogen)
in transfer buffer (NuPAGE transfer buffer (1x), 10% methanol and deionized water) and elec-
trophoresis was executed at 30 V, 100 mA, 100 W for 1 hour and 30 min. Subsequently, mem-
branes were blocked with 5% (w/v) skim milk (Semper) or 5% (w/v) BSA in Tris-buffered
saline (1x) (G-Biosciences) with 0.1% Tween 20 (Sigma) (TBST) for 1 hour and 30 min, respec-
tively. The membranes were incubated with primary antibodies overnight (ON) at 4°C and
secondary antibodies linked to horseradish peroxidase (HRP) incubated for 1 hour at room
temperature, diluted in either 5% milk or 5% BSA in TBST. After each step membranes were
washed three times with TBST. HRP signals were visualized by enhanced chemiluminescence
(ECL) detection kit (Amersham, Cytiva) and imaged with Chemidoc™ MP Imaging System
(Bio-Rad). Immunoblots were stripped with stripping solution (2% SDS, 62.5 mM Tris-HCI
pH 6.8 and 0.07% of p-mercaptoethanol) in a water bath at 50°C for 6 min, washed five times
with TBST and blocked before new antibody incubation. Quantification of immunoblotting
was performed on multiple replicate experiments using Image Lab software version 6.1 (Bio-
Rad).

2.6. RNA isolation, cDNA synthesis and real-time quantita-
tive PCR

Total RNA from HUVECs 48h after transfection and P6 mouse lungs was isolated using
the RNeasy® Plus Mini Kit (Qiagen, Germany), following manufacturer’s instructions. Ex-
tracted RNA concentration and purity absorbance ratios (260nm/280nm and 260nm/230:m) were
measured on NanoDrop 2000 spectrophotometer (ThermoFisher Scientific). Complementary
DNA (cDNA) was synthetized with 1 pg of RNA using reverse-transcription protocol from
iSCRIPT advanced cDNA synthesis kit for RT-qPCR (Bio-Rad). Resulting cDNAs were diluted
1:5 in nuclease-free DEPC-treated water (Invitrogen).

For RT-qPCR, cDNAs were further diluted 1/9 and a master mix was prepared using
SsoAdvanced Universal SYBR® Green Supermix (Bio-Rad) and 10 pM of desired forward and
reverse primers. RT-qPCR was performed in a 96-well DNase/RNase free plate with the fol-
lowing conditions: pre-incubation at 95°C for 5 min; 39 amplification cycles at 95°C for 15
seconds and 60°C for 30 seconds; followed by a melting step at 60°C for 5 seconds with an
increase in temperature of 0.5°C/cycle until reach 95°C. The housekeeping gene ribosomal
protein L19 (RPL19) was used to normalize the mRNA expression levels of the target gene’s
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analysed. The sequences of the gene-specific primers used are listed on Table 2.2. All primers
were designed using Primer-BLAST online platform from NCBI (National Center for Biotech-
nology Information, U.S. National library of Medicine).

Table 2.2. Human (h) and Mouse (m) primer sequences used for RT-qPCR

Genes Forward primer Reverse primer
hPTPRB | 5-GCGGACCAGGATTCCCTCTA-3" 5-AACTCCCGGATGGTCC-3"
hRPL19 5-TCGCCTCTAGTGTCCTCCG-3~ 5- GCGGGCCAAGGTGTTTTTC-3"

mPtprb 5-GGGTCTCTAGCTTGTCAGCG-3" | 5-GACCTGCAGGGTGGTTGATG-3"
mRpl19 | 5-GGTGACCTGGATGAGAAGGA-3" | 5-TTCAGCTTGTGGATGTGCTC-3"
mFlk1 5-CTACAGACCCGGCCAAACAA-3" | 5-CAGCTTGGATGACCAGCGTA-3’
mTie2 5-GCTCAGGCATTCCAGAACAGA-3" | 5"-CCCTCTCCGATCACGTCTTG-3"
mCdhb 5-CACGGACAAGATCAGCTCCT-3" | 5-GGTAGCATGTTGGGGGTGTC-3"

2.7. Immunofluorescent staining

Dissected retinas fixed in 2% PFA were first blocked for 3 hr at room temperature under
agitation in blocking buffer (3% BSA, 0.5% Triton X-100 (Sigma) in PBS, or 1% BSA, 0.25%
Triton X-100 in PBS, for P6 and P17 retinas, respectively) to block unspecific binding. Incuba-
tion with the appropriate primary antibodies and secondary antibodies (diluted in buffer
1%BSA, 0.25% Triton X-100 in PBS), including Isolectin-B4 for P6 retinas, was performed se-
quentially over night at 4°C on a rocking platform, with three 1 hour washing steps with 0.25%
Triton X-100 in PBS in between. After incubation with secondary antibodies, retinas were
washed 2 times for 1 hour with 0.25% Triton X-100 in PBS, once with PBS for 30 min, post
fixed with 4% PFA for 15 min (for P17 retinas), washed 3 times for 30 min with PBS and flat-
mounted on slides with Fluormount-G mounting media (Southern Biotech) by cutting into 4
leafs.

Cells fixed in 1% PFA were washed twice in 1xPBS for 15 min and permeablized and
blocked in 0.1% Triton X-100, 1% BSA in PBS for 1 hour at 37°C. Incubation with primary
antibodies and secondary antibodies in 0.1% Triton X-100, 1% BSA in PBS was carried out
sequentially, ON at 4°C and for 1 hour at room temperature, respectively. Cells were washed
after each antibody incubation 3 times for 15 min or 5 min, respectively, with 1xPBS. Cells
were mounted with Fluormount-G mounting media with 4°,6-diamidino-2-phenylindole
(DAPI) (Southern Biotech).

Microscopy was performed on a Leica SP8 confocal microscope. Images were acquired
with 20x and 40x objectives. Processing and quantification of images was done using Image]J
software (National Institutes of Health) to assess vascular density, vessel outgrowth and tip
cell density on P6 retinas as well as avascular area and NV tufts area on P17 retinas after OIR
experiment. Quantification of each image was performed blindly to sample’s genotype. All

images shown are representative of images that were quantified.
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2.8. Quantification of vessel density, tip cell density and out-
growth

Immunostaining for CD31, IB4 and ERG was performed on P6 retinas from tamoxifen
treated PtprbV;Cdh5-CreERT2 and Ptprb/f mice and images were analysed using Image] soft-
ware. Quantification of vessel density was performed manually by selecting all CD31 positive
vessels using the threshold default parameter, creating a region of interest (ROI) for the vessel
area of each whole mounted retina. Outgrowth was determined by measuring the length in
pm from the optical nerve to the vessels front using the freehand lines tool. The average length
of the four leafs of each flat-mounted retina was calculated and was represented has the out-
growth. For tip cell density quantification, CD31 and ERG composite images were used. For
each retina leaf, the length of the vascular front was measured using the freehand line tool
and tip cells number was counted. Tip cell number was normalized to the respective length
and tip cell density was represented as the average tip cell number per length (um) for a given

retina.

2.9. Quantification of avascular area and neovascular tufts

Immunostaining for CD31 and VE-cadherin p-Y685 was performed on P17 retinas from
OIR Ptprbf;Cdh5-CreERT2 and Ptprb/ mice. Quantification of total vascularized area, central
avascular area and tuft area was performed by outlining images manually in Image] software.
For each whole mounted retina, the tile-scan of the CD31 channel and the polygon selection
tool were used to demarcate the vascular front, creating a ROI for the vascularized area. Sim-
ilarly, the avascular area was determined using the polygon selection tool to outline the cen-
tral avascular region of the retina. The avascular area was normalized to the total vascularized
area and was reported as a percentage of the total retina that was avascular. For tuft area
quantification, the freehand selection tool was used to outline vessels from NV tufts (regions
with disorganized dilated vessels). Tufts ROIs were summarized into a single ROI corre-
sponding to the mean area of all NV tufts for a given retina. Tuft area was calculated by mul-
tiplying the mean tufts area by the number of selected tufts in each retina and normalize it to
the total vascularized area. Tuft area was reported as the percentage of the total retina that
contained tufts.

2.10. Statistical Analysis

Statistical analysis was performed with GraphPad Prism software (version 9.2.0). Un-
paired Student’s t-test was used to compare two data sets, while multiple #-test was used for
more data sets. All tests were two-tailed, parametric tests and p-value <0.05 was considered
a statistically significant result. Quantitative phenotyping data and graphical representations
were presented as means, with standard error of mean (SEM) used to describe the variability
within the sample. For in vivo experiments 6 to 7 animals per experiment were used (detailed
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number of animals used given in figure legends). For in vitro experiments 3 to 4 replicate ex-
periments were used (detailed number in figure legends). Statistical significance is indicated
as follows: *p<0.05, **p<0.005, ***p<0.0009, ****p<0.0001.

28



3.
RESULTS

3.1. PTPRB is efficiently silenced after siRNA transfection

In order to identify specific antibodies against VE-PTP, first efficient silencing of its
mRNA (denoted PTPRB) was determined by targeting human PTPRB. HUVEC cells were
transfected with different concentrations (5 nM, 10 nM, 15 nM and 20 nM) of control siRNA
or PTPRB siRNA, and a lipofectamine control was used to assess possible cytotoxic effects. At
48 hours after transfection, RNA was isolated from the cells and RT-qPCR was performed.
The RT-qPCR showed approximately a 40% reduction in PTPRB expression levels upon 20
nM siRNA transfection for 48 hours, compared to the respective control treated cells (Figure
3.1). Lipofectamine at this concentration had no significant cytotoxic effect on cells. Lower
concentrations of siRNA were unable to reduce PTPRB expression by more than 20% (Figure
3.1). Thus, 20 nM of PTPRB siRNA was determined as the working concentration for efficient
silencing of PTPRB.
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Figure 3.1. PTPRB expression levels in siRNA transfected HUVECs. RNA was isolated from HUVECs either
transfected with 5 nM, 10 nM, 15 nM or 20 nM of siRNA targeting human PTPRB or control siRNA, or treated with
lipofectamine. cDNA was obtained by reverse transcription and RT-qPCR was performed. PTPRB relative expres-
sion levels were normalized to RPL19 expression levels and transcript levels were further normalized to the re-
spective control siRNA treated sample. Results represent relative ratios between mRNA expression levels of
PTPRB and RPL19. Data from triplicates is represented.
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3.2. Identification of VE-PTP specific antibodies

Given the results obtained from PTPRB expression analyses of siRNA transfected sam-
ples, we decided to identify and evaluate the specificity of several VE-PTP antibodies. Im-
munoblotting with custom-produced and commercially available antibodies against human
VE-PTP was performed on protein samples from HUVECs treated with lipofectamine or
transfected with 20 nM of PTPRB or control siRNAs and cell lysates, harvested after 48 hours.
First, we assessed the specificity of the antibodies for human VE-PTP by detecting two prom-
inent bands at a molecular weight of ~240 kDa and ~260 kDa, in agreement with the appear-
ance of VE-PTP upon immunoblotting described in a previous report (Nawroth et al., 2002).
The lower band assumed to represent VE-PTP was fainter than the upper band and it was
sometimes difficult to detect in immunoblots (Figure 3.2). PTPRB silencing allowed confirma-
tion of antibody specificity for the VE-PTP protein. As shown in Figure 3.2, PTPRB silencing
reduced VE-PTP band intensity compared to control or lipofectamine samples on immunob-
lots with Storkbio, HPA054453 and HPA(002700 antibodies. However, protein levels in the
silenced PTPRB samples were similar to the control samples in immunoblots using Invitrogen
and Biorbyt antibodies (Figure 3.2). Quantification of the immunoblots further confirmed the
specificity of Storkbio, HPA054453 and HPA002700 antibodies to human VE-PTP (Figure 3.3).
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Figure 3.2. Antibody specificity for human VE-PTP. HUVECs were treated either with lipofectamine alone, or
combined with control siRNA or PTPRB siRNA for 48 hours at a concentration of 20 nM. Cells lysates were sub-
jected to immunoblotting with several antibodies reacting with VE-PTP: Storkbio, HPA054453, HPA002700, Invi-
trogen and Biorbyt. Blotting for GAPDH shows equal loading of the lysates. Molecular weights are shown to the
right in the blots. Western blots were analysed for the presence of specific VE-PTP bands (~240 and 260 kDa) and
for reduced VE-PTP band intensity upon PTPRB silencing compared to controls. Quantification of immunoblots
VE-PTP/GAPDH levels provided in Figure 3.3.
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Due to the availability and specificity of the HPA054453 antibody for human VE-PTP,
we decided to use it for subsequent immunoblots analyses. Although RT-qPCR data showed
a 40% reduction of PTPRB transcript level, in western blot quantification a 50-60% reduction
in VE-PTP proteins levels upon PTPRB silencing compared to control siRNA treated cells was
observed (Figure 3.3). This further supports the specificity of the HPA054453 antibody for the
human VE-PTP protein.

VE-PTP Storkbio VE-PTP HPA054453 VE-PTP HPA002700

0.8 0.44 0.5

0.4

0.6 0.34

0.3+
0.4 0.2

0.2+

VE-PTP/GAPDH
VE-PTP/GAPDH

VE-PTP/GAPDH

0.14 0.1

0.0~ 0.0~ 0.0-

& B B &
< S Q‘b e"‘l \‘o\ QQS‘ c\." \&\
o% C/°° & SR Le"\ & S& (/e*\ q

VE-PTP Invitrogen VE-PTP Biorbyt
0.06 0.204
0.154
0.04+
0.104

0.02+

VE-PTP/GAPDH
VE-PTP/GAPDH

0.05

0.00- 0.00-

Figure 3.3. Immunoblots quantification of VE-PTP protein levels for determination of antibody specificity.
HUVECs were treated either with lipofectamine, or control siRNA or PTPRB siRNA for 48 hours at a concentration
of 20 nM. Cells lysates were subjected to immunoblotting with several antibodies reacting to VE-PTP: Storkbio,
HPA054453, HPA002700, Invitrogen and Biorbyt. Quantification of VE-PTP/GAPDH levels for each VE-PTP anti-
body tested is representative of one experiment. Antibody specificity was assessed based on the degree of reduc-
tion of VE-PTP/GAPDH levels in PTPRB-deficient cells compared to controls. Specificity for human VE-PTP was
verified in blots probed for VE-PTP with Storkbio, HPA054453 and HPA002700 antibodies.

3.3. VE-PTP localizes to endothelial cell junctions

VE-PTP was previously described to localize at endothelial cell contacts of confluent
mouse bEnd.3 endothelioma cells (Nottebaum et al., 2008). To assess whether the same could
also be verified in HUVECs, immunostaining for VE-PTP and VE-cadherin was performed.
For this purpose, HUVECs were either untreated, or transfected with PTPRB siRNA or control
siRNA and starved for 20 hours after transfection. The nuclei and EC junctions of confluent
cells were stained for DAPI or Hoechst and VE-cadherin, respectively. The results showed
regions of VE-PTP immunostaining overlapping with VE-cadherin immunostaining on un-
treated and siRNA control treated cells (Figure 3.4, arrows). In contrast, VE-PTP was not de-
tected in PTPRB siRNA treated cells. Distribution of VE-cadherin protein was unaffected by
PTPRB silencing. These data demonstrates that VE-PTP localizes at endothelial cell junctions
of confluent ECs.
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Figure 3.4. VE-PTP colocalizes with VE-cadherin at EC junctions. HUVECs either untreated or transfected with
20 nM of PTPRB siRNA or control siRNA for 48 hours were starved for 20 hours and immunostained for VE-PTP
and VE-cadherin. Representative immunofluorescence images of the cells are shown: blue; DAPI or Hoechst 33342,
red; VE-PTP, green; VE-cadherin/cell junctions. Arrows indicate colocalization between VE-PTP and VE-cadherin
signals. Scale bar, 20 pm.

3.4. VEGFR2 phosphorylation at phosphosite Y1175 increases

upon PTPRB silencing in VEGFA stimulated cells

To determine if PTPRB silencing affected VEGFR2 activity, the effect of PTPRB silencing
on tyrosine phosphorylation at the Y1175 residue in VEGFR2 was studied. For this, HUVECs
transfected with either PTPRB siRNA or control siRNA were stimulated without (0 min) or
with VEGFA for 2 min, 5 min, 10 min, 15 min, 30 min, 60 min, 120 min, 240 min and ON. Cell
lysates were used for western blot analyses. As shown in Figure 3.5, VEGFA stimulation of
HUVECs induced an initial increase in tyrosine phosphorylation of VEGFR2 at Y1175, fol-
lowed by a decrease after 5 minutes. In agreement with previous findings (Hayashi et al., 2013;
Mellberg et al., 2009), the degree of phosphorylation increased further in VEGFA-stimulated
cells treated with PTPRB siRNA (Figure 3.5). The total VEGFR?2 levels were unchanged in the
different conditions (Figure 3.5). These data shows that PTPRB silencing results in exagger-
ated VEGFA-induced VEGFR?2 tyrosine phosphorylation, which returns with time to its basal

levels.

32



HUVEC

20 nM Control siRNA
VEGFA

. 0 2
(min)

5 10 15 30 0 2 5

20nM PTPRB siRNA
10 15 30

p-VEGFR2Y1175| -

W e

VG | -

GAPDH

38kDa

225kDa

225kDa

p-VEGFR2 Y1175/VEGFR2

I Control siRNA
PTPRB siRNA

|-—8-—-—-—-—.--

Ratio

VEGFA

(min)

0 30 60 120240 ON 0 30 60 120 240 ON

0.5+

p-VEGFR2 Y1175 | [T - - - - |1:5m.~ o
. 00188 P
225 kDa T T T T T T T T T
VEGFR: W e e N S
GAPDH RS S SN S N N N
—_— - - - 33kDa A v ” v W»

VEGFA stimulation

Figure 3.5. PTPRB silencing increases VEGFA-induced VEGFR2 phosphorylation at Y1175. HUVECs trans-
fected with 20 nM of either control siRNA or PTPRB siRNA for 48 hours were treated without (basal) or with
VEGFA (50 ng/ml) for the time points indicated. Analyses was performed by immunoblotting on total cell lysates.
Representative blots are shown (left). Blots were probed for phosphorylated (p) VEGFR2 Y1175 and total VEGFR2.
Blotting for GAPDH shows equal loading of the lysates. Molecular weights are shown to the right in the blots.
Quantification of p-VEGFR2/VEGFR?2 levels from four independent experiments (right). Values are means + SEM.
Student’s t-test; ns, not significant, *, p<0.05, **, p<0.005, ***, p<0.0009, ****, p<0.0001.

3.5. Erk1/2 phosphorylation decreases upon PTPRB silencing
in VEGFA stimulated cells

To assess whether PTPRB silencing affected the signalling pathway downstream of
VEGFR?2, immunoblotting for extracellular regulated kinase (Erk) 1/2 was performed on total
cell lysates previously used to examine VEGFR2 phosphorylation at Y1175. The serine/thre-
onine kinases Erk 1/2 are essential in regulation of cell proliferation (Guo et al., 2020). As
shown in Figure 3.6, a short stimulation with VEGFA induced phosphorylation of Erk 1/2,
followed by a decrease after 10 min. Unexpectedly, VEGFA stimulation after PTPRB silencing
reduced Erk 1/2 phosphorylation levels compared to control samples (Figure 3.6). The total
Erk 1/2 levels were unchanged in the different conditions (Figure 3.6). Thus, although PTPRB
ablation increased VEGFR?2 phosphorylation at Y1175, Erk 1/2 signalling appeared to be neg-
atively affected by the loss of PTPRB expression upon stimulation with VEGFA.
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Figure 3.6. PTPRB silencing decreases VEGFA-induced Erk 1/2 phosphorylation. HUVECs transfected with 20
nM of either control siRNA or PTPRB siRNA for 48 hours were treated without (basal) or with VEGFA (50 ng/ml)
for the time points indicated. Analyses was performed by immunoblotting on total cell lysates. Representative
blots are shown (left). Blots were probed for phosphorylated (p) Erk 1/2 and total Erk 1/2. Blotting for GAPDH
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shows equal loading of the lysates. Molecular weights are shown to the right in the blots. Quantification of p-
Erk/total Erk levels from three independent experiments (right). Values are means + SEM. Student’s t-test; ns, not
significant, *, p<0.05, **, p<0.005, ***, p<0.0003.

3.6. Ptprb is efficiently deleted in PtprbVf;Cdh5-CreERT2
mice upon tamoxifen treatment

In order to examine the in vivo effect of Ptprb gene ablation and to bypass the embryonic
lethality observed in constitutive Ptprb KO mice, an inducible endothelial cell KO (iECKO)
mouse model was used. First, Cre-loxP’ system recombination efficiency was determined to
ensure complete deletion of the floxed Ptprb gene. Cre activity was induced in Ptprb/1;Cdh5-
CreERT?2 pups by IP injection of 400 ng of tamoxifen at P1, P2 and P3. Lungs were collected at
P6 for protein and mRNA extraction and used for western blot and RT-qPCR analyses, re-
spectively. The RT-qPCR showed that using this system, 97.7 + 0.03% deletion efficiency of
Ptprb was achieved following Cre induction compared to control littermates (Figure 3.7A).
Immunoblots of lung lysates showed loss of most of the VE-PTP protein following Cre-in-
duced gene ablation (Figure 3.7B), which further corroborates efficient gene deletion. Overall,

these data shows efficient Ptprb deletion following tamoxifen injection and induction of Cre

activity.
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Figure 3.7. Ptprb is efficiently deleted in Ptprb"/;;Cdh5-CreERT2 mice. Lungs from P6 Ptprb/;Cdh5-CreERT2 or
Ptprb/fl pups treated at P1, P2 and P3 with 400 pg of tamoxifen were extracted and Ptprb knockdown was assessed
by RT-qPCR and western blot. (A) Postnatal deletion of Ptprb in Ptprb iECKO mice leads to reduction of Ptprb
mRNA expression levels (n=5 Ptprb/;Cdh5-CreERT2; n=3 Ptprb/; where n is the number of mice). Values are
means + SEM, with individual data points indicated. Statistical significance was determined using Student’s t-test,
p=0.0012. (B) Immunoblot and quantification of VE-PTP/GAPDH levels from a single experiment is represented
showing reduction in VE-PTP protein in total lung lysates from Ptprb/#/;Cdh5-CreERT2 mice compared with Ptprbf
(n=3/genotype, where n is the number of mice).

3.7. Ptprb iECKO impairs retina vascular development

During early postnatal development, retina endothelial cells proliferate and migrate in
a VEGF/VEGFR2-dependent manner (Gerhardt et al., 2003). Therefore, to understand the EC-
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specific role of VE-PTP during retinal vascular development, Ptprb iECKO mice were treated
postnatally with tamoxifen to induce specific deletion of Ptprb (Figure 3.8A). Retinas from P6
mice were isolated and flat mounted for immunofluorescence analyses. Retina ECs were de-
tected by immunostaining for CD31 and IB4 binding and EC nuclei were visualized by Erg
immunostaining (Figure 5.1, in appendix). As shown in Figure 3.8B-C, the total vascular area,
vessel outgrowth measured from the optic nerve and tip cell density were all reduced in
PtprbWf; Cdh5-CreERT2 mice compared to control littermates. This suggests that VE-PTP might

be required for regulation of VEGFR2 signalling and normal retina vascular development.
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Figure 3.8. VE-PTP is required for retinal vascular development. Eyes from P6 Piprb;Cdh5-CreERT2 or Ptprbi/f
pups treated at P1, P2 and P3 with 100 pg of tamoxifen were used for immunofluorescence analyses. (A) Schematic
of tamoxifen-induced Ptprb gene deletion strategy. (B) Representative images of the vasculature of whole mount
P6 retinas from Ptprb/fl and Ptprb/f;Cdh5-CreERT2 mice immunostained for CD31. Scale bar, 500 pm. (C) Retina
quantification is presented showing reduced vessel density (p<0.0001), reduced outgrowth from the optic nerve
(p=0.0014) and lower tip cell density (p=0.0004) in Ptprb deficient mice (n=14, where n is the number of retinas).
Data are means + SEM. Values are either the representation of one or two retinas per mice. Statistical significance
was determined using Student’s t-test (n=6 Ptprb//f;Cdh5-CreERT2; n=2 Ptprb//f; where is the number of mice).

3.8. PtprbiECKO has no effect on Flk1, Tie2 and Cdhb expres-
sion levels

VE-PTP is known to be specifically expressed on endothelial cells where it directly in-
teracts with its substrates, VEGFR2, VE-cadherin and Tie2 (Bdaumer et al., 2006; Vestweber,
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2021). To determine whether Ptprb gene deletion was associated with changes in the expres-
sion levels of FIk1 (VEGFR?2), Tie2 (Tie2) or Cdh5 (VE-cadherin), we performed RT-qPCR anal-
yses. For this purpose, lungs were harvested from P6 Ptprb//;Cdh5-CreERT2 and Ptprb#/ mice
treated with tamoxifen and RNA was isolated for RT-qPPCR. Similar to the results obtained on
Ptprb floxing efficiency for P6 mouse lungs (Figure 3.7A), the mRNA expression levels of Ptprb
were reduced in Ptprb;Cdh5-CreERT2 mice after tamoxifen treatment (Figure 3.9). However,
reduction of Ptprb expression had no effect on Flk1, Tie2 and Cdh5 expression levels (Figure
3.9). Although, there was a trend for a slight decrease in mRNA expression levels of Flk1 and
Tie2 in Ptprb-deficient mouse lungs, this did not reach significant differences.
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Figure 3.9. Expression levels of Fik1, Tie2, Cdh5 and Ptprb on Ptprb iECKO mice. Lungs from P6 Ptprb/f;Cdh5-
CreERT2 or Ptprb¥ pups treated at P1, P2 and P3 with 400 pug of tamoxifen were harvested and Flk1, Tie2, Cdh5
and Ptprb expression levels were assessed by RT-qPCR. Postnatal deletion of Ptprb led to reduction of Piprb mRNA
expression levels, but did not significantly affect expression levels of Flk1, Tie2 and Cdh5. Values are means + SEM,
with individual data points indicated (n=3/genotype, where n is the number of mice). Statistical significance was
determined using Student’s t-test.

3.9. Ptprb iECKO reduces vaso-obliteration in OIR mice

Pathological retinal neovascularization is triggered by increased VEGFA expression in-
duced in hypoxia, which is characteristic of ischemic diseases, such as retinopathy of prema-
turity (Dai et al., 2021). Since VE-PTP was identified to have a role in regulating
VEGFA /VEGFR2 signalling, we wanted to determine whether VE-PTP affected pathological
retinal angiogenesis. The OIR mouse model was used to trigger vaso-obliteration and patho-
logical angiogenesis (Connor et al., 2009). Briefly, Ptprb%1;Cdh5-CreERT2 pups and their con-
trol littermates (Ptprb//1) were exposed to hyperoxia from P7 to P12. At P12, pups were re-
turned to normoxic conditions and Ptprb gene deletion was induced by IP injection of tamox-
ifen at P12, P13 and P14. Eyes from P17 mice were collected and retinas were used for immu-
nofluorescence analyses (Figure 3.10A). Retina vasculature was visualized by immunostain-
ing for CD31 (Figure 3.10B). We observed decreased avascular area in Ptprb/;Cdh5-CreERT2
compared to the control littermates after exposure to hyperoxia (Figure 3.10C). However,
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Ptprb ablation did not affect NV tuft area and number (Figure 3.10D-E). Although, there was
a tendency for increase tuft number on Ptprb"1;Cdh5-CreERT2 mice, it was not statistically
significant. Of note, the morphology of the NV tufts in Ptprb#;Cdh5-CreERT2 retinas appeared
distinct from that of the Ptprb/? controls (see Discussion). This suggests a potential role for

VE-PTP in retinal pathologies.
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Figure 3.10. Ptprb deletion reduces vaso-obliteration in OIR mice. Retinas from Ptrpb¥;Cdh5-CreERT2 or Ptprb/i
mice submitted to OIR challenge and treated at P12, P13 and P14 with 400 pg of tamoxifen were collected at P17
and used for immunofluorescence analyses. (A) Schematic of OIR strategy. (B) Representative images of whole
mount retinas from Ptprb//fl and Ptprb¥f;Cdh5-CreERT2 mice, collected at P17 after OIR challenge, and stained with
CD31 antibodies. Avascular tissue can be observed in the central retina and neovascular tufts, clusters of disor-
ganized vessels, can be better observed in Figure 5.2, in appendix. Scale bar, 1000 pm. (C) Quantification of avas-
cular area as a percentage of total retina area showing reduced avascular area in Ptprb/;Cdh5-CreERT2 compared
to Ptprb¥ mice (p=0.0222). (D) Quantification of neovascular tuft coverage as percentage of total retina area. (E)
Quantification of neovascular tuft number per retina. Data are means + SEM. (n=5 Ptprb/;Cdh5-CreERT2; n=2
Ptprbfl; where n is the number of mice). One retina per mouse was analysed. Statistical significance was deter-
mined using Student’s f-test.
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4.

Discussion

Activation of VEGFR?2 signalling by VEGFA plays a key role in several physiological
processes, such as in vascular permeability and angiogenesis (Corti & Simons, 2017). Several
studies have shown that increased VEGFA expression and thereby activation of VEGFR2 sig-
nalling is a process that occurs in retinal diseases, such as in retinopathy of prematurity and
age-related macular degeneration, and it is associated with increased vascular permeability
and disease progression (Claesson-Welsh, 2015). The current ophthalmological therapies tar-
get the VEGF/VEGFR2 pathway to promote normalization of vessel function and structure
(Akwii & Mikelis, 2021; Ferrara & Adamis, 2016). However, there are limitations of anti-VEGF
therapies, as they require repeated administrations and patients may exhibit or acquire re-
sistance to the angiogenic inhibitors. In certain cases, the therapies may have toxic side effects.
Therefore, there is a need for new clinical treatments (Akwii & Mikelis, 2021; Carmeliet & Jain,
2011; Claesson-Welsh, 2015). Deeper understanding of the molecular mechanism underlying
angiogenesis and permeability may provide new strategies to delay disease progression or
improve treatment effectiveness and quality of life for patients with retinopathies.

VE-PTP is an endothelial specific tyrosine phosphatase that interacts with VEGFR2 and
Tie2 on endothelial cells, thereby regulating their activity (Vestweber, 2021). Deletion of Ptprb,
Kdr (VEGFR2) or Tie2 leads to embryonic lethality in mice due to defects in vascular develop-
ment (Baumer et al., 2006; Eklund & Olsen, 2006; Shalaby et al., 1995). Furthermore, inhibition
of VE-PTP in a disease mouse model of age-related macular degeneration was shown to
strongly supress neovascularization by inducing Tie2 activity (Shen et al., 2014), suggesting a
role for VE-PTP in disease outcome. Here we studied VE-PTP’s effect on VEGFR2 signalling
and in an ischemic retinopathy mouse model to assess the potential therapeutic impact of
targeting this molecule.

To perform the in vitro assays presented in this study, we first determined the efficiency
of suppressing PTPRB expression by transfecting HUVECs with siRNA targeting PTPRB tran-
scripts. RT-qPCR and immunoblots quantification for human VE-PTP showed consistent
PTPRB silencing upon transfection with 20 nM of PTPRB siRNA for 48h (Figure 3.1). Higher
concentrations of siRNA to improve even further suppression of PTPRB expression were not
used due to potential lipofectamine cytotoxicity, which could compromise cell viability for
subsequent experiments. Immunoblotting of cells lysates transfected with control or PTPRB
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siRNA with several commercially available or custom-made VE-PTP antibodies against hu-
man VE-PTP, revealed that only the HPA002700 and HPA054453 commercial VE-PTP anti-
bodies and the Storkbio custom-made antibody specifically recognizes the human VE-PTP
protein (Figure 3.2). Moreover, efficient tamoxifen activation of Cre activity and subsequent
Ptprb gene deletion in Ptprb¥;Cdh5-CreERT2 mice was observed on RT-qPCR for Ptprb
(Figure 3.7A) and on whole lung lysates blotted with the Storkbio antibody (Figure 3.7B),
which was generated to specifically target mouse VE-PTP protein.

VE-PTP has been shown to interact with VE-cadherin, Tie2 and VEGFR2 at EC-cell junc-
tions (Fachinger et al., 1999; Mellberg et al., 2009; Nawroth et al., 2002). Immunostaining of
HUVECs indeed showed preferential localization of VE-PTP at cell-cell junctions (Figure 3.4).
Accordingly, VE-PTP staining was not observed upon deletion of PTPRB (Figure 3.4). This is
in agreement with previous studies, were VE-PTP was found to translocate and localize to EC
contacts in cultures with matured cell junctions (Hayashi et al., 2013; Nottebaum et al., 2008).
VE-PTP staining observed at the nucleus of untreated and PTPRB siRNA-treated HUVECs
(Figure 3.4), might be due to unspecific signals in immunofluorescence or VE-PTP localization
within intracellular compartments, which occurs in recently confluent cultures (Nottebaum
et al., 2008). Moreover, the distribution of VE-cadherin was unaffected by PTPRB silencing, in
agreement with previous reports (Nottebaum et al., 2008).

VE-PTP is known to increase phosphorylation of VEGFR2 at Y1175 upon short stimula-
tion with VEGFA (Hayashi et al., 2013; Mellberg et al., 2009). We showed in immunoblots of
cells treated with control or PTPRB siRNA that PTPRB deficiency increases VEGFA-induced
VEGFR2 phosphorylation at Y1175 (Figure 4.1), which resumes with time to its basal levels
(Figure 3.5). This is in agreement with reported loss of VEGFR2/VE-PTP complex upon
VEGFA stimulation and subsequent increase in VEGFR2 phosphorylation at Y1175, which
also resumes with time to the levels observed in resting cells (Mellberg et al., 2009).

In Mellberg et al., PTPRB silencing in telomerase-immortalized human microvascular
endothelial (TIME) cells affected downstream signalling transducers, leading to increased p-
Akt and p-Erk 1/2 levels in unstimulated cells and a slight increase in p-Akt in response to
VEGFA stimulation for 5 minutes. In contrast, we show that PTPRB silencing had no effect on
Erk 1/2 phosphorylation in unstimulated HUVECs (Figure 3.6) and that Erk 1/2 phosphory-
lation consistently was lower after PTPRB silencing, in response to VEGFA treatment for up
to 1 hour (Figure 4.1). The differences observed in Erk 1/2 phosphorylation levels may be due
to different VEGF dosage and VEGFR?2 density in the cells used for these experiments (Tan et
al., 2013). VEGFR2 density can vary between different EC types (Tan et al., 2013), suggesting
that the use of different cell types (HUVECs and TIME cells) might alter VEGFR2 trafficking
in response to VEGFA and thereby impact the magnitude and duration of Erk phosphoryla-
tion. In addition, the decrease in Erk 1/2 phosphorylation could also be due to blocking or
reducing the intracellular trafficking of VEGFR2, thereby suppressing VEGFA-induced Erk
1/2 phosphorylation (Lanahan et al., 2010). We also do not exclude, since there is a trend for
decreased Erk 1/2 phosphorylation in PTPRB-depleted cells at basal conditions, that negative
feedback loops that target components of the Erk 1/2 pathway may be activated, thereby
suppressing signalling downstream of the receptor (Lake et al., 2016; Pontes-Quero et al.,
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2019). Moreover, our results are supported by three replicated independent experiments at
different times of VEGFA stimulation, while in Mellberg et al., a single experiment comparing
basal conditions and 5 minutes VEGFA (20 ng/ml) stimulation is shown. This suggests that
in stimulated HUVECs, PTPRB silencing may affect VEGFR2 trafficking resulting in reduced
Erk 1/2 phosphorylation. Furthermore, VEGFR2 Y1175 phosphorylation is known to activate
Erk 1/2 signalling through phospholipase Cy (PLCy) or protein kinase C (PKC) (Simons et
al., 2016). Therefore, we do not exclude that decreased Erk 1/2 signalling in PTPRB-deficient
cells may depend on altered PKC or PLCy activation in response to VEGFA.

A VE-PTP-expressing, B VE-PTP siRNA-treated,
Endothelial cells Endothelial cells
Activation Activation
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a0 VEGF 00 VEGF
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Figure 4.1. Schematic of the consequence of reduced PTPRB expression on VEGFA stimulated cells. (A) VEGFA
stimulation of ECs expressing PTPRB induces phosphorylation (p) of VEGFR?2 at site Y1175 and activation of the
downstream signal transducer Erk 1/2. (B) VEGFA stimulation in ECs after PTPRB siRNA transfection, further
enhances phosphorylation of VEGFR2 at Y1175, but decreases Erk 1/2 phosphorylation.

Increased tyrosine phosphorylation of VEGFR2 and activation of downstream signal-
ling pathways in response to PTPRB silencing has been shown to affect the VEGFA-response
during angiogenesis (Hayashi et al., 2013). In addition, VE-PTP inactivation and subsequent
enhanced tyrosine phosphorylation of VEGFR2 and VE-cadherin resulted in loss of cell polar-
ity and lumen formation in mouse embryoid bodies (Hayashi et al., 2013). In this study, we
showed that Ptprb iECKO impaired retina vascular development, reducing vessel density,
vessel outgrowth from the optic nerve and tip cell density (Figure 3.8C). Interestingly, VE-
PTP inhibition with a single dose of intraocular injection of AKB-9778 at P4, has previously
been shown to have no effect on vascularization of the retina surface at P7 (Shen et al., 2014),
suggesting that repeated doses or higher concentrations are necessary for efficient VE-PTP
inhibition. Moreover, our findings of increased VEGFR2 Y1175 phosphorylation to above nor-
mal levels, in PTPRB-depleted cells (Figure 3.5), together with the established role of VE-PTP
in dephosphorylating VEGFR? in stalk cells (Hayashi et al., 2013), suggest that VE-PTP abla-
tion in ECs during angiogenesis may interfere with EC proliferation by increasing stalk cell
responsiveness to VEGFA.

We also found that PTPRB silencing decreased VEGFA-induced Erk 1/2 signalling in
cells (Figure 3.6). VEGFR2 Y1175 downstream induction of Erk 1/2 is known to regulate cell
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proliferation (Simons et al., 2016) and a reduction in Erk 1/2 signalling in vivo in PTPRB-
depleted ECs could explain the observed reduction in retina vessel outgrowth and vessel den-
sity. However, to confirm this model, phosphorylated Erk 1/2 and total Erk 1/2 levels should
be determined in the developing retina, which was not yet carried out in this study.

Although, Tie2 signalling was not explored in this study, VE-PTP is known to have a
role in determining the context-dependent function of the Tie2 ligand ANGPT2 (Souma et al.,
2018) as well as in inactivating ANGPT1/Tie2 signalling pathway (Fachinger et al., 1999; Goel
et al., 2013). Furthermore, ANGPT2 is required for postnatal vascular remodelling in the eye,
playing a distinct function of ANGPT1 (Gale et al., 2002). We speculate that lack of VE-PTP
might induce environmental changes in the mouse retina, which change ANGPT2 agonistic
function, compromising normal development of the vasculature. This hypothesis is supported
by the abnormal outgrowth of retinal capillaries in mice homozygous for Angpt2 deletion
(Gale et al., 2002). Moreover, ANGPT?2 is also thought to promote retinal vessel sensitivity to
VEGEF (Oshima et al., 2004), which is highly expressed in the initially avascular retina (Stone
et al., 1995). Additionally, we did not find any difference in the expression levels of Tie2, Flk1
and Cdh5 upon Ptprb gene deletion in ECs (Figure 3.9). This shows that VE-PTP’s regulation
of retina vascular development occurs by a mechanism that is independent of VEGFR?2, Tie2
and VE-cadherin expression levels.

In the OIR, an angiogenesis model for ischemic retinopathy, exposure of mice to hy-
peroxia from P7 to P12, induces obliteration of the capillaries in the centre of the retina by
suppressed VEGFA expression. This is followed by returning pups to room air where the ret-
ina experiences a relative hypoxia, resulting in enhanced VEGFA expression, triggering NV
and the formation of NV tufts from P12 to P17 (Dali et al., 2021; Scott & Fruttiger, 2009). Since
PTPRB silencing was shown to promote VEGFA-induced phosphorylation of VEGFR2 at
Y1175 (Figure 3.5), we studied the impact of Ptprb deletion during abnormal angiogenesis. We
observed that the retina avascular area was decreased in P17 Ptprb iECKO retinas (Figure
3.10C). Even though, VEGFA expression is reduced in hyperoxia conditions, this suggests that
increased VEGFA-induced VEGFR2 phosphorylation in the absence of VE-PTP could slightly
compensate for low levels of VEGFA which are associated with suppressed blood vessel
growth (Penn et al., 2008). Thus, deletion of Ptprb during hyperoxia may increase VEGFR2
sensitivity to low levels of VEGFA, resulting in reduced vascular obliteration.

In diabetes and ischemic retinopathy, hypoxia in vascular endothelial cell, as in retinal
NV, upregulates VE-PTP expression, thereby reducing Tie2 activity (Carota et al., 2019; Shen
et al., 2014). Therefore, we hypothesised that Ptprb ablation during hypoxic conditions would
reduce retinal NV through activation of the ANGPT1/Tie2 pathway. Surprisingly, no signif-
icant difference was observed in the tuft number or area of Ptprb iECKO mice compare to
control littermates. However, in laser-induced choroidal NV mouse model to study age-re-
lated macular degeneration, inhibition of VEPTP’s catalytic activity with AKB-9778 supressed
subretinal NV (Shen et al., 2014). AKB-9778 appeared to selectively accentuate ANGPT2 ago-
nistic function during NV (Shen et al., 2014), a process that is stimulated by high levels of
ANGPT2 and VEGF (Eklund & Olsen, 2006). This indicates that VE-PTP may have different
roles depending on the retinopathy model in study, since inhibition of VE-PTP had different
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outcomes depending on the disease model used. Nonetheless, it needs to be taken into account
that the experiments conducted in this study should be repeated due to the low number of
control mice (Ptprb#) used for statistical analyses. Overall, these studies reinforce the need
for more accurate models that better mimic human ischemic retinopathies, in order to allow
the study of a specific pathway inhibition in disease outcome in a more reliable way.

Although, there was no significant difference in the tuft area or tuft number (Figure
3.10D-E), we observed a difference in tuft morphology between Ptprbf;Cdh5-CreERT2 and
Ptprb/fl mice. Neovascular tufts were smaller in tamoxifen-induced Ptprb//;Cdh5-CreERT?2
mice compared to Ptprb?/f littermates that showed more disperse and dilated tufts (Figure 5.2,
in appendix). The tendency for an increased number of tufts (Figure 3.10E) in Ptptb-depleted
mice might explain the similar tuft area between Ptprb"1;Cdh5-CreERT2 and Ptprb"/l mice
(Figure 3.10D). However, flat-mounting retinas for confocal imaging distorts tissue morphol-
ogy, and thereby it is not a reliable technique to observe tuft morphology. Instead 3D imaging
of the retinas with light-sheet fluorescence microscopy, which allows better analyses of neo-
vascular structures, should be used since it provides a better understanding of tuft morphol-
ogy than possible with 2D analyses (Prahst et al., 2020).
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5.

Conclusion

The present study revealed that VE-PTP has an important role in vitro in regulating
VEGFR? signalling and its downstream signalling transducer Erk 1/2. Moreover, VE-PTP
function during development of the mouse retinal vasculature and in a mouse model of path-
ologic angiogenesis was determined using an inducible endothelial specific Ptprb knockout
mouse line.

In this work all in vitro studies were performed on HUVECs. First, PTPRB siRNA effi-
ciency was determined by RT-qPCR with RNA isolated from cells transfected for 48 hours
with a range of siRNA concentrations. Silencing of human PTPRB was efficiently obtained
after transfection with 20 nM of PTPRB siRNA, as observed in RT-qPCR for human PTPRB.
Immunoblotting of transfected cells with commercially available VE-PTP antibodies, includ-
ing one customer-generated VE-PTP antibody, further confirmed the transfection efficiency
of the PTPRB siRNA and the specificity of HPA002700, HPA054453 and Storkbio antibodies,
but not Biorbyt and Invitrogen antibodies, for the human VE-PTP protein. PTPRB silencing
increased VEGFA-induced phosphorylation of VEGFR?2 at Y1175 compared to control. How-
ever, in the same conditions a decrease in Erk 1/2 phosphorylation was observed. Im-
munostaining for VE-PTP and VE-cadherin showed that VE-PTP colocalizes with VE-
cadherin at EC junctions, allowing VE-PTP to interact with VEGFR2.

The impact of Ptprb deletion was explored in vivo using a tamoxifen inducible EC Ptprb
knockout mouse line. Ptprb floxing efficiency was determined using lung tissue of P6
Ptprb"f;Cdh5-CreERT2 and Ptprb! mice treated with tamoxifen. RT-qPCR for mouse Ptprb
and VE-PTP immunoblots, confirmed efficient Cre activation and deletion of floxed Ptprb al-
leles in Ptprb;Cdh5-CreERT2 mice following tamoxifen injection. Postnatal Ptprb gene abla-
tion in P6 mice resulted in impaired retina vascular development, determined by reduced
vessel density, vessel outgrowth and tip cell density. These phenotypic alterations were not
associated with changes in the expression levels of Tie2, FIkI1 and Cdh5. In the OIR mouse
model of ischemia-induced angiogenesis in the retinal vasculature, Ptprb iECKO at P17 re-
duced retina avascular area. However, deletion of Ptprb had no effect on neovascular tuft
number or area.

The current findings indicate that VE-PTP is required in vivo for the normal develop-

ment of the retinal vasculature. We hypothesize that impaired vascular development in Ptprb
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iECKO might be due to decreased Erk 1/2 phosphorylation in response to VEGFA, as ob-
served in vitro. However, more experiments are required to confirm this mechanism in vivo.
In an ischemic disease mouse model, oxygen-induced retinopathy, Ptprb deletion reduced
vessel obliteration possible by increasing VEGFR2 sensitivity to VEGFA, as shown in in vitro
assays. Although, there were no differences on NV tufts in these mice, a trend for increased
tuft number and changes in tuft morphology between Ptprb#/;Cdh5-CreERT2 and Ptprb/f mice
were observed. Nevertheless, tuft morphology should be assessed with more reliable imaging
methods, such as 3D light-sheet fluorescence microscopy, since 2D retina analyses distorts
tissue morphology. Most importantly, retina analyses should be repeated due to the low num-
ber of Ptprbf/f mice used for statistical analyses.

In conclusion, our data supports VE-PTP as a potential target to counteract VEGFA-
induced VEGFR?2 activity, responsible for the onset of several pathologies, including ischemic
proliferative diseases. However, the reduced pErk 1/2 induction in response to VEGFA in
PTPRB-deficient ECs complicates conclusions. Thus, more studies are warranted.
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Figure 5.1. Immunostaining of P6 retinas from Ptprb"/;Cdh5-CreERT2 or Ptprb//f! mice. Eyes from P6
Ptprbfifi;Cdh5-CreERT2 or Ptprb/fl pups treated at P1, P2 and P3 with 100 pg of tamoxifen were used for immuno-
fluorescence analyses. Representative images of whole mount P6 retinas from Ptprb¥ and Ptprb/fi;Cdh5-CreERT2
mice immunostained for CD31, IB4 and Erg. Composite of CD31 and Erg staining was used on Image] for tip cell
density quantification. Vessel density and outgrowth from the optic nerve were quantified on Image]J using CD31
channel. Scale bar, 500 um.
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Figure 5.2. Neovascular tufts from P17 OIR mice. Ptprb/f;;Cdh5-CreERT2 and Ptprb/f mice were submitted to OIR
challenge. Pups were exposed to hyperoxia from P7 to P12. At P12 pups were returned to normoxic conditions and
Ptprb gene deletion was induced by IP injection of 400 pg of tamoxifen at P12, P13 and P14. Eyes from P17 mice
were collected and retinas were used for immunofluorescence analyses. (A) Representative images of whole mount
retinas from Ptprb/¥/ and Ptprb/f;Cdh5-CreERT2 mice, collected at P17 after OIR challenge, stained for CD31. Avas-
cular tissue and neovascular tufts, clusters of disorganized vessels, can be observed. Scale bar, 500 pm. (B) Repre-
sentative images of neovascular tufts from Ptprb¥! and Ptprb//;Cdh5-CreERT2 mice after OIR challenge, stained for
CD31 and p-VE-cadherin Y685. Scale bar, 100 pm.
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