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Chapter 1 

General Introduction

Cardiovascular disease
Blood vessels transport oxygen and nutrients towards the tissue and remove 
waste products. In addition, blood vessels regulate blood flow, maintain a barrier 
between the blood and tissue, participate in the transfer of nutrients, hormones and 
white blood cells, and repair and grow new blood vessels when needed (Onat et 
al., 2011). Investigating blood vessel function is challenging because, in contrast 
to for example immune cells, blood vessels cannot be donated or simply isolated 
to study. Nevertheless, many pathologies are preceded by dysfunctional vessels. 
For example, cardiovascular diseases (CVDs) are often if not always preceded by 
dysfunctional blood vessels. CVDs covers disorders related to the heart and blood 
vessels, and includes coronary heart disease, cerebrovascular disease, peripheral 
artery disease and other conditions (Thomas et al., 2018). CVDs are the leading 
cause of death globally: they account for 32% of all deaths worldwide, and in Europe 
this percentage is even higher; 45% of total deaths are caused by CVDs (Timmis 
et al., 2018). It is evident that thorough understanding of the underlying pathways 
leading to pathology in the vessels is crucial to optimally treat these patients. Thus, 
we need in vitro approaches that allow us to study blood vessel (patho)physiology 
in detail. 

Endothelial cells (ECs) form the inner layer of the blood vessel wall and function as 
critical gatekeepers of the vasculature. The gold standard in vascular cell biology 
research to study ECs in vitro is the use of human umbilical vein endothelial cells 
(HUVECs). These cells are easy to isolate from umbilical cords, material that is 
usually treated as waste material. HUVECs were first successfully isolated and 
cultured in 1973 (Jaffe et al., 1973) and introduced in the Netherlands in the early 
80s by Dr. Jan van Mourik at the Central Laboratory of the Blood transfusion (CLB), 
the former institute of Sanquin (de Groot et al., 1983). These cultured cells display 
all the proteins that are characteristic of ECs, e.g., vascular endothelial cadherin 
(VE-cadherin) (Figure 1). Other proteins expressed by the endothelium are vascular 
endothelial growth factor receptors (VEGFRs), platelet endothelial cell adhesion 
molecule (PECAM-1) and von Willebrand factor (VWF). The HUVEC model has 
been used to study a variety of physiological processes that are characterized by 
vascular defects like chronic inflammation, cancer and CVD (Bachetti & Morbidelli, 
2000; Onat et al., 2011; Rhim et al., 1998).
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Figure 1. Endothelial specific marker, VE-cadherin (green), expressed by HUVEC in a 
monolayer. In addition, F-actin (red) and DNA (cyan) are stained. 

Transendothelial migration: upregulation of adhesion molecules
Upon inflammation, white blood cells patrolling the vasculature need to cross the 
endothelium to reach the site of inflammation to fight infection. This process is highly 
organized and known as the transendothelial migration (TEM) process. It consists 
of several distinctive steps (Figure 2A). First, ECs become activated which leads to 
the upregulation of adhesion molecules like ICAM-1, VCAM-1 and selectins on the 
luminal membrane of the endothelium (McEver, 2015; Vestweber & Blanks, 1999). 
Leukocytes in the blood vessels can bind these adhesion molecules and form so-
called catch bonds, bringing the leukocyte in close proximity to the endothelium and 
initiating leukocyte ‘rolling’ over the endothelium. Besides slowing the leukocytes 
down, these bonds trigger chemokine-mediated activation of leukocyte integrins, 
leading to the next step in the process called firm adhesion (Grönloh et al., 2021). 
When the leukocytes are firmly adherent to the endothelium, they start crawling 
towards a suitable exit site. The last step is the diapedesis, meaning the actual 
crossing of the immune cell across the endothelial layer. This can occur in a para- or 
transcellular manner, i.e., between two cells or through a cell, respectively. Different 
leukocyte subsets prefer different routes of transmigration. Whereas neutrophils 
mostly take the paracellular route, T-cells can take both routes (Schoppmeyer et 
al., 2022). The transmigration process has been widely studied focusing on different 
cell types, for a more in-depth description of the TEM cascade from endothelial 
(Vestweber, 2015) and leukocyte (Ley et al., 2007) point of view, I recommend the 
aforementioned reviews by Vestweber and Ley et al. 

To study the TEM process in vitro, several different systems have been employed by 
many labs worldwide. The most basic one is the so-called Transwell system, existing 
of a porous filter that separates an upper and lower compartment (Muller, 2001).
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Figure 2. Transendothelial migration. (A) Schematic overview of the distinct steps of the TEM 
process. A leukocyte (in this case a neutrophil) flows by, starts rolling on the inflamed endothelium, 
firmly adheres and subsequently starts crawling around for a diapedesis spot. The question mark 
represents the up until now unexplored steps in the cascade. (B) Schematic overview of the TEM 
process in Ibidi dishes. After extravasation, the leukocyte gets ‘stuck’ between the endothelium 
and the glass or plastic bottom of the dish. (C) Schematic overview of the diapedesis process in 
a BVOAC system. After extravasation, the leukocyte is able to migrate through a 3D extracellular 
matrix. Created with BioRender.com

In short, ECs are cultured to a full monolayer on the filter that is coated with an 
appropriate matrix protein like fibronectin, leukocytes are added in the top 
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compartment, and a chemoattractant (e.g., C5a or IL8/CXCL8) is placed in the lower 
compartment. The presence of the chemokine will trigger leukocytes to become 
activated and cross the endothelial monolayer and the filter, and after a set time, the 
number of transmigrated neutrophils can be counted in the lower compartment. This 
system is simple and robust; however, it also has several limitations. First, it is not 
possible to study the process in real time, meaning that the number of leukocytes 
can only be quantified at the end of the assay, missing out potential important 
kinetics and dynamics that may be of high relevance to the process. Second, the 
system lacks flow. The lack of such an important component of the blood circulation 
can be crucial in the outcome when studying TEM. Nowadays, we know that blood 
flow is a great influencer of endothelial cell function and transmigration (Muller & 
Luscinskas, 2008; Yang et al., 2005). A system that overcomes both downsides of 
the Transwell system is the flow chamber system (Kroon et al., 2014). Here ECs 
are grown to confluency in a specialized flow-chamber, which allows live imaging 
of the TEM process with a microscope and therefore different steps of the process 
can be distinguished. In addition, flow can be applied to the chambers, making this 
more physiologically relevant compared to the Transwell system. However, also this 
assay has a big disadvantage: once leukocytes cross the endothelial monolayer 
they become ‘stuck’ between the monolayer and the bottom of the dish (Figure 2B). 
Under normal physiological conditions, leukocytes continue to migrate into the tissue 
once crossing the endothelial layer towards the site of inflammation. 
Thus, we still need to optimize and improve our in vitro assays that mimic the true 
human physiology. To date, the full extravasation process, including intraluminal 
rolling, crawling, diapedesis, and extracellular 3D matrix migration, can only be 
studied using in vivo models as no proper in vitro models are available. As in vivo 
models have their limitations (e.g., they are time-consuming, expensive and the 
number of testable conditions is limited), it would be more than desirable to have an 
in vitro system that allows study of the full process in real time. 

Organ-on-a-chip (OOAC) models use microfluidics-based approaches to create 
biomimetic systems emulating physiological organ function. Blood vessels are well-
suited for OOAC development, as their structure is relatively simple compared to that 
of entire organs (Virumbrales-Muñoz et al., 2020). Blood-vessel-on-a-chip (BVOAC) 
systems typically consist of a tubular endothelial cell monolayer generated in a stiff 
glass or plastic substrate (Farahat et al., 2012; Zervantonakisa et al., 2012; Zheng 
et al., n.d.) or hydrogel (Kim et al., 2016; Sobrino et al., 2016; Wong et al., 2012). 
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Ideally, the system is perfusable and hydrogel-based to allow leukocyte extravasation 
or angiogenic sprouting into the matrix surrounding the vessel. A system that meets 
these requirements is the LumeNext system, which is also highly suited for imaging 
analysis (Jiménez-Torres et al., 2016). Apart from building a 3D blood vessel in a 
physiological matrix, this device allowed us to track the subsequent migration of 
primary human neutrophils as well as T-cells beyond the diapedesis stage into the 
matrix in real-time using confocal microscopy (Figure 2C). Moreover, as already 
mentioned, this device also allows for studying angiogenesis. 

Sprouting angiogenesis
Angiogenesis, the formation of new blood vessels that originate from the existing 
vasculature, is an essential process during development, wound healing, and cancer 
(Carmeliet & Jain, 2011). Starting angiogenic sprouts consist of a leader endothelial 
cell (tip cell), which ‘senses’ the environment and guides migration of the sprout, 
and following (stalk) cells, which proliferate to promote sprout extension and ensure 
correct lumen formation (Arima et al., 2011; Bentley et al., 2014; Jakobsson et al., 
2010). Tip/stalk cell selection requires precise regulation because if all ECs would start 
sprouting and migrating at the same time, vessel integrity would not be preserved. 
It has long been thought that tip/stalk cell selection was a passive process, and that 
once tip/stalk cells were determined this would not change. However, recently it was 
shown that this is a more active process. The selection is continuously re-evaluated 
and stalk cells can take over the leading position to become the new tip cell (Arima 
et al., 2011; Bentley et al., 2014; Jakobsson et al., 2010). 
So, what determines if an endothelial cell becomes a tip or a stalk cell? This is 
regulated by the VEGFA and Notch/Delta-like ligand 4 (DLL4) signaling pathways 
(Hellström et al., 2007; Leslie et al., 2007; Lobov et al., 2007; Siekmann & Lawson, 
2007; Suchting et al., 2007). Angiogenesis is initiated by the presence of VEGFA, 
which activates ECs via VEGFRs of the receptor tyrosine kinase family. ECs can 
express three different VEGFRs (Olsson et al., 2006). Of these three, VEGFR2 
regulates most of the vascular endothelial cell response to VEGFA, like filopodia 
formation, migration, proliferation, vascular permeability and survival (Olsson et al., 
2006), while VEGFR3 fulfills similar roles in lymphatic ECs. In contrast, VEGFR1 has 
a high binding affinity for VEGFA, but weak kinase activity, so it functions more like a 
decoy receptor that sequesters VEGFA away from VEGFR2/3 (Park et al., 1994). Cells 
with a higher VEGFR2 to VEGFR1 ratio have a competitive advantage to become tip 
cells. After binding of VEGFA to VEGFR2, the complex is internalized and collected 
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in early endosomes (Basagiannis et al., 2016; Lampugnani et al., 2006; Simons et 
al., 2016). Thereafter, VEGF/VEGFR2 complexes are either degraded in lysosomes 
or recycled back towards the membrane, regulated by small Rab-GTPases (Ballmer-
Hofer et al., 2011; Jopling et al., 2011). Intracellularly, VEGFA signaling induces the 
expression and activation of transcription factors, leading to increased expression 
of DLL4. In turn, DLL4 activates Notch signaling in the neighboring cell which limits 
DLL4 and VEGFR2 expression while increasing VEGFR1 levels, thereby compelling 
this cell to become a stalk cell (Harrington et al., 2008; Williams et al., 2006). Thus, 
neighboring cells keep each other in check through lateral inhibition mediated by 
VEGFA/Notch signaling. The Notch/DLL4 balance is continuously checked and 
adjusted between cells (Bentley et al., 2014). 

Figure 3. Sprouting angiogenesis. Tip/stalk cell selection is driven by VEGFR2 activation, 

which leads to upregulation of DLL4 in one cell. Consequently, DLL4 interacts with Notch on 

the neighboring cells. Notch activation then leads to a downregulation of DLL4 and VEGFR2, 

compelling these cells to become stalk cells. The cell with high VEGFR2 and DLL4 expression 

has a better chance of becoming a tip cell. Created with BioRender.com

To study sprouting angiogenesis in vitro several assays exist. Two widely used assays 
will be discussed in this thesis. For a detailed description of angiogenesis assays, 
both in vivo and in vitro, the following review is recommended: Nowak-Sliwinska et 
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al., 2018. The spheroid (Korff & Augustin, 1999) and bead assays (Nakatsu et al., 
2003, 2007; Nakatsu & Hughes, 2008) are to a large extent similar. In short, cells are 
“clumped” together (spheroid assay) or incubated on a bead (bead-assay) and are 
placed in 3D gel in the presence of VEGFA (or another growth factor). After several 
hours, sprouts start to emerge from the clump/bead and these can be monitored 
over time. The bead assay makes it easier to distinguish the starting point of the 
sprout, simplifying (quantitative) analysis. In addition, embedding the cells in fibrin 
induces a more pro-migratory behavior, leading to an increased number and more 
efficient sprouting compared to sprouting in collagen gels. The growing sprouts can 
be imaged on a widefield or confocal microscope. Widefield imaging is easier and 
less time-consuming, but the resolution is poor and a lot of information about the 3D 
organization is lost. Therefore, it is beneficial to image these cells with a confocal 
microscope to get information about the Z-dimension. Both assays allow the use of 
transfected or transduced cells (for specific protein knockdown), immunofluorescent 
staining of specific markers, co-cultures and the use of different gels, cells and 
stimuli. 

We optimized the sprouting assay in several ways. The first modification is the 
reduction of the well-size (half the area of a 96-well plate). This leads to much faster 
sprouting; optimal after 36 hours instead of 5 days. HUVECs are not immortal and 
have a limited life span, which makes them unsuitable for long-term experiments. 
The short time required for sprouting in our assay is therefore beneficial since it 
allows for the creation of a stable knockdown population using lentiviral transduction 
and selection, prior to usage of these cells in a sprouting experiment. Second, this 
format enables testing of many conditions in parallel by multi-position imaging, 
followed by automated quantitative analysis of sprouting using our custom-made 
script. Third, using the confocal microscope for (live-)imaging of sprouting revealed 
much more detail about the dynamics of the process and especially in the Z-direction. 
Furthermore, using live-cell labeling, different cell populations could be mixed and 
distinguished in mosaic assays, which allows tracking of the dynamic tip-stalk cell 
competition between cells. The tracking of tip-stalk cell dynamics is also possible 
in in vivo models. Zebrafish embryos are translucent, ideal for live-imaging of the 
development of the vascular system (Ellertsdóttir et al., 2010; Gore et al., 2012, 
2018; Lawson & Weinstein, 2002; Schuermann et al., 2014). A similar level of detail 
of essential processes, like tip/stalk cell dynamics and junctional rearrangement, 
can be obtained in the bead assay compared to sprouting in zebrafish (Lagendijk et 
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al., 2017; Sauteur et al., 2014). Using these methods to study and understand the 
dynamic mechanisms that play a role during sprouting, may eventually benefit the 
treatment of CVDs, since disturbed vessel renewal lies at the root of several vascular 
diseases. 

Barrier function
ECs are connected to their neighbors to create a semi-permeable barrier between the 
blood and tissue (Lum & Malik, 1994). Regulation of this endothelial permeability is 
achieved through cell–cell junctions. These junctions consist of several proteins that 
bind together forming homophilic interactions. When there is initial contact between 
two ECs, this connection is named the adherens junctions (AJs). AJs consist mostly 
of VE-cadherin (Dejana, 2004) and are dynamic junctions present throughout the 
vasculature. Another type of junctions are tight junctions (TJs), which are more rigid 
and mostly consisting of claudins and occludins (Wallez and Huber, 2008). TJs are 
not present in every vascular bed, but are typical for arteries. These junctions are 
highly present in the blood-brain barrier, where they regulate the passage of fluids 
and small proteins (Greene and Campbell, 2016). Barrier integrity is regulated by 
many different stimuli, ranging from chemical and biological stimuli to mechanical 
stress (Rahimi, 2017). Cell-cell junctions are connected to the actin network and 
are maintained by actin cytoskeletal organization and adhesion molecules. The key 
regulators of the actin cytoskeleton and, thus, of endothelial permeability are small 
GTPases of the Rho family (Vandenbroucke et al., 2008). Rho GTPases are proteins 
that are involved in many cellular processes, which include cell motility and adhesion. 
They oscillate between an inactive GDP-bound and active GTP-bound state. The 
exchange of GDP for GTP is catalyzed by Rho guanine nucleotide exchange factors 
(RhoGEFs), while GTPase activating proteins (RhoGAPs) perform the opposite, 
i.e., hydrolyzing GTP to GDP and thereby inactivating the protein (Wojciak-Stothard 
& Ridley, 2002). A RhoGEF that has shown its importance in the regulation of 
endothelial barrier function is Trio, which is one of the most abundant RhoGEFs 
in the endothelium (Hernández-García et al., 2015). Trio has three active domains 
(hence the name Trio): two separate GEF domains, and a serine/threonine kinase 
domain. The Rho GTPases that are directly activated by Trio are Rac1, RhoG and 
RhoA (Bellanger et al., 1998; Debant et al., 1996). The GEF1 domain activates Rac1 
and RhoG, which leads to lamellipodia formation and migration of cells. In contrast, 
RhoA is activated by the GEF2 domain, and its activation is associated with stress 
fiber formation and cell contraction. 
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Our group has shown that, upon ligation of VE-cadherin in vitro, Trio is recruited 
to AJs (Timmerman et al., 2015). The recruitment of Trio to VE-cadherin, a Notch-
dependent process, initiates the local activation of Rac1, subsequently resulting in 
the stabilization of AJs (Polacheck et al., 2017). In line with this, silencing of Trio 
impaired the ability of the endothelial barrier to recover from thrombin-induced 
disruption, most likely due to the inability to locally activate Rac1. Overexpression 
of the GEF1 domain of Trio leads to strong and stable junctions, leading to an 
increased barrier function (Klems et al., 2020). These studies implicate an important 
role for Trio in not only maintenance of the adherens junctions of ECs, but also in the 
restoration of the endothelial barrier upon events such as inflammation (Timmerman 
et al., 2015). 

In contrast, other studies have shown that Trio can also destabilize junctions via its 
GEF2 domain (Mikelis et al., 2015). For example, stimulation of ECs with histamine 
leads to cell contraction via RhoA, which is mediated by Trio (Mikelis et al., 2015). So, 
the environmental factors probably determine if Trio aids in stabilization or disruption 
of the barrier. The global Trio knockout mouse dies during embryonic development 
or shortly after birth (O’Brien et al., 2000), indicating that Trio is essential during the 
later stages of development. It is not known if this lethality is due to a vascular defect, 
as the group investigating these mice solely focused on the skeletal muscle and 
brain. To further study the potential role of Trio in the development of the vasculature 
is most encouraged. Not least because comprehending the factors that aid or disrupt 
endothelial barrier function is vital for understanding blood vessel physiology, and 
can possibly help patients with vascular disease resulting from barrier defects. 
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Scope of the thesis
In this thesis several aspects of vascular function are studied. Classical techniques 
and methods are used, but in addition new techniques are implemented. For example, 
in Chapter 2, the implementation and application of a blood-vessel-on-a-chip 
(BVOAC) is described. Using BVOAC, we can create functional blood vessels. With 
these vessels we can study the transmigration process in detail and are able to show 
that leukocyte subsets migrate in a distinct manner when they leave the vasculature. 
In Chapter 3, we combined this BVOAC system with neutrophils from a patient with 
a rare genetic defect. The neutrophils of this patient lack the actin adaptor protein 
ARPC1B, hindering the migration of these cells. In the BVOAC system, we can show 
that these cells are able to migrate through the endothelium but are hindered in their 
subsequent migration. In Chapter 4, the bead assay for sprouting angiogenesis 
is improved and described in detail, and a new workflow is presented that allows 
the assessment of competitive cell behavior during sprouting by prolonged live-cell 
imaging in 3D. This assay is then used to study the function of the GTPase Rab5C 
in vitro in Chapter 5. The results found in vitro are then confirmed in zebrafish, 
highlighting the important interplay between cell and animal studies. In this chapter, 
we show that the Rin2/Rab5C complex is essential for VEGFR2 regulation in ECs. 
By preventing VEGFR2 degradation, this complex plays an important role in tip/
stalk cell selection and therefore angiogenesis. Chapter 6 gives an overview of the 
role of the RhoGEF Trio in the vasculature. This role is then further investigated in 
Chapter 7 where both in vivo and in vitro methods are used to elucidate the function 
of this intriguing protein. Finally, in Chapter 8, I present an overview and combine 
the findings presented in the chapters with the existing knowledge from the literature 
and how this may be integrated in the current view and future treatment on CVD. 
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Abstract
Leukocyte extravasation into inflamed tissue is a complex process that is difficult to 
capture as a whole in vitro. We employed a blood- vessel-on-a-chip model in which 
human endothelial cells were cultured in a tube-like lumen in a collagen-1 matrix. 
The vessels are leak tight, creating a barrier for molecules and leukocytes. Addition 
of inflammatory cytokine TNF-α (also known as TNF) caused vasoconstriction, ac-
tin remodelling and upregulation of ICAM-1. Introducing leukocytes into the vessels 
allowed real-time visualization of all different steps of the leukocyte transmigration 
cascade, including migration into the extracellular matrix. Individual cell tracking 
over time distinguished striking differences in migratory behaviour between T-cells 
and neutrophils. Neutrophils cross the endothelial layer more efficiently than T-cells, 
but, upon entering the matrix, neutrophils display high speed but low persistence, 
whereas T-cells migrate with low speed and rather linear migration. In conclusion, 
3D imaging in real time of leukocyte extravasation in a vessel-on-a-chip enables 
detailed qualitative and quantitative analysis of different stages of the full leukocyte 
extravasation process in a single assay.

Key words: Leukocyte transendothelial migration, Endothelial cells, Inflammation, 
Blood-vessel-on-a-chip, Tissue, Extracellular matrix, Physiological hydrogel, Blood 
vessels, Migration dynamics

Introduction
Leukocyte transendothelial migration (TEM) forms the basis of immune surveillance 
and pathogen clearance, and hence plays a pivotal role in many ( patho)physiological 
processes. This process is highly regulated and strongly differs between the various 
leukocyte subsets and tissues involved. Leukocyte extravasation mainlyoccurs in 
postcapillary venules, where adherens junctions allow for transient opening of the 
barrier to allow leukocytes to pass.
Importantly, most venules only allow leukocyte TEM when the surrounding tissue is 
inflamed, thereby locally exposed to pro- inflammatory cytokines. One of those is 
tumour necrosis factor-α (TNF-α; also known as TNF), which is produced by a variety 
of cells under inflammatory conditions (Heller and Krönke, 1994). Once leukocytes 
have crossed the endothelial barrier, they continue migrating into the underlying 
matrix to fight the invading pathogens (Woodfin et al., 2010). Tissue penetration is an 
important aspect of the extravasation process as this determines whether a pathogen 
will be successfully cleared or not (Yamada and Sixt, 2019). It is therefore essential 
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to understand how immune cells migrate through the extracellular matrix once they 
have crossed the endothelium. To date, the full extravasation process, including 
intraluminal rolling, crawling, diapedesis and extracellular 3D matrix migration, can 
only be studied using in vivo models as no proper in vitro models are available. As in 
vivo models have their limitations, it would be more than desirable to have an in vitro 
system that allows study of the full process in real time.
Research regarding the TEM process on a cellular level is mainly done using 2D 
in vitro models, generally based on endothelial cell monolayers cultured on flat stiff 
surfaces, such as coverslips (Muller and Luscinskas, 2008). Substrate stiffness has 
been shown to affect cell–cell and cell–matrix interactions of endothelial cells, as well 
as leukocyte–endothelial cell interactions and, subsequently, TEM (Huynh et al., 2011; 
Stroka and Aranda-Espinoza, 2011). Another limitation is that leukocytes encounter 
this stiff impermeable surface after traversing the endothelial barrier, making it 
impossible to study leukocyte detachment from the vessel and entry into the tissue. 
Three-dimensional systems, such as transwell assays and Boyden chamber assays, 
allow leukocytes to advance beyond the endothelial cell monolayer; however, these 
systems are unsuitable for microscopy-based imaging and are also based on stiff 
substrates (Muller and Luscinskas, 2008). To achieve the next step in TEM research, 
a more intricate model is required that allows imaging of the entire process from the 
luminal side of the endothelium into a physiological matrix substrate.

Organ-on-a-chip (OOAC) models use microfluidics-based approaches to create 
biomimetic systems emulating physiological organ function. Blood vessels are well 
suited for OOAC development, as their structure is relatively simple compared to 
entire organs (Virumbrales-Muñoz et al., 2020). Knowledge on vascularization of in 
vitro systems obtained from blood-vessel-on-a-chip (BVOAC) models could also be 
applied to organoids to overcome their current size and function limitations. BVOAC 
systems typically consist of a tubular endothelial cell monolayer generated in a stiff 
glass or plastic substrate (Farahat et al., 2012; Zervantonakis et al., 2012; Zheng 
et al., 2012) or hydrogel (Wong et al., 2012; Kim et al., 2016; Sobrino et al., 2016). A 
perfusable and hydrogel-based BVOAC system overcomes the aberrations associated 
with stiff substrates and, in addition, allows leukocytes to extravasate into the matrix 
surrounding the vessel.
A system that meets these requirements is the LumeNext system, which is also highly 
suited for imaging analysis (Jiménez-Torres et al., 2016). Apart from building a 3D 
blood vessel in a physiological matrix, this device allowed us to track the subsequent 
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migration of primary human neutrophils as well as T- cells beyond the diapedesis 
stage into the matrix in real time using confocal microscopy. We discovered that 
neutrophils and T- lymphocytes use markedly different migration modes to enter 
the tissue. Moreover, by applying a chemotactic gradient of complement component 
5a (C5a) into the hydrogel matrix, we found that C5a did not increase the number 
of neutrophils that crossed the endothelium, but rather promoted migration towards 
C5a by adjusting the directionality of cell migration, while reducing migration speed. 
These findings demonstrate that the combination of cutting-edge BVOAC systems 
with advanced microscopy offers valuable new insights into how different leukocyte 
subsets respond to chemokines and cross the vascular barrier and enter the tissue.

Results
Characterization of endothelium-lined blood vessels
To study leukocyte TEM in a reproducible BVOAC device and monitor this in real 
time, we used the LumeNext device (Fig. 1A) (Jiménez-Torres et al., 2016). Human 
endothelial cells were seeded in the lumen inside a collagen-1 matrix using a head-
over-head incubator, allowing the formation of a 3D vessel (Fig. 1B). Staining of 
VE-cadherin, F-actin and nuclei showed the formation of a confluent endothelial  
monolayer (Fig. 1C), as well as a vascular lumen (Fig. 1D). Detailed imaging showed 
a confluent endothelial monolayer with linear junctions, marked by VE-cadherin and 
F-actin, representative of a functional barrier (Fig. 1E) (Ando et al., 2013).
As the barrier function of endothelial monolayers is an essential function of blood 
vessels, we measured the barrier function in the BVOAC model by perfusing the 
lumen with fluorescently labelled 70 kDa dextran, of a comparable size to albumin, 
an abundant plasma protein. In a non-vascularized lumen (i.e. no endothelial 
lining),dextran rapidly diffused into the matrix, whereas in endothelialized lumen, 
dextran was contained for more than 20 min without leakage. Addition of thrombin, 
a well-known vascular permeability factor (Van Nieuw Amerongen et al., 1998) to the 
lumen temporally induced endothelial permeability that recovered over time (Fig. 
1F,G). This shows that the vessels are functionally lined with endothelial cells and 
provide a proper barrier function.
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Figure. 1. Making and characterization of the blood-vessel-on-a-chip (BVOAC). (A) 
Overview of the device: six chambers to make a BVOAC (left), zoom-in on one BVOAC 
(middle) and schematic overview of one vessel place (right). PDMS, polydimethylsiloxane. 
(B–D) Differential interference contrast (DIC) (B) and confocal (C) image of a lumen lined with 
endothelial cells, and orthogonal view showing the open lumen of the BVOAC (D, left) and the 
Imaris surface rendering (D, right). (E) Zoom-in on the BVOAC in D, showing the endothelial 
monolayer. (F,G) Representative images of leakage of 70 kDa dextran in the BVOAC (F) and 
quantification of the leakage 5 min after injection (G). Quantification was done by measuring 
the average fluorescent intensity over the y-axis of the image, which is then normalized to the 
maximum signal measured. The red dashed lines represent the vessel outlines. A.U., arbitrary 
units. Scale bars: 3 mm (A, left), 1 mm (A, right), 100 µm (B–D), 50 µm (E).

BVOAC under inflammatory conditions
Upon inflammation, the endothelium upregulates crucial adhesion molecules and 
chemokines required for leukocyte extravasation. Therefore, we incubated the 
vessels overnight with the inflammatory mediator TNF-α to activate the endothelial 
cells (Fig. 2A,B). Interestingly, TNF-α did not alter the number of endothelial cells in the 
BVOAC (Fig. 2C) but did lead to a smaller vessel diameter 24 h after addition of TNF-α 
(Fig. 2D). TNF-α treatment resulted in the induction of actin stress fibres through 
the cell body and the upregulation of ICAM-1 (Fig. 2E). In untreated cells, F-actin 
was predominantly present at the cell junctions, where they colocalized with VE-
cadherin. In TNF-α-treated cells, cytosolic actin stress fibres are observed in addition 
to junctional actin stress fibres (Fig. 2F). In addition, the endothelial cells produced 
a layer of collagen IV around the vessel, making up a basement membrane (Fig. 
2G). In the orthogonal view, it can be observed that the collagen IV is present at the 
basolateral side of the endothelium (Fig. 2H). The reduced vessel size, upregulation 
of ICAM-1, increased stress fibre formation and presence of collagen IV around 
the vessel illustrate that the endothelial cells were in an inflamed state after TNF- α 
treatment.

3D analysis of leukocyte transmigration in vessels
Next, we investigated TEM of neutrophils in the BVOAC model. Neutrophils were 
injected into uninflamed and inflamed vessels and incubated for 2.5 h. The devices 
were then washed to remove non-adherent neutrophils, fixed and imaged using 
confocal microscopy. We found that neutrophils not only crossed the endothelial 
monolayer but also continued migration into the underlying collagen matrix (Fig. 3A).
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Figure. 2. TNF-α in the vessel induces inflammation. (A,B) Overview of a control (A) or TNF-
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in TNF-α-treated vessels compared to control vessels. ns, not significant; *P<0.05 (Student’s 
t-test). (E,F) Representative images of control and inflamed endothelial cells (E) and junctions 
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with line plots showing the localization of VE-cadherin and actin in these junctions (F). (G) 
Representative images of the presence of collagen IV around the vessels. (H) Orthogonal 
view of a vessel with collagen IV staining around. Scale bars: 100 µm (A,B), 50 µm (E,H), 25 
µm (F,G). Data quantified from five control and nine TNF-α-treated BVOACs for the number of 
endothelial cells per BVOAC. Diameter measurements were taken on 10 control and 20 TNF-
α-treated BVOACs. Staining and line plots were performed on three BVOACs per condition.

Imaris software was used to generate a 3D rendering of the BVOAC, whichrevealed 
that neutrophils mostly transmigrated to the bottom of the vessel (Fig. 3B) due 
to gravity. When allowing transmigration during continuous turning of the device, 
thereby reducing the effect of local gravity, we found that neutrophils left the vessels 
at all sides (Fig. S1). This rendering was adapted for analysis by manually creating a 
surface at the position of the vessel (Fig. 3C) and creating spots at the centre of mass 
for neutrophils (Fig. 3D), based on automatic detection and manual curation. Following 
this analysis step, we were able to calculate the distance between the surface and 
the individual spots, which were then colour coded, with warm colours representing 
longest distance from the endothelium into the matrix (Fig. 3D). This analysis allowed 
us to distinguish between the different steps of TEM, namely adhesion, diapedesis 
and penetration into the ECM (Fig. 3F). To demonstrate the three different steps 
of the TEM cascade, we imaged in more detail the wall of the vessel and were 
able to observe the full TEM process, i.e. rolling, adhesion and diapedesis (Fig. 3G; 
Movies 1 and 2). In Movie 2, neutrophils transmigrate at the same spot, shortly after 
each other, indicating the possible presence of a transmigration hotspot (Grönloh et 
al., 2021). Quantification showed that the distance neutrophils travelled from the 
vessels into the matrix ranged from −18 µm (in the lumen) to 286 µm into the matrix 
(Fig. 3E). Neutrophils with a distance of ≤8 µm from the vessel were still adhering to 
the endothelium. From these data, we conclude that this new analysis tool can track 
individual neutrophils at all stages of TEM, comparable with in vivo analysis.

BVOAC allows chemokinesis-mediated TEM into the tissue
To quantify the number of neutrophils that left the vessel lumen and entered the 
matrix, we used a 3D rendering and tracking approach to study chemokine-induced 
neutrophil TEM under inflammatory conditions. This 3D rendering allowed us to
observe a difference in number of transmigration events that was not detectable 
using a 2D analysis (Fig. 4A,B). Using this approach, we accurately discriminated 
between adherent and transmigrated neutrophils (Fig. 4A), revealing a strong
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BVOAC (left) and the leukocytes (right). (D) Overview of the BVOAC surface with colour-
coded spots based on the distance from the surface, allowing calculations and analysis. 
(E) Distribution of the distance between the leukocytes and the vessel displayed in D. (F) 
Schematic overview of the different transmigration steps: adhering to the endothelial cells 
on the inside of the lumen (blue circle), diapedeses ( pink circle) and transmigrated cells 
(red circle). EC, endothelial cell. (G) Orthogonal view of stills taken from detailed high-speed 
imaging of neutrophil transendothelial migration (TEM) in the vessel over time. Scale bars: 
150 µm (B,C), 100 µm (A,D), 15 µm (G).

increase in both leukocyte TEM states in TNF-α-stimulated vessels compared to 
control vessels (Fig. 4C). Interestingly, neutrophils that crossed TNF-α-stimulated 
endothelium migrated further away from the vessel than neutrophils that crossed 
untreated endothelium, indicating that the inflamed endothelium may stimulate 
neutrophil migration (Fig. 4D).
To test whether neutrophils respond to a chemotactic gradient, we injected C5a, a 
chemoattractant, into one of the matrix inlets (see schematic in Fig. 4E). Addition 
of C5a did not alter the number of neutrophils that crossed inflamed endothelium 
(Fig. 4H) but changed the migration direction of neutrophils towards C5a significantly 
(Fig. 4F,G,I). Interestingly, whereas the migration distance that neutrophils travelled 
was not different between the two sides under control conditions (Fig. 4J, left), in the 
presence of C5a on one side the migration distance towards this side was significantly 
increased  (Fig. 4J, right). In summary, these data demonstrate that luminal application 
of TNF-α in this BVOAC model strongly enhances neutrophil extravasation and 
entry into the surrounding matrix, which can be directionally steered by applying a 
chemotactic gradient inside the matrix.

T-cell transmigration through a human umbilical vein endothelial cell (HUVEC)-lined 
vessel and neutrophil transmigration in pancreatic and lung microvascular vessels 
To examine the versatility of this system and determine whether this system is also 
suitable for analysing T-cell TEM, we injected purified T-cells into the lumen of both 
inflamed and control vessels. After 2.5 h, vessels were flushed, fixed and imaged 
(Fig. 5A,B). We found that the number of adhered and transmigrated T-cells
was five times increased in inflamed vessels compared to control conditions (Fig. 
5C). In addition, T-cells migrated further into the underlying matrix when the vessels 
were inflamed (Fig. 5D), in line with the finding that neutrophils also extended their 
migration track when crossing inflamed endothelium. However, whereas neutrophils



2

35

TEM induces differential migration dynamics in tissue matrix

 
A

B C

D

E F G

H

I J

C
on

tro
l 

TN
F

Top View Side view

C
on

tro
l 

Top View Side view

C
5a

C5a

C5a

Vessel

Control C5a
0

100

200

300

400

# 
of

 T
EM

 n
eu

tr
op

hi
ls

ns

Control 

Control 

+

Ctrl

Ctrl Ctrl
0

20

40

60

Av
er

ag
e 

di
st

an
ce

 p
er

 n
eu

tro
ph

il 
[ µ

m
]

ns

Ctrl +C5a
0

20

40

60

Av
er

ag
e 

di
st

an
ce

 p
er

 n
eu

tro
ph

il 
[µ

m
]

✱

Ctrl + C5a
0

50

100

150

Nu
m

be
r o

f n
eu

tro
ph

ils
 p

er
 s

id
e ✱✱✱

Ctrl Ctrl
0

50

100

150

Nu
m

be
r o

f n
eu

tro
ph

ils
 p

er
 s

id
e

ns

TNFα
0

20

40

60

80

100

M
ig

ra
tio

n 
di

st
an

ce
 [μ

m
] ✱

0

200

400

600

800

# 
of

 n
eu

tr
op

hi
ls

 p
er

 v
es

se
l

Adhered

TEM
✱

✱

TNFα

Figure 4

Figure. 4. Neutrophil transmigration in a 3D environment. (A,B) Representative top 
view (A) and side view (B) images of neutrophil transmigration in control and TNF- α-treated 
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BVOAC. (C,D) Quantification of the number of neutrophils per field of view (C) and average 
transmigration distance after exiting the BVOAC (D). (E) Diagram of the experiment with one-
sided addition of C5a. (F,G) Representative top view (F) and side view (G) images of neutrophil 
transmigration in TNF-α-treated BVOAC with C5a or PBS on one side. (H–J) Quantification 
of the total number of transmigrated neutrophils per field of view (H), number of neutrophils 
per side of PBS (I, left)- and C5a (I, right)-treated BVOAC, and average migration distance 
between left and right of PBS (J, left)- or C5a (J, right)-treated BVOAC. Scale bars: 150 µm. 
Data quantified from four BVOACs per condition for neutrophil TEM and three BVOACs per 
condition for C5a TEM. ns, not significant; *P<0.05, ***P<0.001 [unpaired t-test (C,D), paired 
t-test (I,J)].

travelled from the vessel into the matrix for on average 83 µm, T-cells only travelled
on average 44 µm, indicating that the intrinsic migration speed of neutrophils through 
the 3D matrix is 89% higher than that of T-cells.
In addition to using different leukocyte subsets, we analysed whether different 
endothelial cells may be used to generate the vessel. For this, we used human 
microvascular endothelial cells from the lungs and pancreas. Both cell types formed 
a nice vessel (Fig. 5E,F). Next, neutrophils were added to the vessels of both 
endothelial cell types, similar to previous experiments. Neutrophils transmigrated 
across both endothelial cell types and migrated into the matrix (Fig. 5G). Although 
the total number of cells in the field of view did not differ between lung and pancreas 
vessels (138 and 158, respectively), transmigration percentage was increased in 
the lung vessels (78% and 41%, respectively). The distance travelled by neutrophils 
from the vessel into the matrix was similar in both cell types (Fig. 5H). These data 
indicate that the BVOAC device is very versatile, both for different leukocyte and 
endothelial cell types, and can be adjusted to the research question that needs to 
be answered.

Live-cell imaging reveals differences in leukocyte migration
We next investigated the source of the difference in migration distance between 
T-cells and neutrophils. Although 3D confocal imaging analysis offers a more 
accurate detection of transmigration events compared to 2D widefield imaging, it 
does not allow us to distinguish between actual migration speed and relative track 
distance over time. Using high-speed imaging, we generated z- stacks of 200 µm 
with a time interval of 10 s, giving us sufficient spatiotemporal resolution for semi-
automatic tracking of individual leukocytes through the collagen matrix in time. 
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Automatic tracking was performed on all leukocytes in the field of view, after which 
tracks were filtered to exclude neutrophils exiting or entering the field of view.
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Figure. 5. T-cell transmigration in a 3D-environment. (A,B) Representative top view (A) 
and side view (B) images of T-cell transmigration in control and TNF-α- treated BVOAC. (C,D) 
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(D). (E,F) Representative top view (E) and side view (F) images of neutrophil transmigration 
in vessels lined with lung or pancreatic endothelial cells. (G,H) Quantification of the number 
of adhered and transmigrated cells (G) and migration distance of the transmigrated cells (H). 
Scale bars: 50 µm. Data quantified from four ( pancreas), five (control, lung vessels) and six 
(TNF-α-treated) vessels per condition. *P<0.05, ****P<0.0001 (unpaired t-test).

For analysis requiring complete leukocyte tracks, such as displacement or total track 
length, we selected ten tracks per experiment, which were manually checked to 
ensure quality of the  data. Using this approach, we were able to track migrating 
neutrophils or T-cells in time in 3D (Fig. 6A,B; Movies 3 and 4). We found that the 
migration speed of T-cells inside the matrix after crossing the inflamed endothelium 
is significantly slower on average than that of neutrophils (Fig. 6C; 0.10±0.03 µm/s 
and 0.20±0.02 µm/s, respectively). Based on these measurements, neutrophil 
migration speed is 100% higher than that of T-cells, which is different from the 89% 
larger migration distance observed in the end-point experiment. To assess whether 
the speed of both leukocyte subsets was consistent over time from the initial start 
until the end of the recordings, we compared the initial and final migration speed, 
and found that both neutrophils and T-cells maintain a constant speed over time (Fig. 
6D,E).
Next, we analysed the linearity of the migration tracks, which is defined as the ratio 
of the displacement over the total distance travelled by that cell (Boissonnas et 
al., 2007). This ratio has a maximum of 1, which occurs when the cells travelled 
in a straight line from the start position to the end position. We found that T-cells 
migrate in a more linear manner than neutrophils (Fig. 6F; 0.25±0.07 and 0.10±0.02, 
respectively). Accordingly, the total distance travelled within the same timeframe was 
higher for neutrophils than for T-cells (Fig. 6G; 948 µm versus 400 µm, respectively). 
These results indicated that neutrophils exerted a more intrinsic exploratory behaviour 
than T-cells in our system. Therefore, we conclude that neutrophils migrate faster but 
wander around more through the collagen, whereas T-cells migrate slower, but in a 
more directed fashion.

C5a gradient increases neutrophil speed in the first half hour
We examined to what extent the exploratory behaviour of neutrophils can be 
regulated by a chemotactic gradient such as C5a. Three-dimensional live imaging of 
neutrophil migration in the presence of a C5a gradient showed that most
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Figure. 6. Live transmigration of neutrophils and T-cells. (A) Stills from a video in which 
neutrophils (top row) and T-cells (bottom row) migrate out of the BVOAC. Per condition, one 
track representing the general migration manner of that leukocyte is highlighted. (B) Zoom-in 
on the track at t=60 of both neutrophils (left) and T-cells (right). (C–G) Quantification of the 
average track speed (C), initial and final migration speed of neutrophils (D) and T-cells (E), 
linearity (F) and track length G) for both neutrophils and T-cells. Scale bars: 50 µm. Data 
quantified from ten cells per BVOAC and three BVOACs per condition. ns, not significant; 
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*P<0.05, **P<0.01, ***P<0.001 (unpaired t-test).

neutrophils migrated towards the chemoattractant (Fig. 7A,B; Movie 5), confirming 
our previous results. Interestingly, when analysing the direction of migration over 
time, we observed that the C5a-driven migration pattern occurred predominantly 
in the first 15 min of the experiment. After this time point, C5a-driven migration 
directionality was strongly diminished and neutrophil migration directionality 
appeared to be random, as if no chemoattractant was present (Fig. 7C,D). We also 
calculated the speed of the neutrophils that were exposed to C5a and found that, 
over the course of the experiment, the speed was reduced (Fig. 7E). We found that 
the migration linearity was significantly increased in the presence of C5a compared 
to the control condition (Fig. 7F; 0.17±0.04 versus 0.10±0.02, respectively). The 
decreased migration speed and increased directionality together led to a total 
migration distance that was not changed in the presence of C5a compared to 
control (Fig. 7G). These data indicate that the chemotactic gradient in the matrix 
disappeared in time, with the consequence that neutrophils change their migratory 
behaviour from a linear to a random migration pattern.
In conclusion, this BVOAC device enables us to accurately visualize and analyse 
TEM of primary human leukocytes in 3D over time, which can be modulated by 
applying a chemoattractant gradient. As such, this novel platform holds great promise 
for future studies unravelling the complex cellular and molecular mechanisms that 
underlie leukocyte TEM.

Discussion
Leukocyte extravasation through the vessel wall is mostly studied using classical 
in vitro 2D models that allow for analysis of the molecular details of this process. 
However, in these models endothelial cells are typically cultured on artificial stiff 
substrates, which alters endothelial behaviour and responses. Moreover, these 
models preclude analysis of the final part of the leukocyte extravasation, 
penetration of the surrounding matrix. Thus, there is an urgent need for a proper in 
vitro model that mimics the in vivo conditions and allow the study of molecular details 
of this process. We demonstrate that a hydrogel-based BVOAC model perfectly 
meets these demands and allow study of the full extravasation process at the single-
cell level in 3D over time.
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Figure. 7. Live transmigration of neutrophils and migration dynamics with C5a. (A,B) 
Stills from a movie showing the migration of neutrophils towards one side from side (A) and 
top (B) view. (C) The wind rose plots show the distribution of leukocyte migration directions at 
distinct times as shown in the keys. Each concentric axis indicates 1.7% of the total number of 
neutrophil movements at the indicated time. (D) Quantification of the direction of neutrophils 
in the control and C5a condition over time. The red dashed line represents the situation in 
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which leukocyte migration in every direction is equal, and directionality is not observed. (E–G) 
Quantification of the initial and final speed of neutrophils in the presence of C5a (E), end-point 
distance from the vessel (F), and the ratio between the end- point distance from the vessel 
and the total length travelled, also called linearity (G). Scale bars: 50 µm. Data quantified from 
ten cells per BVOAC and three BVOACs per condition. ns, not significant; *P<0.05, **P<0.01, 
***P<0.001 [unpaired t-test (D,F,G); paired t-test (E)].

In the human body, inflammation typically leads to vasoconstriction by contracting 
smooth muscle cells around the vessel wall (Pleiner et al., 2003; Lim and Park, 
2014). Leukocyte extravasation mostly occurs in inflamed post-capillary venules, 
where the blood vessels only consist of a single layer of endothelial cells (Baluk et 
al., 1998). Because inflammatory mediators such as TNF-α induce strong F-actin 
stress fibres, they are expected to induce cellular tension and potential contraction 
on an endothelial monolayer (Wójciak-Stothard et al., 1998). In 2D monolayers, 
TNF-α stimulation leads to the formation of intracellular gaps, an observation that 
is supported by an increase in permeability. However, using the BVOAC model, 
we confirmed that TNF-α increased the number of F-actin stress fibres, and the 
vessel lumen diameter was reduced, instead of a loss of contact between individual 
endothelial cells and the formation of intracellular gaps. In addition, in the human 
body, vessels are surrounded by a collagen IV layer (Yurchenco, 2011; Xu and Shi, 
2014). In our system, this collagen IV layer was also present, mimicking in vivo- like 
conditions. This indicated that the BVOAC much better represents the physiological 
situation than any 2D cell culture model used to study inflammation-related events.
In addition, when culturing endothelial cells on glass or plastics, F-actin stress fibres 
are prominently present through the cell body, even without inflammatory stimuli. 
In human arteries, these fibres are also prominently present; however, in veins and 
post-capillary venules, such fibres are lacking (Van Geemen et al., 2014). Under 
control conditions, the BVOAC model represents the in vivo non- inflamed condition, 
as we observed no endothelial F-actin stress fibres. Only upon stimulation with 
TNF-α do stress fibres appear in the cell body. Therefore, we conclude that our 
in vitro-generated vessels accurately represent both resting and inflamed states of 
blood vessels in vivo, and thus are a major improvement compared to conventional 
inflammatory 2D models.

Another point where the BVOAC system shows its potential as a model is importance 
of real-time analysis of migrating leukocytes in 3D. When comparing end-point 
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measurements with real-time TEM data, we found that our analysis of fixed samples 
leads to a large underestimation of the migration distance, particularly for leukocytes 
such as neutrophils that exhibit a strong exploratory behaviour. A schematic 
representation illustrating the various measurement methods and the difference they 
report for identical events is displayed in Fig. 8A. Based on end-point measurement, 
we observed that neutrophils migrated further away from the vessel than T-cells in 
the same timeframe, indicating higher migration speed for neutrophils. Using live 
imaging, we found that the effect is even larger than expected due to their exploratory 
behaviour through the matrix. Live imaging also allowed us to discriminate between 
migration behaviour of the neutrophil away from, but also back towards, the vessel. 
This type of migration behaviour would otherwise not be observed.

T-lymphocyte migration is characterized by the stop-and-go manner they display 
to survey the environment, which makes speed measurements challenging (Dupré 
et al., 2015; Jerison and Quake, 2020). Sadjadi and colleagues investigated the 
migration speed of T-cells in different collagen concentrations (Sadjadi et al., 2020). 
They tested 2, 4 and 5 mg/ml. In our system, we used ~2.5 mg/ml and measured 
a speed of 6 µm/min, comparable with the speed observed by Sadjadi et al. in 2 
mg/ml collagen. This is supported by the study of Niggemann et al., who found a 
migration speed of 7 µm/min in a collagen concentration of 1.67 mg/ml (Niggemann 
et al., 1997). In vivo, higher migration speeds are observed (10–15 µm/min), but 
this depends on activation status and differs between organs (Miller et al., 2002). 
Neutrophil migration speed measured in our system is 12 µm/min. A recent study by 
Wolf et al. measured speed of neutrophils in 3.3 mg/ml and 8 mg/ml collagen gels 
and observed migration speeds of 5–10 µm/min (Wolf et al., 2018). Considering 
that the collagen concentration in our study is slightly lower, the speeds found in 
our experiments support the speeds mentioned in the literature for both T-cells and 
neutrophils. The hydrogel-based BVOAC system allows us to study the full TEM 
process in real time in great detail, not hampered by the limitations of classical TEM 
models. However, there is an important parameter of TEM lacking in this system, 
which is flow. The importance of flow for endothelial cell function has been shown 
extensively and is known to affect TEM (Kitayama et al., 2000; Conway et al., 2017; 
Polacheck et al., 2017). The addition of flow to our BVOAC model would be the next 
important step, allowing us to investigate the full TEM multistep process from rolling 
and adhesion, to transmigration and penetration of the collagen matrix in one assay.
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Using the BVOAC, we found that neutrophils migrate twice as fast as T-cells, 
and that both cell types showed increased migration distance in 3D when first 
crossing an inflamed endothelial lining. This finding highlights the benefits 
and opportunities of a BVOAC model over 2D models. Moreover, neutrophils 
migrate in a random fashion whereas T-cells have a much more directed migration 
pattern. Under a chemotactic gradient, neutrophil migration adopts more T-cell-
like directionality for a limited amount of time, before reverting to the exploratory 
migration pattern. Schematic representations of the various migration dynamics 
are shown in Fig. 8B. Because of the real-time imaging possibility, we found that 
neutrophils can also migrate back to the vessel once they have entered the matrix. 
Others have reported on this phenomenon, called reverse transmigration, as well, 
using in vivo animal models (Woodfin et al., 2011; Colom et al., 2015). The BVOAC 
model now opens new opportunities to study reverse transmigration at the molecular 
level. This remarkable migration behaviour can also be found when neutrophils do 
not sense the chemotactic gradient anymore, indicating that the endothelial vessel 
wall might, in fact, attract neutrophils back once the final destination in the tissue 
has been reached and gradients are cleared. This type of migration is typical for 
resolving inflammation and was studied using in vivo models (Peiseler and Kubes, 
2018; Bogoslowski et al., 2020). In this situation, the BVOAC model may offer new 
opportunities to study this migration behaviour as well.

In conclusion, TEM experiments with the BVOAC platform enable the exploration 
of many parameters previously unobtainable. The level of imaging and analysis 
determines which aspects of the leukocyte extravasation can be observed. Our 
comparison between 2D, 3D and live 3D imaging of leukocyte TEM dynamics 
demonstrates that it is imperative to image and analyse TEM experiments in 3D 
over time for an accurate interpretation of the events in this system. This hydrogel-
based BVOAC model now facilitates studying the full process of human leukocyte 
extravasation under inflammatory conditions in vitro and thereby identifying the under-
lying cellular characteristics and molecular requirements.
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T-cell

Neutrophil

Neutrophil with chemoatractant

C5a

Blood vessel

2D 3D Live
Figure 8

A

B

Figure. 8. Different imaging methods to study different aspects of leukocyte (trans)
migration. (A) Schematic representation of the similar experiment imaged in 2D, 3D or live 
3D and with leukocytes perceived to be outside of the vessel indicated as green dots. 2D im-
aging underestimates the number of extravasated leukocytes because cells underneath the 
vessel are indistinguishable from cells inside the BVOAC. 3D live imaging allows the tracking 
of cells over time and therefore analysis of migration dynamics, which is not possible based 
on 3D endpoint imaging. (B) Migration dynamics of different leukocytes in a 3D matrix. T-cells 
migrate slower and more linearly, whereas neutrophils travel faster while wandering around. 
When adding a chemoattractant to neutrophils, they initially migrate at a similar speed com-
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pared to control, but much more linearly. Over time, however, they lose speed and direction-
ality. Red, slower migration; green, faster migration.

Materials and methods

Cell culture and seeding
Pooled HUVECs (Lonza, P1052, C2519A) were cultured at 37°C with 5% CO2 
on fibronectin-coated culture flasks in endothelial cell growth medium 2 (EGM-2; 
Promocell, C22011) supplemented with supplement mix (Promocell, C39216). 
HUVECs were passaged at 60–70% confluency and used for experiments between 
passage 3 and 7. Pulmonary (Pelobiotech, PB-CH-147-4011) and lung (Lonza, CC-
2527) microvascular cells were cultured at 37°C with 5% CO2 on fibronectin-coated 
culture flasks in SupplementPack Endothelial Cell GM2 (Sigma-Aldrich), containing 
0.01 ml/ml L-glutamine (G3202), 0.02 ml/ml fetal calf serum (FCS; C-37320), 5 ng/
ml human epidermal growth factor (C-30224), 0.2 µg/ml hydrocortisone (C-31063), 
0.5 ng/ml vascular endothelial growth factor 165 (C-3260), 10 ng/ml human basic 
fibroblast growth factor (C-30321), 20 ng/ ml insulin-like growth factor (R3; C-31700), 
1 µg/ml ascorbic acid (C- 31750). The cells were passaged at 60–70% confluency 
and used for experiments between passage 5 and 8.

Collagen gel preparations
All following steps were carried out on ice to halt polymerization of the collagen. 
Then, 50 µl of 10× PBS (Gibco, 70011-044) was added carefully on top of 250 µl 
bovine collagen type-1 (10 mg/ml FibriCol, Advanced BioMatrix, 5133) and mixed. 
When the solution was sufficiently mixed, 48.6 µl of 0.1 M NaOH was added, and the 
mixture was put on ice for 10 min. pH was checked before mixing 1:1 with cell culture 
medium, bringing the final collagen concentration to 2.5 mg/ml.

3D vessel production
The LumeNext devices were obtained from the Beebe laboratory (University of 
Wisconsin School of Medicine and Public Health, WI, USA; see https:// mmbwisc.
squarespace.com/). The hollow chambers were coated with 1% polyethylenimine 
(Polysciences, 23966) and incubated for 10 min at room temperature (RT). 
Sequentially, chambers were coated with 0.1% glutaraldehyde (Merck, 104239) and 
washed 5× with water for injection (WFI; Gibco, A12873-01). Chambers were air-
dried before addition of collagen. Collagen was prepared according to the protocol 
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above. Collagen (5 µl) was added to the chambers and allowed to polymerize for 
30 min. Each chamber is ~2 mm3 in total. PBS-drenched cotton balls were added to 
the device to prevent drying of the collagen. When polymerization of collagen was 
confirmed, rods were removed and medium was added to the lumen. HUVECs were 
dissociated using trypsin/EDTA (Sigma-Aldrich, T4049), neutralized 1:1 with trypsin-
neutralizing solution (Lonza, CC-5002), spun down and concentrated to 15×106 
cells/ml in EGM-2. Five microlitres of cell suspension were added per vessel, and 
the devices were placed in a head-over-head rotator for 2 h at 1 RPM at 37°C with 
5% CO2 for seeding. Medium was replaced twice daily, and vessels were allowed to 
mature for 2 days before use.

Neutrophil and T-cell isolation
Polymorphonuclear neutrophils were isolated from whole blood derived from healthy 
donors who signed an informed consent under the rules and legislation in place 
within the Netherlands and maintained by the Sanquin Medical Ethical Committee. 
Heparinized whole blood was diluted (1:1) with 10% (v/v) trisodium citrate diluted 
in PBS. Diluted whole blood was pipetted carefully on 12.5 ml Percoll (RT) 1.076 
g/ml. Tubes were centrifuged (Rotanta 96R) at 450 g, slow start, low brake for 20 
min. Plasma and the peripheral blood mononuclear cell (PBMC) ring fraction were 
removed. Erythrocytes were lysed in an ice-cold isotonic lysis buffer (155 mM NH4Cl, 
10 mM KHCO3, 0.1 mM EDTA, pH 7.4 in WFI) for 10 min. Neutrophils were pelleted 
at 450 g for 5 min at 4°C, resuspended in lysis buffer and incubated for 5 min on 
ice. Neutrophils were centrifuged again at 450 g for 5 min at 4°C, washed once 
with PBS, centrifuged again at 450 g for 5 min at 4°C and resuspended in HEPES 
medium [20 mM HEPES, 132 mM NaCl, 6 mM KCl, 1 mM CaCl2, 1 mM MgSO4, 1.2 
mM K2HPO4, 5 mM glucose (Sigma-Aldrich) and 0.4% (w/v) human serum albumin 
(Sanquin Reagents), pH 7.4] and kept at room temperature for no longer than 4 h 
until use. This isolation method typically yields >95% purity.
Cytotoxic T lymphocytes (CTLs) were isolated from density-gradient isolated PBMCs 
by use of magnetic separation. Whole blood was diluted 1:1 with balanced salt 
solution at RT and layered onto Ficoll Paque PLUS (GE Healthcare, GE17-1440-02) 
followed by centrifugation at 400 g for 30 min. From here on, cells and buffers were 
kept at 4°C. The PBMC ring fraction was harvested and washed three times using 
isolation buffer (PBS+0.5% FCS). CTLs were isolated negatively using a Miltenyi 
CD8 T- cell isolation kit (Miltenyi, 130-096-495) with LS columns (Miltenyi, 130- 042-
401) and a QuadroMACS, according to the manufacturer’s instructions. Afterwards, 
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CTLs were harvested and resuspended in RPMI 1640 (Thermo Fisher Scientific, 
61870010) containing 10% FBS and kept at 37°C in 5% CO2 overnight until use. 
T-cell purity is typically >95–98% CD8+ T cells.

Immunofluorescence staining
The vessel lumen was washed three times with PBS++ (PBS with 1 mM CaCl2, 0.5 
mM MgCl2) and fixed with 4% paraformaldehyde (PFA; Merck, 30525-89-4) at 37°C 
for 15 min. Afterwards, vessels were incubated with directly conjugated antibodies 
in PBST (PBS with 0.2% bovine serum albumin and 0.1% Tween) overnight at 4°C. 
After staining, vessels were washed three times with PBS and kept at 4°C before 
imaging. The following antibodies and stains were used according to manufacturers’ 
protocols: mouse anti-hVE-cadherin/CD144 Alexa Fluor 647 conjugated (55-7H1; 
BD, 561567; 1:200), phalloidin Alexa Fluor 488 conjugated (Molecular Probes, 
A12379; 1:500), Hoechst 33342 (Molecular Probes, H-1399; 1:50,000), mouse 
anti-hICAM-1 Alexa Fluor 546 conjugated (15.2; Santa Cruz Biotechnology, sc-
107AF546; 1:200) and anti-collagen IV (Abcam, ab6586; 1:100).

FITC-dextran leakage assay
Six microlitres of 70 kDa FITC-dextran in EGM-2 (5 mg/ml; Merck, 46945) were 
added to each vessel. Thrombin (1 U/ml, Merck, T1063) was added to the dextran 
and injected at the same time. The device was placed under a widefield microscope, 
and, every 10 s, an image was captured. Images were analysed in Fiji (ImageJ, 
version 1.52). Fluorescent intensity was measured over the cross-section of the 
vessel at six time points throughout the movie.

TEM assay
Endothelial cells were stained with CellTracker™ Green CMFDA Dye (1 µM; 
Molecular Probes, C7025), according to the manufacturer’s protocol, before 
seeding. TNF-α (10 ng/ml; Peprotech, 300-01A) was added overnight inside the 
vessel. Leukocytes were stained with Vybrant™ DiD Cell- Labelling Solution (1 µM; 
Molecular Probes) for 15 min at 37°C, pelleted at 450 g for 5 min, washed, pelleted 
again and resuspended in medium, before 2 µl of 16×106 neutrophils or T-cells per 
ml was added per vessel. For live imaging, migration was imaged for 60 min; for 
end-point conditions, neutrophils were allowed to migrate for 2.5 h at 37°C. Vessels 
were flushed with PBS++ and fixed for 15 min with 4% PFA. Vessels were stored in 
PBS at 4°C until imaging.
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Imaging and analysis
Brightfield images were acquired on an Axio Observer Microscope (ZEISS) using 
Zen 2 blue edition using a 10× air objective (ZEISS, 420341-9911, Plan-Neofluor 
10×/0.3 Ph1). Fluorescent staining of the vessels was imaged using a SP8 con-
focal microscope (Leica) with a 25× long working distance water objective (Leica, 
15506375, HC FLUOTAR L 25×/0.95 NA). Control and inflamed vessels were im-
aged using identical settings. TEM experiments (both live and fixed) were imaged on 
an LSM980 Airyscan2 (ZEISS) with a 10× air objective (ZEISS, 420640-9900-000, 
Objective Plan-Apochromat 10×/0.45 NA). Laser power was kept to a minimum to 
limit phototoxicity during live imaging. The transmigration assays and the 3D ren-
dering and orthogonal views were analysed with Imaris Bitplane software (version 
9.5/9.6), while the leakage data, zoom-in on the cell junctions and collagen IV stain-
ing were analysed with Fiji (ImageJ, version 1.52).

3D analysis in Imaris
To analyse the distance from the neutrophils to the surface of the vessel, the spot 
function was applied to automatically detect fluorescently labelled neutrophils, and a 
surface rendering of the vessel was generated from the XYZ-fluorescent label. The 
vessel surface was created manually by tracing the outline of the vessel; the soft-
ware then rendered a cylindrical shape corresponding to the immunofluorescent sig-
nal. Possible holes were automatically filled by the software. The spot function was 
applied automatically with the same parameters for all experiments, but checked 
manually afterwards to ensure that detection was correct. When both the vessel 
surface and spots were created, data such as number of neutrophils and distance 
to the vessels could be extracted from the Imaris spot function and further analysed 
in Excel.

Statistics
Statistics were performed in GraphPad Prism 9 (version 9.0.1). Data were checked 
for normality via the Anderson–Darling test. If normally distributed, a (paired) 
Student’s t-test was used to test for statistical significance.
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Abstract
The actin-related protein (ARP) 2/3 complex, essential for organizing and nucleating 
branched actin filaments, is required for several cellular immune processes, including 
cell migration and granule exocytosis. Recently, genetic defects in ARPC1B, a subunit 
of this complex, were reported. Mutations in ARPC1B result in defective ARP2/3-
dependent actin filament branching, leading to a combined immunodeficiency with 
severe inflammation. In vitro, neutrophils of these patients showed defects in actin 
polymerization and chemotaxis, whereas adhesion was not altered under static 
conditions. Here we show that under physiological flow conditions human ARPC1B- 
deficient neutrophils were able to transmigrate through TNF-a-pre-activated 
endothelial cells with a decreased efficiency and, once transmigrated, showed 
definite impairment in subendothelial crawling. Furthermore, severe locomotion and 
migration defects were observed in a 3D collagen matrix and a perfusable vessel-
on-a-chip model. These data illustrate that neutrophils employ ARP2/3-independent 
steps of adhesion strengthening for transmigration but rely on ARP2/3-dependent 
modes of migration in a more complex multidimensional environment.

Keywords: primary immunodeficiency, ARPC1B deficiency, ARP2/3 complex, 
neutrophil, neutrophil transmigration, inborn error of immunity, vessel-on-a-chip

Introduction
Neutrophils are the most abundant type of leukocytes in the human circulation and 
important effector cells in the innate immune system. They are the first cells recruited 
to sites of infection or inflammation, where they extravasate through the blood vessel 
into the tissue. This process, also known as transendothelial migration (TEM), can 
be divided into several steps, namely tethering, selectin-mediated rolling and slow 
rolling, selectin-mediated and chemokine-mediated integrin activation resulting in 
arrest, adhesion strengthening, spreading, intravascular crawling, and transmigration 
(either paracellular or transcellular) (1). Once neutrophils cross the endothelial cell 
layer they encounter a second barrier, the vascular basement membrane (BM). This 
BM provides structural support for endothelial cells and is composed of a network of 
multiple extracellular matrix (ECM) proteins, including laminins and collagen type IV 
(2). After crossing these layers, neutrophils continue to migrate and enter the tissue 
to reach and fight infection.
By studying rare primary immunodeficiencies (PIDs), essential proteins in the 
different steps of TEM have been identified. Well-known PIDs resulting in defective 
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TEM are leukocyte adhesion deficiencies (LADs), where patients have mutations in 
genes involved in leukocyte integrin signaling (LAD-I and LAD-III), resulting in an 
adhesion defect. In LAD- II, defective fucosylation of selectin ligands results in the 
inability of neutrophils to bind to endothelial selectins (E- and P- selectins), resulting 
in a rolling defect (3).
In 2017, a novel PID involving infections, bleeding episodes, allergy and auto-
inflammation was identified caused by mutations in the ARPC1B gene (4). ARPC1B 
is one of 7 subunits of the actin-related protein (ARP) 2/3 complex, which is required 
for the formation of branched actin networks as it nucleates a daughter filament to 
the side of a pre-existing actin filament (5). These branched actin filaments are of 
vital importance for the formation of lamellipodia at the leading edge of migrating 
cells. Analysis of patient-derived neutrophils showed a defect in actin polymerization, 
resulting in a severe chemotaxis defect through 3-µm pore-size filters (4). Here we 
investigated ARPC1B-deficient neutrophil migration in more depth by using TEM flow 
and 3D vessel-on-a-chip models allowing us to monitor the full process of neutrophil 
migration from the vessel lumen into the tissue environment.

Materials and Methods
Isolation of Human Primary Cells From Patient and Controls
Heparinized venous blood was drawn from healthy controls and an ARPC1B-
deficient patient after informed consent had been obtained. A detailed description 
of the patient’s history has been reported previously (4). Neutrophils were isolated 
as previously described (6). Subsequently, neutrophils (5x106/mL) were 
fluorescently labelled with Vybrant™ DiD Cell-Labeling Solution (dilution 1:1,000; 
Invitrogen, Carlsbad, CA, USA) or calcein-AM (33.3 ng/mL; Molecular Probes, 
Eugene, OR, USA) for 20 minutes at 37°C, washed twice in PBS, and resuspended 
to a concentration of 1x106/mL in HEPES medium (containing 132 mM of NaCl, 20 
mM of HEPES, 6.0 mM of KCl, 1.0 mM of MgSO4, 1.0 mM of CaCl2, 1.2 mM of 
potassium phosphate, 5.5 mM of glucose, and 0.5% (wt/vol) human serum albumin, 
pH 7.4). Labelling of neutrophils did not influence their TEM capacity as compared 
to unlabeled cells (data not shown).
All experiments involving human blood samples were conducted in accordance to 
the Declaration of Helsinki. The study was approved by the local ethical committees 
of the Amsterdam University Medical Center and Sanquin Blood Supply, Amsterdam, 
The Netherlands.
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SDS-PAGE and Western Blot Analysis
Total cell lysates were prepared from freshly purified neutrophils. Samples were 
separated by SDS polyacrylamide gel electrophoresis and transferred onto a 
nitrocellulose membrane. Individual proteins were detected with antibodies against 
ARPC1B (rabbit polyclonal, Sigma-Aldrich, St Louis, MO, USA) and actin (mouse 
monoclonal, Sigma-Aldrich). Secondary antibodies were donkey anti-mouse-
IgG IRDye 800CW or donkey-anti–rabbit-IgG IRDye 680LT (LI-COR Biosciences, 
Lincoln, NB, USA). Visualization of bound antibodies was performed on an Odyssey 
Infrared Imaging system (LI-COR Biosciences).

Neutrophil Adhesion (Static Condition)
Neutrophils (5x106/mL) were labeled with calcein-AM (1 µM; Molecular Probes, 
Eugene, OR, USA) for 30 minutes at 37°C, washed twice in PBS, and resuspended 
to a concentration of 2x106/mL in HEPES medium. Neutrophil adhesion was 
determined on an uncoated 96-well MaxiSorp plate (Nunc, Wiesbaden, Germany) in 
response to numerous stimuli as described previously (4).

Flow Cytometry
Flow cytometry was performed to assess the expression of various neutrophil surface 
markers. Fluorescein isothiocyanate (FITC)-, allophycocyanin (APC), phycoerythrin 
(PE), Brilliant Violet 510 (BV510)-, or Alexa Fluor 647 (AF647)-labelled monoclonal 
antibodies and isotype controls were used according to the instructions of the 
manufacturer. Antibodies were CD18-FITC (mouse IgG1 clone MEM48, Diaclone, 
Besançon cedex, France), CD11a-FITC (mouse IgG2a, Sanquin reagents, 
Amsterdam, The Netherlands), CD11b-FITC (mouse IgM clone CLB-mon-gran/1, 
B2, Sanquin reagents), CD11c-FITC (mouse IgG1 clone BU15, Bio- Rad, Kidlington, 
UK) CD66b-FITC (mouse IgG1 clone CLB-B13.9, Sanquin reagents), L-selectin-APC 
(mouse IgG clone DREG-56, BD Pharmingen, San Diego, CA, USA), CD177-FITC 
(mouse IgG1 clone MEM-166, Bio-Rad), FPR1-FITC (mouse IgG2a clone 350418, 
R&D Systems, Minneapolis, MN, USA), TNFRI-PE (mouse IgG1 clone 16803, 
R&D Sytems), TNFRII-APC (mouse IgG2A clone 22235, R&D Sytems), TLR4-APC 
(mouse IgG2A clone HTA125, Invitrogen), ICAM-1-AF647 (mouse IgG1 clone 15.2, 
Bio-Rad), PECAM-1-BV510 (mouse IgG1 clone WM59, BD Biosciences, San Jose, 
CA, USA), JAM-A (mouse IgG1 clone WK9, Thermo Fisher Scientific, Waltham, MA, 
USA). Samples were analyzed on a FACSCanto-II flow cytometer using FACS-Diva 
software (BD Biosciences). Neutrophils were gated based on their forward- and side 
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scatter. Per sample, 10,000 gated events were collected. Data were analyzed with 
FACS-Diva software.

Endothelial Cell Culture
Pooled human umbilical vein endothelial cells (HUVEC P1052; Lonza, Basel, 
Switzerland, cat C2519A) were cultured at 37°C with 5% CO2 in fibronectin-coated 
10 cm tissue culture plastic petri dishe in Endothelial cell growth medium (EGM-2; 
PromoCell, Heidelberg, Germany, cat C22011) supplemented with supplementMix 
(Promocell, cat C39216). The HUVECs were passaged at 60-70% confluency and 
used for experiments at passage 3-4.

Transendothelial Migration Under Physiological Flow Conditions
Neutrophil transendothelial migration under flow conditions was assessed as 
described previously (7), with the exception of labeling of endothelial junctional VE-
cadherin and PECAM-1. Neutrophils were flowed over the endothelium for a total 
of 45 minutes. To induce inflammation, HUVECs were stimulated with 10 ng/mL 
tumor necrosis factor-alpha (TNF-a; Peprotech, London, United Kingdom) overnight 
for 16 hours. Neutrophil migration was analyzed using IMARIS Bitplane software 
(Version 9.5/9.6). Tracking was done using assisted automatic tracking of the 
neutrophils using manual parameters to classify superendothelial and subendothelial 
neutrophils. Speed is calculated as the scalar equivalent of the object velocity. We 
used the track speed mean = average velocity of the spots over time according to 
the IMARIS reference manual 9.2.0. TEM time was analyzed using Fiji (ImageJ, 
version 1.52).

Collagen Gel Preparation
All following steps were carried out on ice to halt polymerization of the collagen. 50 
µl of 10x PBS (Gibco, Thermo Fisher Scientific, cat 70011-044) was added to of 400 
µl of bovine collagen type-1 (10 mg/mL FibriCol; Advanced BioMatrix, San Diego, 
CA, USA, cat 5133) and gently mixed. Subsequently, pH was set to 7.4 using 48.6 
µl of 0.1M NaOH and checked. The collagen was then diluted 1:1 with medium to 
achieve a final collagen concentration of 4 mg/mL for vessel-on-a chip or 3D collagen 
experiments.

Migration in 3D Collagen Matrix
The 8 mg/mL neutralized collagen was mixed 1:1 with HEPES medium containing 
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8*106 neutrophils and complement component 5a (C5a; 10 nM; Sino Biological, 
Wayne, PA, USA). An 8 µl drop of this mixture was placed in the middle of a 
well of an µ-Slide 8 Well (Ibidi, Gräfelfing, Germany, cat 80826) and flattened with 
a coverslip, creating a ±10 µm 3D matrix. The device was placed at 37°C for 30 
minutes to allow collagen polymerization before adding 250 µL HEPES medium 
supplemented with 10 nM C5a (37°C). Neutrophil migration was then assessed using 
an LSM980 Airyscan2 (ZEISS, Oberkochen, Germany) using a 10x air objective 
(ZEISS, 420640-9900-000, Objective Plan-Apochromat 10x/0.45). Every 5 seconds 
an image was taken for 50 minutes in total. For integrin blocking experiments, 
neutrophils were pre-incubated with 10 µg/mL anti-CD11b monoclonal antibody (mAb) 
clone 44a and 10 µg/mL anti-CD18 mAb clone IB4 for 20 minutes. These antibodies 
were isolated from the supernatant of hybridoma clones obtained from the American 
Type Culture Collection (Rockville, MD, USA). Neutrophil migration through the 
collagen matrix was analyzed in IMARIS Bitplane software (Version 9.5/9.6). The 
tracking was performed automatically using the autoregressive motion algorithm and 
checked manually for accuracy. Speed is calculated as the scalar equivalent of the 
object velocity. We used the track speed mean = average velocity of the spots over 
time according to the IMARIS reference manual 9.2.0.

Perfusable Vessel-on-a-Chip
The vessels-on-a chip were made using the devices developed by the lab of Beebe, 
as previously described (8). Minor alterations to the protocol were made. Briefly, the 
devices were coated with 1% PEI (Polysciences Inc., Warrington, PA, USA, #23966) 
and incubated for 10 minutes at room temperature (RT). Sequentially chambers 
were coated with 0.1% glutaraldehyde (Merck, Darmstadt, Germany, #104239), 
washed 5x with water for injection (WFI; Gibco, #A12873-01) and air-dried. Collagen- 
1 was prepared according to the protocol above. 10 µl Collagen-1 was added to each 
chamber and polymerized for 30 minutes at 37°C, 5% CO2. PBS-drenched cotton 
balls were added to the device to control humidity of the device. Rods were removed 
using tweezers and EGM-2 was added to the lumen. HUVECs were washed twice 
with PBS, trypsinized for 5 minutes, treated with trypsin neutralizing solution (TNS; 
Lonza, cat CC-5002) and centrifuged for 5 minutes at 200xg. HUVECs were 
then stained using CellTracker™ Green CMFDA Dye (1 µM; Molecular Probes, 
cat C7025) according to manufactures protocol, washed twice with PBS and 
pelleted. HUVECs were then resuspended to a concentration of 15*106 cells/mL. 
5µl of cell suspension was added to each lumen and placed in head- over-head at 
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37°C, 5% CO2 for 2 hours at 1 RPM. Vessels were matured for 2 days with medium 
replacement twice daily.

Neutrophil Transendothelial Migration and Migration Through Collagen Matrix
To induce inflammation, the vessels were stimulated overnight with 10 ng/mL TNF-a. 
Before the experiment, excess medium was removed and 2 µl of HEPES medium 
containing 8*106 DiD labelled neutrophils were added to each vessel. Vessels 
were incubated for 2.5 hours, washed twice and fixed for 15 minutes using 4% 
paraformaldehyde. Devices were then imaged using an LSM980 Airyscan2 (ZEISS) 
using a 10x air objective (ZEISS, 420640-9900-000, Objective Plan-Apochromat 
10x/0.45). Analysis was done using IMARIS Bitplane software (Version 9.5/9.6).

Statistical Analysis
Experimental data were plotted and analyzed by GraphPad Prism V9.0.0 (GraphPad 
Software, San Diego, CA, USA). Results are shown as mean ± standard deviation. 
Normality was tested using the Shapiro-Wilk test. The paired or unpaired Student t 
test was used to test statistical significance (* = p<0.05; ** = p<0.01; *** = p<0.001; 
ns = non-significant).

Results
ARPC1B-Deficient Neutrophils Display Impaired Subendothelial Motility Upon 
Transendothelial Migration
We investigated the capacity of neutrophils to transmigrate through an endothelial 
monolayer under physiological flow conditions. HUVECs were grown on fibronectin, 
and stimulated with tumor necrosis factor-alpha (TNF-a) which leads to the 
upregulation of cell adhesion molecules such as ICAM-1 and VCAM-1, as well as 
the production of important chemoattractants for neutrophils like platelet-activating 
factor and interleukin-8 (9, 10). Inflamed endothelial cells also release and remodel 
ECM proteins, including different types of laminins, collagen-I and fibronectin (11).
Lack of ARPC1B expression in patient neutrophils was confirmed by Western 
blotting, which showed the complete absence of ARPC1B protein while actin levels 
were normal (Supplementary Figure 1A). Control and ARPC1B-deficient neutrophils 
were differently fluorescently labeled and simultaneously perfused over the 
inflamed endothelium. Control neutrophils rolled over the endothelium, whereupon 
they firmly adhered and transmigrated (Figure 1A and Supplementary Video 1). 
Patient neutrophils rolled and adhered on the endothelium in a similar fashion as 
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control cells (Figure 1B), but once arrested, they hardly crawled away from their initial 
arrest site. Under normal inflammatory conditions, neutrophils crawl on endothelium 
in order to find suitable sites to transmigrate, mostly at endothelial junctions (12). 
The observed lack of crawling indicated that patient neutrophils crossed the 
endothelium at non-optimal locations. Furthermore, ARPC1B-deficient neutrophils 
remained mostly round-shaped and unable to polarize, which coincided with a 
significantly decrease in TEM speed as well as a reduced number of neutrophils 
that successfully crossed the endothelium (Figures 1C, D). Both control and 
ARPC1B- deficient neutrophils transmigrated solely via the paracellular pathway 
(Supplementary Figure 1B). The adherence of ARPC1B-deficient neutrophils to the 
endothelial monolayer under flow conditions is remarkable but well in accordance 
with our observations that ARPC1B-deficient neutrophils show  normal expression 
of adhesion and signaling receptors, including CD11a (integrin aL chain), CD11b 
(integrin aM chain), CD18 (integrin b2 chain), L-selectin, PECAM-1 and ICAM-
1, as well as adherence under static conditions in response to a range of stimuli 
(Supplementary Figure 1C, D).
Once transmigrated, control neutrophils were actively migrating away from the initial
 

Figure 1. ARPC1B-deficient neutrophils display impaired subendothelial motility upon 
transendothelial migration. (A) Neutrophil TEM through TNF-a inflamed HUVECs was 
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investigated upon physiological flow conditions. Neutrophils (green = control; red = patient) 
rolled over the endothelium, whereupon they firmly adhered (left panel) and transmigrated 
(right panel). Neutrophils are circular above the endothelium (left panel, arrow) and become 
polarized (right panel, arrow) under the endothelium. Representative stills are displayed, see 
also Supplementary Video 1. Scale bar = 100 µm. (B) The number of firmly adhered ARPC1B-
deficient neutrophils was quantified and normalized to control neutrophils (mean ± SD, n = 
3). (C) Average time of neutrophils to complete transendothelial migration, starting from firm 
adherence. Individual cells are depicted. Colors (black, green and red) are corresponding 
to independent experiments. (D) Transendothelial migratory events were quantified 
and normalized to the number of firmly adhered neutrophils (mean ± SD, n = 3). (E–G) 
Subendothelial motility of transmigrated neutrophils, with (E) average velocity of neutrophils 
(n = 3, individual cells are depicted, colors are corresponding to independent experiments) 
and cell track analysis of subendothelial neutrophils with (F) representative cell trajectories of 
control and ARPC1B-deficient neutrophils as indicated lasting for 45 minutes (scale bar = 70 
µm) and (G) showing trajectory plots displayed with their origins brought to a common point. 
Scale bar = 50 µm. Results are representative of 3 independent experiments. The Student t 
test was used to test statistical significance (*p < 0.05; **p < 0.01; ns, non-significant)
TEM site underneath the endothelium. However, ARPC1B-deficient neutrophils that 
did cross the endothelium showed a prominent decrease in subendothelial motility 
(Figure 1E). Moreover, they failed to migrate away from their initial TEM site, in 
contrast to control neutrophils (Figures 1F, G). These results indicate that ARPC1B-
deficient neutrophils have a minor defect in actual TEM, but a more pronounced 
defect in their ability to migrate underneath the endothelium.

Neutrophil Infiltration Into 3D Tissue Matrices Is Defective in ARPC1B Deficiency
The dimensions change for a neutrophil as soon as they enter the area underneath 
the endothelium, i.e. from a luminal 2D to an ECM 3D setting. It has been 
previously observed that several types of leukocytes, including granulocytes, are 
able to efficiently migrate in 3D matrices in an integrin-independent manner (13). 
We investigated neutrophil motility and migration in an artificial 3D gel of bovine 
collagen-I and visualized chemokinesis of neutrophils upon activation with the 
chemoattractant C5a. First, we confirmed the integrin-independency of (control) 
neutrophils for 3D migration in collagen by usage of blocking monoclonal antibodies 
directed against the common integrin b2 chain (clone IB4, CD18) or the aM chain 
(clone 44a, CD11b). Indeed, we did not observe an effect from integrin blockage 
on 3D migration in collagen I (Supplementary Figure 2A), indicating that this 



64

Chapter 3 

mode of migration is   independent of the main integrins of neutrophils. Next, 
we investigated the requirement of ARPC1B in neutrophil migration in the collagen-I 
3D gel by visualizing chemokinesis of differently fluorescently labeled control and 
ARPC1B-deficient neutrophils upon activation with C5a (Supplementary Video 2 
and Figure 2A) and TNF-a stimulation (Supplementary Figure 2B). Both C5a and 
TNF-a induced migration of control neutrophils in the collagen matrix. Quantification 
of migration paths upon C5a stimulation revealed that control neutrophils migrated 
successfully into the collagen matrix with average speeds of 0.085 um/s up 
to 0.31 um/s. However, ARPC1B-deficient neutrophils were practically non-motile 
(Figure 2B).
To study both processes, i.e. TEM and 3D matrix migration of neutrophils in one assay, 
we used a vessel-on-a-chip model (see Methods). Neutrophils were injected in the 
vessel, whereupon they were allowed to adhere and migrate for 2.5 hours before 
the vessels were washed and fixed. As the vessels were subsequently washed and 
fixed, non-adherent neutrophils were lost. Of note, no flow was applied on the vessel. 
Using the 3D vessel-on-a-chip model, we found that the number of ARPC1B-deficient 
neutrophils retrieved in the vessel was significantly lower than control neutrophils 
(Supplementary Videos 3, 4 and Figures 2C,D). Most ARPC1B-deficient neutrophils 
were found at the intraluminal site firmly adhered to the endothelium, as multiple 
washing steps did not remove them (Figure 2E). Around 45% of the retrieved 
control neutrophils transmigrated successfully, while only 15% of ARPC1B-deficient 
neutrophils completed their transendothelial migration route (Figure 2F). Neutrophils 
that did penetrate the matrix were found in closer proximity to the vessel compared 
to control neutrophils. ARPC1B-deficient neutrophils migrated on average 5 µm into 
the matrix, while this was almost 30 µm for control neutrophils (Figure 2G).

Discussion
Overall, our results indicate that the ARP2/3 complex is particularly important for 
motility in a 3D environment subsequent to the endothelial cell layer itself. Yet, the 
initial steps of rolling and adhesion strengthening under flow conditions seems 
independent of ARPC1B, allowing transendothelial migration. Of interest, the 
number of ARPC1B-deficient neutrophils retrieved in the vessel was significantly 
lower than control neutrophils, though input was equal (Figure 2D). This indicates 
that these patient neutrophils were not firmly adhered to the endothelial cells and 
lost during washing. This might be explained by the fact that no physiological flow 
was applied to the vessel-on-a-chip system. Flow forces have been shown to induce
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Figure 2. Neutrophil infiltration into 3D tissue matrices is defective in ARPC1B 
deficiency. (A) Motility tracks of neutrophils (green = control; red = patient) in a collagen-I 
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3D matrix upon C5a stimulation, see also Supplementary Video 2. Only control neutrophils 
show motility tracks as ARPC1B- deficient neutrophils were found to be non-motile. Scale 
bar = 100 µm. Heat bar = time in minutes. Results are representative of 3 independent 
experiments. (B) Migration speed of neutrophils in collagen matrix (cells of 3 experiments 
pooled). (C) Representative images of neutrophil TEM in a perfusable vessel-on-a-chip, see 
also Supplementary Videos 3, 4. Scale bar = 100 µm. Heat bar = distance starting from vessel 
surface. Results are representative of 6 vessels, 2 fields of view per vessel were analyzed. 
(D–F) Quantification of neutrophil TEM using vessel-on-a-chip model, with (D) number of 
neutrophils retrieved in the vessel, (E) number of intraluminal neutrophils (normalized to total 
number of neutrophils), (F) number of neutrophils infiltrated into subendothelial collagen 
matrix (normalized to total number of neutrophils), (G) and average migration distance of 
neutrophils into the vessel. Mean ± SD, results are representative of 6 vessels, 2 fields of view 
per vessel were analyzed. The Student t test was used to test statistical significance (**p < 
0.01; ***p < 0.001; ns, non-significant).

forces between adhering cells and substrates that leads to integrin activation and 
adhesion strengthening (14, 15). This flow-enhanced integrin activity may explain 
the difference observed between firm adhesion under flow conditions and the static 
vessel-on-a-chip environment. Alternatively, it might also be that neutrophils which fail 
to transmigrate over a longer period of incubation in the vessel-on- a-chip approach 
(2.5 hours) are more prone to detach from the endothelium again compared to the 
shorter incubations under flow conditions (45 minutes) or static adhesion on plastic 
(30 minutes). The process of adhesion is energy-demanding and neutrophils which 
fail to transmigrate might be prone to detach from the endothelium again, perhaps 
as a result of being deprived from their energy reserves.
Recent attention was raised to the issue of leukocytes employing alternative 
migration mechanisms depending on 2- or 3 dimensionality (16). The impaired TEM 
observed when using the vessel-on-a-chip model may thus indicate that ARPC1B 
is of more importance for migration in 3D environments. Indeed, when neutrophils 
are flowed over inflamed endothelium, they migrate in a 2D-manner, while under 
the endothelium they are in a ‘confined’ 3D environment and clearly lack such 
capacity to move around. This implicates that ARPC1B-deficient neutrophils are able 
to extravasate, but cannot penetrate through the BM into the tissue. Interestingly, 69% 
of patients with APRC1B deficiency suffer from cutaneous vasculitis (17). Previous 
investigations showed that ARPC1B-deficient neutrophils release their azurophilic 
granules prematurely in vitro (4), both of which may contribute to the vascular damage 
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as observed in these patients.

After neutrophils have crossed the endothelium, and before entering the tissue, 
there is a second layer of cells to cross: the pericytes (18). We were not able 
to include the role for pericytes in the current study as our vessel-on-a-chip has its 
limitations and does not allow culturing a second cell layer. However, this would be 
a future challenge. Our results emphasize the importance of ARPC1B for neutrophil 
migration, thereby explaining the severe susceptibly of these rare patients to bacterial 
infections, while neutrophil killing mechanisms have been found to be intact (4).
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Supplementary Figure 1. (A) Absence of ARPC1B protein and normal actin levels in patient 
neutrophils was found by Western blot. (B) Quantification of neutrophil migration via paracellular 
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mode of control- and ARPC1B-deficient neutrophils. (C) Expression of adhesion and surface 
molecules on the neutrophil membrane was assessed by flow cytometry. Neutrophils are 
gated based on forward/side scatter. Mean fluorescence intensity (MFI) is corrected for the 
isotype control (mean ± SD, n = 1 – 5). (D) Adhesion of neutrophils to plastic (static condition) 
as percentage of total input upon stimulation with the indicated stimuli (mean + SD, n = 2 - 3).

Supplementary Figure 2. (A) Migration speed of neutrophils in collagen matrix in response to 
C5a with or without blockage of integrin b2 chain (clone IB4, CD18) and the aM chain (clone 
44a, CD11b). Individual cells are depicted. Colors (black, green and red) are corresponding to 
independent experiments. (B) Migration speed of control- and ARPC1B-deficient neutrophils 
in collagen matrix in response to PBS (negative control), C5a or TNF-a. Individual cells are 
depicted, n = 1.

Supplementary Video 1. Neutrophil TEM through inflamed endothelium. Fluorescently 
labelled neutrophils (green = control; red = ARPC1B-deficient patient) were flowed over 
TNF-a inflamed HUVECs for 45 minutes, see also Figure 1A. Scale bar = 80 µm. Results are 
representative of 3 independent experiments.

Supplementary Video 2. Neutrophil migration in a collagen-I 3D matrix. Migration of 
neutrophils (green = control; red = ARPC1B-deficient patient) in a collagen-I 3D matrix upon 
C5a stimulation, see also Figure 2A. Neutrophil motility was assessed for a total of 50 minutes. 
Only control neutrophils show motility tracks as ARPC1B-deficient neutrophils were found 
to be non-motile. Heat bar = time in minutes. Results are representative of 3 independent 
experiments.
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Supplementary Video 3. Control neutrophil TEM in a vessel-on-a-chip. Neutrophils were 
injected in the vessel, whereupon they were allowed to adhere and migrate for 2.5 hours 
before the vessels were washed and fixed, see also Figure 2C. Scale bar = 150 µm. Results 
are representative of 6 vessels.

Supplementary Video 4. ARPC1B-deficient neutrophil TEM in a vessel-on-a- chip. 
Neutrophils were injected in the vessel, whereupon they were allowed to adhere and migrate 
for 2.5 hours before the vessels were washed and fixed, see also Figure 2C. Scale bar = 150 
µm. Results are representative of 6 vessels.
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Summary
We describe an optimized, cost-effective, reproducible, and robust protocol to study 
sprouting angiogenesis in glass-bottom 96-well plates by confocal microscopy, 
ideal for screening of drug or shRNA libraries. Effective and stable knockdown of 
gene expression in primary endothelial cells is achieved by lentiviral transduction. 
Dynamic behavior of individual cells and fluorescent proteins is analyzed by time-
lapse imaging, while competitive advantages in tip cell formation are assessed 
using mixtures of differentially labeled cell populations. Finally, we present a macro 
for high-throughput analysis.

For complete information on the use and execution of this protocol, please refer to 
van der Bijl et al. (2020) and Kempers et al. (2021).

Before you begin
Experimental design considerations
The current protocol is designed to achieve fast and robust human umbilical vein 
endothelial cell (HU- VEC) sprouting in fibrin gels, and to visualize sprouting and tip 
cell characteristics, such as the formation of filopodia, by confocal microscopy (Figure 
1). With the described cell culture set-up, maximal numbers of HUVECs are obtained 
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with a limited number of culture steps, thus allowing to perform sprouting screens 
within the life-span of primary endothelial cells. Instead of freshly isolating endothelial 
cells we use commercially available pools of HUVECs, which we expand to the 
extent that the same batch of cells can be used for a large number of conditions 
during consecutive experiments. The described sprouting assay allows co-culture 
with several other cell types and can be used as a platform for the screening of 
clinical samples as well as drug or short hairpin (sh) RNA libraries, thus providing 
a unique and versatile set-up for both fundamental research into the regulation of 
angiogenesis and screening of patient ma- terial for diagnostic and therapeutic goals. 
Homogeneous and stable suppression of target gene expres- sion using shRNAs is 
achieved by lentiviral transduction followed by puromycin selection, which quickly 
generates a population of cells that can be used for functional assays during a week. 
Building on previously established protocols to analyze sprouting angiogenesis 
(Eglinger et al., 2017; Nakatsu and Hughes, 2008; Nowak-Sliwinska et al., 2018), the 
assay described here is performed in ‘half-area’ 96- well glass-bottom plates, which 
require small volumes of reagents, allow fast, robust, and highly efficient sprouting 
already within 20–48 h, and are suitable for medium- to high-throughput screening. 
While the focus here is primarily on the initial phases of sprouting, we perform this 
assay in the absence of fibro blasts, which are required for lumenization (Newman 
et al., 2011). Furthermore, we also describe how to perform live-cell labeling in 
this set-up, using cell-permeable fluorescent dyes or expression of fluorescent 
proteins, as well as mosaic sprouting assays with a mixture of differentially labeled 
cells. Important criteria for selecting the right kind of microscope, especially when 
performing live imaging, include phototoxicity, speed/temporal resolution and 
sensitivity. While we have used confocal systems for the applications described 
here, confocals are relatively slow and can damage the sample, compared to some 
other systems. This can be overcome with resonant scanning, at the cost of reduced 
resolution. Alternatives to confocal systems include light sheet microscopes and two-
photon microscopes. While the former have little phototoxicity and are ideal for the 
imaging of fast dynamics, the latter have superior confocality and penetration depth 
but are potentially harmful because of the high energy input. As different research 
questions will require specific adjustments to experimental design, we also present 
some alternatives and modifications to the protocol and conditions described here.
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Figure 1.  Assessment of sprouting angiogenesis by confocal microscopy (A) Maximum 
projection of confocal z-stack comprised of 142 z-slices showing sprouting after 48 h, stained 
with phalloidin to visualize actin filaments (F-actin; pseudocolored magenta) and Hoechst to 
stain the nuclei (pseudocolored cyan). Bar, 75 mm. (B) Depth coding (using LUT Spectrum) of 
the same stack of images. (C) and D) Zooms of insets 1 and 2, showing tip cell morphology 
in more detail.

Prepare cell culture materials and buffers
Timing: ~4 h
1. Prepare mammalian cell culture media as described in the tables below.

Preparation of Dulbecco’s Modified Eagle’s Medium (DMEM
Reagent Final concentration Amount
DMEM n/a 440 mL
FBS 10% 50 mL
200 mM L-Glutamine 2 mM 5 mL
D-Glucose 4.5 g/L 2.25 g
100 mM Sodium pyruvate 1 mM 5 mL
Penicillin 100 U/mL
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Streptomycin 100 mg
Total n/a 500 mL
DMEM complete medium can be stored for up to 6 moths at 2°C–8°C.

Preparation of Endothelial Growth Medium-2 (EGM-2)
Reagent Final concentration Amount
EBM-2 n/a 440 mL
Bullet Kit 10% 50 mL
200 mM L-Glutamine 2 mM 5 mL
Penicillin 100 U/mL
Streptomycin 100 mg
Total n/a 500 mL
EGM-2 complete medium can be stored for up to 4 months at 2°C–8°C.

Preparation of Iscove’s Modified Dulbecco’s Medium (IMDM)
Reagent Final concentration Amount
IMDM n/a 440 mL
FBS 10% 50 mL
200 mM L-Glutamine 2 mM 5 mL
Penicillin 100 U/mL
Streptomycin 100 mg
Total n/a 500 mL
IMDM complete medium can be stored for up to 3 months at 2°C–8°C.

2. Coat cell culture flasks and/or dishes with fibronectin (1 mg/mL) or gelatin (0.1%).

Note: Coating with fibronectin is efficient at 37oC for 60 min, gelatin requires only 10 
min. HEK293T cells are poorly adherent and fibronectin coating will facilitate their 
adhesion and proliferation. HUVEC culture is stimulated by gelatin coating.

Note: For coating of tissue culture plastic for HEK293T cells, fibronectin can also be 
substituted by serum, which contains large quantities of fibronectin and vitronectin 
that will be absorbed by the plastic and stimulate integrin-mediated cell adhesion. 
Serum can be re-used multiple times for this purpose.

3. Prepare buffers and beads as described in the tables below.
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Preparation of PBS iwht MgCl2/CaCl2
Reagent Final concentration Amount
PBS n/a 1 L
MgCl2 0.5 mM
CaCl2 1 mM
Total n/a 1L
PBS with MgCl2/CaCl2 can be stored up to 12 months at 15°C–30°C.

Preparation of 4% paraformaldehyde (PFA)
Reagent Final concentration Amount
PBS n/a 1 L
PFA 4% 40 g
Total n/a 1 L
PFA can be stored for up to 12 months at -20°C.

Note: PFA is flammable, corrosive, toxic, carcinogenic and is an irritant for the skin, 
eyes, and the respiratory tract. A lab coat, gloves, face mask, and safety goggles 
should be worn when handling PFA. All steps should be performed inside a fume 
hood, and waste should be disposed of in a special container.

CRITICAL: PFA should be dissolved first in 800 mL PBS inside a fume hood, 
while continuously stirring. Add NaOH until the solution clears, filter it, adjust 
the pH to 7.0 with HCl and fill up to 1 L with PBS. Aliquot the solution for long-
term storage at -20oC.

PBS/gelatin preparation
Reagent Final concentration Amount
PBS n/a 1 L
Gelatin 0.1% 1 g
Total n/a 1 L
PBS-gelatin can be stored for up to 6 months at 4°C.

Note: PBS-gelatin should be sterilized before use in tissue culture, for instance using 
bottle top filters from Millipore (pore size 0.22 mm).
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Bead suspension
Reagent Final concentration Amount
Cytodex beads 20 g/L 1 g
PBS n/a 50 mL
Total 50 mL
The beads can be stored for up to 12 months at 20°C–22°C.

Note: This will generate a stock solution of approximately 3,3^106 beads/L. The 
beads should be sterilized before use in an autoclave at 120oC.

HUVEC expansion and storage
Timing: 1 week

4. Warm cell culture media to 37oC before use.
5. Add a large volume of IMDM containing 10% fetal bovine serum, 2 mM L-glutamine, 
and 1% penicillin/streptomycin (~400 mL/cm2) to a T25 culture flask

Note: We use IMDM here only for economical reasons. Since this medium is 
discarded (see step 11 below) we prefer to not use EGM-2 for this step.

6. Place the flask at 37oC and 5% CO2.
7. Thaw 1 Lonza cryovial of HUVECs, carefully aspirate cell suspension, and gently 
pipet into a coated T25.
8. Distribute the cells over the culture flask by gentle rocking.
9. Place the flask at 37oC and 5% CO2 for ~2 h.
10. 2 h after seeding, check whether the cells have adhered and have started to 
spread over the surface.
11. Replace the IMDM with warm EGM-2 (~200 mL/cm2).
12. After 2 days, remove the EGM-2 medium and wash cells with a large volume of 
37oC PBS.
13. Add Trypsin/EDTA (~10 mL/cm2) and distribute over entire surface.
14. Place cells back at 37oC and 5% CO2 for 1 min.
15. Check under microscope whether cells have rounded up and/or detached.
16. Gently tap flask to fully detach rounded cells.
17. Add Trypsin Neutralization Solution (10–20 mL/cm2) for ~30 s.
18. Add EGM-2 and resuspend cells.
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19. Seed cells into a coated T150.
20. After 2 days, trypsinize the cells as described above and transfer to coated T150s 
(usually 4–6), depending on cell density.
21. After 2 days, freeze cells for cryo storage, 25 cm2 of confluent cells per vial (this 
yields usually 30– 40 vials).

CRITICAL: Make sure HUVECs grow sufficiently (troubleshooting 1)

Preparation of constructs for lentiviral transduction
Timing: 2–3 days

Constructs containingshRNAs are obtained from the TRC MISSION library. Each 
MISSION shRNA clone is constructed within the lentivirus plasmid vector pLKO.1-
puro, containing ampicillin and puromycin resis- tance genes for selection in bacterial 
or mammalian cells, respectively, and transformed into Escherichia coli (DH5a). 
Individual clones are purchased as frozen bacterial glycerol stocks containing 
Terrific Broth (TB), carbenicillin (100 mg/mL), and 15% glycerol, which can be stored 
at-80oC in 96-well plates. For isolation of plasmid DNA, bacteria are inoculated in 
Lennox Broth (LB) containing Ampicillin (100 mg/mL) and grown for 12–16 h at 37oC. 
The plasmid DNA is purified using the NucleoBond Xtra Midi- or Maxiprep protocol 
(Macherey-Nagel), according to the manufacturer’s instructions. Constructs needed 
for lentiviral production are purified from Eschirichia coli Stbl3, grown at 30oC. 
Required constructs include:
pHDM-HgpM2 GAG/POL, encoding the main structural viral proteins and reverse 
transcriptase
pRC-CMV-REV1B, encoding the post-transcriptional regulator Rev1b necessary for 
efficient synthe- sis of viral proteins,
pHDMG-G VSV ENV, coding for the envelope protein of Vesicular Stomatitis Virus,
pHDM-TAT 1B, encoding the Tat1b protein, which facilitates viral entry into target 
cells
pLKO.1-puro encoding the shRNA of interest and puromycin resistance for selection 
of positive target cells

Note: Sequence confirmation of the insert after plasmid isolation is advised. The 
following reagents and conditions are optimized for sequencing of shRNA-encoding 
inserts:
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Reaction mix for sequencing reaction 
Stock Final Dilution 1 RXN

H2O 13 0.53 2 6
DMSO 13 0.053 20 1
Betaine 5 M 1 M 5 4
Big Dye Terminator Buffer 53 13 5 4
Big Dye Terminator 53 13 5 4
Primer 10 mM 0.25 mM 40 0.5
DNA 1 mg/mL 0.025 mg/mL 40 0.5

PCR cycling conditions 
Steps Temperature Time Cycles
Initial denaturation 98 1 min 1
Denaturation 98 30 s
Annealing 54 10 s 40
Extension, 3 s increment 60 2-4 min

Production of lentivirus-like particles encoding shRNAs
Timing: 5 days

22. Seed human embryonic kidney (HEK) 293T cells 1:4 in fibronectin-coated filter-
cap flasks.
23. The following morning, transfect HEK293T cells with constructs as in Table 1. 
The cells should be 50%–80% confluent.
24. Dilute TransIT-LT1 (0.4 mL/cm2) in Optimem (10 mL/cm2) and mix thoroughly.
25. Add viral constructs (44 ng/cm2 pHDMG-G VSV ENV, 22ng/cm2 pHDM-HgpM2 
GAG/POL, 22 ng/cm2 pRC-CMV-REV1B, 22 ng/cm2 pHDM-TAT1B) to obtain a 
mastermix.
26. Add mastermix (10.4 mL/cm2) to a tube containing pLKO.1-puro coding for 
desired shRNA (289 ng/cm2).
27. Leave transfection mix at 20oC–22oC for approximately 20 min in the dark.

CRITICAL: Do not incubate the transfection mixture longer than 30 min.

28. Add transfection mix to the HEK293T cells, place in the incubator at 37oC in the 
presence of 5% CO2.
29. Remove medium containing the transfection mix ~6 h later, and replace with 
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approximately 100 mL/cm2 of DMEM.
30. Place cells back in the incubator at 37oC and 5% CO2.
31. At 48 h after transfection, harvest the culture medium, centrifuge at 500 3 g for 
5 min, store at 4oC.
32. At 72 h after transfection, harvest the culture medium, centrifuge at 500 3 g for 
5 min.
33. Mix with the 48 h harvest, filter using a 0.45 mm pore filter, aliquot and store at 
-80oC.

CRITICAL: Protocol steps 28–33 must be performed in a BSL-2 lab. Tight 
adherence to BSL-2 regulations on sample handling and the disposal of plastic 
ware and media is required.

Table 1. Transfection mix for the production of lentivirus-like particles
TransIT + TAT cm2 cm2

Surface area per condition Ratio 1 75
pHDMG·G VSV ENV 2.0 44 4950 Ng
pHDM·HgpM2 GAG/POL 1.0 22 1667 Ng
pRC-CMV-REV1B 1.0 22 1667 Ng
pHDM-TAT1B 1.0 22 1667 Ng
pLKO.1-puro encoding shRNA of interest 13.0 289 21667 Ng
Total #ng of DNA/cm2 18.0 400 30000 Ng
Total #mL of TransIT/cm2 0.40 30 mL
Optimem 10.00 750 mL

Key Resources Table
Reagent or Resource Source Identifier
Bacterial and virus strains
Eschirichia coli DH5a Thermo Fisher Scientific N/A
Eschirichia coli Stbl3 Thermo Fisher Scientific N/A
Chemicals, peptides, and recombinant proteins
Aprotinin Sigma-Aldrich Cat#A1153
Betaine Sigma-Aldrich B0300
CaCl2 Merck CAS 10035-04-08
CellTracker Green Thermo Fisher Scientific Cat#C2925
CellTracker Red Thermo Fisher Scientific Cat#C34552
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D-Glucose Sigma-Aldrich CAS 50-99-7
Dimethyl sulfoxide (DMSO) J.T.Baker CAS 67-68-5
Dulbecco’s Modified Eagle’s Medi-
um (DMEM)

Thermo Fisher Scientific Cat#41965-039

EDTA Triplex III Merck CAS 6381-92-6
Endothelial Basal Cell Growth 
Medium-2 (EBM-2)

PromoCell C-22211

Endothelial Cell Growth Medium-2 
with supplements (EGM-2)

PromoCell C-22011

Fetal Bovine Serum (FBS), heat 
inactivated

Bodinco 5010

Fibrinogen (Haemocomplettan P) CSL Behring Cat#B02BB01
Fibronectin Sigma-Aldrich Cat#F1141
Gelatin Sigma-Aldrich Cat#G1890
L-Glutamine Sigma-Aldrich Cat#G7513
Hoechst 33342 Thermo Fisher Scientific Cat#H3570
Iscove’s Modified Eagle Medium 
(IMDM)

Thermo Fisher Scientific Cat#12440053

MgCl2 Sigma-Aldrich CAS 7791-18-6
Opti-MEM Reduced Serum Medi-
um, GlutaMAX Supplement

Thermo Fisher Scientific Cat#51985034

Phosphate-buffered saline (PBS), 
pH 7.0

Fresenius Kabi N/A

Paraformaldehyde (PFA) Merck Cat#1.04005
Phalloidin, Texas Red-conjugated Thermo Fisher Scientific Cat#T7471
Penicillin/Streptomycin Sigma-Aldrich P0781
Polyethylene glycol (PEG) 6000 Sigma-Aldrich CAS 25322-68-3
Puromycin InvivoGen ant-pr-1 ant-pr-1
Sodium pyruvate Thermo Fisher Scientific Cat# 11360070
Thrombin Sigma-Aldrich Cat#T1063
TransIT-LT1 Mirus Bio MIR2360
Triton X-100 Sigma-Aldrich Cat#T8787
Trypsin Neutralization Solution Lonza Cat# CC-5002
Trypsin Sigma-Aldrich Cat#59418C
VEGF-A (VEGF165), human re-
combinant

R&D Systems Cat#293-VE

Experimental models: cells
Human embryonic kidney (HEK) 
293T cells

ATCC CRL-3216
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Human umbilical vein endothelial 
cells (HUVECs)

Lonza C2519A

Oligonucleotides
pLKO.1-puro encoding the shRNA 
of interest and puromycin resis-
tance for selection of positive target 
cells

TRC Mission Library N/A

Control sequence/scrambled 
sequence

TRC Mission Library Cat#C002

Primers: U6 Forward: 50-GGAC-
TATCATATGCTTACCG-30

IDT Custom Oligo

Recombinant DNA
pHDM-HgpM2 GAG/POL, encoding 
the main structural viral proteins 
and reverse transcriptase

Addgene 164441

pRC-CMV-REV1B, encoding the 
post-transcriptional regulator Rev1b 
necessary for efficient synthesis of 
viral proteins

Addgene 164443

pHDMG-G VSV ENV, coding for 
the envelope protein of Vesicular 
Stomatitis Virus

Addgene 164440

pHDM-TAT 1B, encoding the Tat1b 
protein, which facilitates viral entry 
into target cells

Addgene 164442

Software and algorithms
Imaging software pertaining to 
confocal microscope (used here: 
Leica LAS X)

https://www.leica-microsys-
tems.

com/products/micro-
scope-software/ p/leica-las-
x-ls/

N/A

Optional: Navigator module in 
Leica LAS X

N/A

ImageJ/Fiji https://imagej.net/Down-
loads

Schindelin et al., 
2009

Sprout Morphology plugin https://imagej.net/Sprout_
Morphology

Eglinger et al., 2017

Macro “Automated sprout analysis”, 
generated here

https://github.com/Sprout-
ing- angiogenesis/Automat-
ed-sprout- analysis

N/A

Optional: 3D viewer plugin https://imagej.nih.gov/ij/
plugins/ 3d-viewer/

N/A

Microsoft Excel https://www.microsoft.com/
nl-nl/ microsoft-365/excel

N/A
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Optional: GraphPad Prism 5.0 http://www.graphpad.com/
scientific- software/prism

N/A

Other
Cytodex 3 microcarrier beads Sigma Cat#C3275
96-well Half Area High Content 
Imaging Glass Bottom Microplate

Corning Cat#4580

0.45 mm Pore filters Whatman (GE Healthcare) Cat#10462100
0.2 mL Low Profile Thin-walled 8 
Tube & Flat Cap Strips

Thermo Scientific AB-0773

BigDye Terminator v3.1 Cycle 
Sequencing Kit

Thermo Fisher Scientific 4337456

Bottle top filters Merck Millipore S2GVU05RE
Thermocycler MJ Research Dyad Disciple
Autoclave N/A N/A
DNA sequencing system Thermo Fisher Scientific 3730 DNA Analyzer
Multichannel pipette N/A N/A
Cell counter Innovatis Casy TT
Confocal setup with climate cham-
ber, multi-position mode, and water 
pump

Leica SP8 N/A

Materials and Equipment
In addition to the abovementioned reagents and materials (key resources table), a 
BSL-1 cell culture fa cility with incubator and flow cabinet, and including standard 
tissue culture disposables, is required. Furthermore, a bacterial lab equipped with 
shaking incubator, as well as materials and reagents for transformation and plasmid 
isolation is needed. A cell counter (for instance; CASY TT) is used to assess the 
numbers of endothelial cells to be incubated with Cytodex beads, while a confocal 
microscope equip- ped with a CO2-supplemented climate chamber, as well as a 
time-lapse and multi-position module, is required for live imaging. We use a Leica 
SP8 confocal set-up, but any other confocal microscope with these specifications will 
be effective. For the production of lentiviral particles and the lentiviral trans duction of 
endothelial cells with shRNAs, BSL-2 facilities are required. Finally, for the analysis, 
quantification, and storage of data, FIJI software with the indicated plugins, as well 
as our newly generated macro ‘‘Automated sprout analysis’’ (key resources table) 
are required, as well as a powerful computer with a fast processor, plenty of hard-
disk space, and sufficient RAM (at least 16 GB).
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Alternatives: Instead of Hoechst, DAPI can be used. The CellTracker dyes used 
here for live imaging can also be substituted for others. A number of different cell-
permeable dyes, coupled to a variety of fluorophores, exist that are retained in the 
cytosol or label distinct subcellular compartments. While this protocol is optimized 
for the 96-well ‘half area’ plates, the use of imaging plates of different size and/or 
well number is also possible. The volumes indicated here should then be adjusted 
accordingly. Finally, other endothelial cells can be used instead of HUVECs, although 
not all endothelial cells grow and sprout equally efficiently.

Step-by-step methods and details
Endothelial cell culture and lentiviral transduction for stable knockdown
Timing: ~1 week

1. Thaw 1 vial of HUVECs and seed into a gelatin-coated T75.
2. After 1 or 2 days, HUVECs can be replated as described above into appropriate 

number of coated T150s, usually 3–4, depending on the pool of HUVECs (some 
pools grow better than others). This step is for experiments that require large 
numbers of cells. Otherwise, skip this step and proceed with 3.

3. After 1 or 2 days, seed HUVECs for lentiviral transduction into coated 6-well 
plates at 40%–60% confluency, 1 or 2 wells per condition.

4. The following day, transduce HUVECs with virus-like particles, obtained as 
described above.

Note: HUVECs can be transduced with individual shRNAs or with pools of different 
shRNAs targeting the same gene. The latter is suitable for initial screening purposes. 
The efficiency of knockdown varies per shRNA, as do the chances of off-target effects. 
Furthermore, it is recommended to use 2 or 3 different clones per target gene, to 
reduce the chances of erroneous interpretation of results due to off-target effects. 
Finally, a scrambled sequence in the same vector should be used as a control.

5. HUVECs are incubated for 12–16 h with the shRNA lentivirus solution (1 mL/well 
of a 6-wells plate) in DMEM, supplemented with 0.2–1.0 mL of EGM-2.

Note: Supplement with EGM-2, depending on virus concentration and/or efficiency. 
It is advised to use as little virus as possible to achieve efficient knockdown of target 
gene expression. Since the shRNA-coding sequence is randomly integrated into the 
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host genome, increasing copy number increases the chance of destroying critical 
genes, which will affect the cell in ways other than by knockdown of the target gene. 
Titration of the virus (with puromycin) is recommended.

6. Replace the medium with EGM-2 containing puromycin (1 mg/mL) to select 
positive cells (see Figure 2).

7. After 2 days, the selected cells can be used for attachment to beads (see 
sprouting assay protocol below).

8. The efficiency of knockdown should be assessed in parallel by flow cytometry 
(for surface proteins) or Western blotting (for intracellular proteins), using 
validated antibodies (see Figure 2). If these are not available, knockdown can be 
confirmed by Q-PCR.

Note: Selection should be finished 2–3 days after the addition of puromycin. Always 
take 1 well of non-transduced cells along to confirm puromycin-induced cell death. 
In case the selection is suboptimal, a kill curve should be performed first to establish 
the ideal puromycin concentration.

CRITICAL: Make sure sufficient cells after obtained after selection 
(troubleshooting 3).

Assay to screen for factors regulating sprouting angiogenesis
Timing: 1–2 days

This step describes how to achieve fast and robust HUVEC sprouting in fibrin gels, 
and to visualize sprouting and tip cell characteristics, such as the formation of 
filopodia, by confocal microscopy. Work in the flow hood to keep cells and materials 
sterile.

9. Prepare beads
a. Resuspend beads.
b. Transfer 250 mL of resuspended beads to a sterile 1.5 mL Eppendorf tube.
c. Allow beads to settle and remove supernatant.
d. Add 250 mL of EGM-2.
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Figure 2.  Generation of HUVECs with stable suppression of gene expression and 
assessment of the efficiency of knockdown
(A) Phase/contrast images showing HUVECs before and after lentiviral transduction with 
pLKO.1 and selection with puromycin. Untransduced controls are all dead after two days 
of puromycin treatment. Bar, 100 mm. (B) Determination of knockdown efficiency using flow 
cytometry. Histograms represent cell-surface levels of b1 integrin in HUVECs expressing 
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scrambled sequences (sh_Ctrl) or shRNAs against integrin b1 (sh_b1). Bar, 20 mm. (C) 
Confocal images of HUVECs stained for b1 integrin (yellow), F-actin (red), and VE-cadherin 
(gray). (D–G) (D) Composite images showing examples of sprouting efficiency in fibrin 
gels. Bar, 75 mm. Total network length/bead (E), average sprout length (F), and number of 
sprouts/bead (G) were determined using the protocol described here from 10 beads out of 2 
experiments. Data are means G SEM, statistically significant differences are denoted by * p < 
0.05, (unpaired two-tailed t test).

10. Prepare cells
a. Harvest HUVECs by trypsinization and resuspend in EGM-2.
b. Count cells using a cell counter.
c. Adjust cells to a concentration of 660.000 cells/mL (=1 3 106 cells/1.5mL).

Note: This is sufficient to coat approximately 1200 beads. To coat less or more 
beads, change numbers accordingly.

11. Attach cells to beads
a. Add 1.5 mL of cell suspension to a 50 mL tube (=1 3 106 cells in total).
b. Resuspend beads and add 40 mL to the cell suspension.
c. Place cell/bead mixture at 37oC and 5% CO2 for 4 h.
d. Resuspend every 20 min.

12. Incubation of beads with cells
a. Add cell/bead mixture to T25.

Note: Don’t fill up the pipette with the entire 1.5 mL; too many cells/beads will stick 
to the inside of the pipette.

b. Add 3.5 mL of EGM-2 to T25.
c. Place cell/bead mixture at 37oC and 5% CO2 for 12–16 h.

13. Harvest HUVEC-coated beads
a. Resuspend beads and transfer to a 50 mL tube.
b. Rinse T25 once with 3 mL of EGM-2 and add to the same tube.
c. Allow beads to settle.

Note: The knockdown of some target genes may affect HUVEC adhesion to Cytodex 
beads. Visually inspect whether HUVEC adhesion is efficient.
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14. Wash HUVEC-coated beads
a. After beads have settled, remove the supernatant, add 1 mL of EGM-2, 

resuspend and allow beads to settle. Repeat.
15. Prepare fibrin gel

a. Add 0.6 mL of 10 mg/mL fibrinogen to 2.4 mL of PBS, then add 18 mL of 15 
U/mL aprotinin.

b. After removing the supernatant from the beads, add fibrinogen/aprotinin/
PBS mixture to the 50 mL tube.

c. Pipet a drop of 1,875 mL of a 10 U/mL thrombin solution in the middle of a 
well of a glass-bot- tom 96 well plate.

d. Add 30 mL of the fibrinogen/aprotinin/PBS mixture containing HUVEC-coated 
beads and resuspend once, very gently.

Note: The plates mentioned here require small volumes of reagents, ideal for 
testing multiple conditions simultaneously, and the glass bottom is ideal for confocal 
imaging. However, plates with different properties (such as different well size, or 
plastic bottom if phase/contrast imaging is used instead of confocal microscopy) can 
also be used.

Note: Avoid air bubbles. Do not move plate.

CRITICAL: Make sure the beads are properly resuspended and distributed. 
While too many beads per well or beads that are too close to one another 
could be good to study anastomosis, it hinders a proper discrimination of 
sprouts belonging to individual beads (see Figure 3).

16. Polymerization
a. Allow the fibrin gel to polymerize for 5 min in the flow hood at 20oC–22oC.
b. Gently place plate in incubator for 15 min.

Note: Avoid air bubbles. Do not move plate!
17. Sprouting

a. In the flow hood, very gently drip 100 mL of EGM-2 on top of the gel.
b. Place HUVEC/bead/gel mixture at 37oC and 5% CO2 for 20–48 h.
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Figure 3. Common problems associated with the assay. Maximum projection of an image 
stack (A), basal z-slice only (B), and 3-D projection along the x-axis (C), showing HUVECs 
spreading on the bottom of the plate (arrow). Example of hypersprouting (D), beads too close 
to each other (E) and beads too close to the well periphery (F). All stainings show F-actin 
(magenta) and Hoechst (cyan). Maximum projections are generated from stacks of 199-291 
z-slices. Bars, 75 mm.

CRITICAL: The relative quantities of thrombin and fibrinogen are crucial for 
the polymerization and quality of the gels. While poor gel quality can affect 
sprouting in various ways, a common problem is that beads sink to bottom and 
cells start to adhere to the bottom of the well (see Figure 3) (troubleshooting 
4).

Note: The optimal window required for sprouting should be determined first for 
appropriate experimental conditions. We occasionally observe excessive sprouting 
already within 48 h, which complicates the analysis and quantification (see Figure 3). 
Also, it will be more difficult to identify stimulatory effects on sprouting under these 
circumstances (troubleshooting 5).

Multi-position confocal imaging of fixed material
Timing: 8–12 h
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After the desired time of sprouting (in glass-bottom ‘half-well’ 96-well plates, efficient 
sprouting is already visible within 20–48 h after initiation of the assay), cells can be 
fixed for immunofluorescence analysis. For the visualization of individual sprouts 
and cells, rather than subcellular structures, we use phal- loidin to stain actin 
filaments, and Hoechst to stain nuclei. Both stains are very bright and because of 
their small size, their delivery to cells in the fibrin gels is much more efficient than 
that of antibodies. The time required for imaging of an entire plate will depend on the 
numbers of beads to be imaged per condition, as well as microscope settings such 
as number of z-slices, resolution, and scan speed.

18. Staining
a. Aspirate the medium and wash once with PBS containing MgCl2/CaCl2.
b. Fix with 500 mL of 4% PFA for 15 min at 20oC–22oC.
c. Wash 4 times with PBS.
d. Permeabilize with 500 mL of 0.5% Triton X-100 in PBS for 5 min at 4oC (this 

is sufficient for robust delivery of phalloidin, in contrast to antibodies which 
would require longer permeabilization).

e. Block non-specific binding with 5% BSA in PBS containing MgCl2/CaCl2 for 
2 h at 20oC–22oC.

f. Wash the gels 3 times with PBS containing MgCl2/CaCl2.
g. Incubate with Hoechst and phalloidin for 12–16 h at 4oC.
h. Wash gels 3 times with PBS containing MgCl2/CaCl2 for 10 min and store 

at 4oC until imaging. Although it is advised to image the plates shortly after 
staining, the plates can be stored for a number of weeks.

Note: In case of storage, keeping the phalloidin in until imaging increases the quality 
of staining.

Optional: For the visualization of subcellular structures or specific proteins, stainings 
with an- tibodies can be performed. For details on immunostaining in fibrin gels see: 
(Eglinger et al., 2017; Nakatsu and Hughes, 2008)

19. Multi-position confocal imaging
a. Apply two drops of water to the lens of a 203 long-distance water objective, 

as well as a drop of water on the bottom of the 96-well plate underneath the 
wells to be filmed.
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b. Place plate on the stage of confocal microscope.

Note: The use of objectives with long working distance is preferred. Best results 
are obtained with water objectives, which generate less optical aberrations at long 
working distance, as compared to oil-immersion objectives. Moreover, oil immersion 
objectives are less suitable for multi-position imaging, as the oil will be distributed 
all over the plate, increasing the risk of focus loss. For longer imaging periods with 
water objectives, the use of a water pump is required to maintain water immersion. 
Use no higher magnification than 20–253 if entire beads with all pertaining sprouts 
are to be imaged.

c. Select the appropriate laser lines (for instance, excitation at 405 nm for 
Hoechst, and 561/ 594 nm for Texas Red-conjugated phalloidin).

d. Determine laser/gain and other confocal settings, for instance image 
dimensions 1024 3 1024 pixels, 0.75 mm/pixel, pinhole 1 mm, scan speed 
400 Hz, bidirectional scanning, and performing sequential scanning between 
stacks (see Figure 4).

e. Optimize laser and gain settings.
f. Set the appropriate number of z-slices. Example: at a 1.5 mm z-slice 

thickness, a typical bead with sprouts of about 300 nm in height will require 
around 200 z-slices. 

g. Run a pilot stack to confirm or adjust settings.
h. Select xyz positions and save to positions list. Attempt to image ~10 beads 

per condition.

Note: The settings mentioned here will enable fast imaging with high-quality results, 
but several settings including the number of z-slices should be adjusted according to 
individual demands on image quality or imaging speed.

i. Start the experiment. The positions list can be created at the end of the day 
to let the confocal run for 12–16 h.

Note: The above settings will generate high-quality images with great resolution, but 
imaging with these settings will take on average 15 min per bead. For the analysis 
of large numbers of beads, scanning time can be reduced to about 3 min per bead 
using resonant scanning. The latter option will result in lower resolution but will still 
generate sufficient detail for proper visualization and quantification.
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Figure 4. Confocal imaging and mosaic sprouting assays 
(A) The confocal set-up used for assays described in this paper requires a module for multi-
position imaging and a 37oC climate chamber equipped with CO2 and humidifier, as well as a 
water pump for prolonged water immersion imaging. (B) Screenshot of confocal settings for 
imaging of sprouts in multi-position mode. (C)Example of a mosaic assay for simultaneous 
assessment of differential sprouting properties between conditions. Two different HUVEC 
populations are differentially labeled using CellTracker dyes (pseudocolored yellow and 
magenta), mixed in a 1:1 ratio on beads, and allowed to sprout in fibrin gels, whereafter they 
are fixed and the nuclei stained (gray). Images are maximum projections of confocal z-stacks 
comprised of 183 slices. Bar, 75 mm.

Note: Because of bead-to-bead heterogeneity and variability in sprouting, it is 
advised to im- age multiple beads (5–10) per condition. Potential bias in selecting the 
beads for imaging could be reduced by performing the selection in a blind manner. 
Furthermore, unbiased bead selection may be aided using microscope applications 
that scan the entire well at low magnification (such as Leica Navigator), thus giving 
an impression of the general efficiency of sprouting per condition. Finally, phase/
contrast images can be acquired of the same plate in parallel to confirm differences 
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in sprouting between conditions.

Cell labeling and mosaic sprouting assays to assess differences in tip cell formation
Timing: 1–2 days

While the protocol described above allows for visualization of tip cell morphology in 
detail (see Figure 1), differences in tip cell behavior or competitive advantages in 
tip cell formation can be assessed more directly in mosaic assays with differentially 
labeled cell populations, e.g., by using CellTracker as described below.

20. Labeling of HUVECs with cell-permeable CellTracker dyes
a. Trypsinize HUVECs of experimental condition and control.
b. Count HUVECs and resuspend equal numbers in EGM-2.
c. Add a different CellTracker dye to each population, for instance CellTracker 

Green for the experimental condition, and CellTracker Red for the control 
(both at suggested concentra- tions of 0.1 mM).

d. Wash the cells twice with large volumes of PBS.

Note: Perform these steps in the flow hood to keep cells and dyes sterile. CellTracker 
dyes are dissolved in DMSO as a 10003 solution, according to the manufacturer’s 
instructions.

Note: CellTracker dyes are cell-permeable but once in the cell, they are converted 
into cell- impermeable reaction products. They are transferred to daughter cells after 
division. Cell- Tracker Green produces uniform cell labeling, while CellTracker Red 
prominently labels vesic- ular compartments (see Figures 4 and 5).

Note: Wear protective clothing, gloves, and eye/face protection when handling 
DMSO or the DMSO dye solution. DMSO easily penetrates the skin and facilitates 
the absorption of organic molecules into tissues. Dispose of waste and materials in 
compliance with the appropriate local regulations.

21. Attaching labeled HUVECs to beads
a. Pre-incubate for 30 min in the dark at 37oC.
b. Mix the two populations in a 1:1 ratio.
c. Incubate labeled HUVEC mixture with the beads for 12–16 h at 37oC as 

described in steps 11 and 12.



96

Chapter 4 

d. Harvest beads with labeled HUVECs as described in steps 13 and 14.
e. Add beads with labeled HUVECs to fibrin gels and start sprouting assay as 

described in steps 15–17.
22. Fix cells at appropriate time-point, e.g., at 20 h after the induction of sprouting.

Figure 5. Live imaging approaches for visualization of tip cell behavior during sprouting 
(A) Stills from a single-channel time-lapse movie showing filopodial dynamics in sprouting 
HUVECs labeled with CellTracker. Images were acquired every 10 min with 61 z-slices per 
time-point. Bar, 20 mm. (B) Schematic representation of the construct used for live imaging 
(top). Stills from a pseudocolored dual-channel time-lapse movie, showing a tip cell expressing 
H2B-mNeon to visualize the nucleus, and TagRFP-CAAX to track the plasma membrane and 
endomembranes (bottom). Images were acquired every 15 min with 66 z-slices per time-point. 
Bar, 10 mm. (C) Stills from a pseudocolored dual-channel time-lapse sequence showing tip cell 
dynamics in a mosaic sprouting assay with a 1:1 mixed population of HUVECs differentially 
stained with distinct CellTracker dyes. Imaging started 20 h after sprouting, images were 
acquired from 99 z-slices with a 20 min interval. Bar, 75 mm.

CRITICAL: CellTracker dyes can induce toxic effects in the long run. Determine 
cellular health by visual inspection and decide on the optimal time-point to fix 
the cells. For tip cell competition assays, formation of large sprouts is not 
necessary and the experiment can be fixed at an early time-point.
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23. Label cells after fixation with Hoechst as described above in step 18. Keep 
plates in the dark to avoid loss of CellTracker signal.

24. Select the appropriate laser lines on a confocal set-up (for instance; 405 nm for 
Hoechst, 488 nm for CellTracker Green, and 591 nm for CellTracker Red).

25. Image the cells as described above (step 19).
26. Create maximum projections of the z-stacks as described in the quantification 

and statistical analysis section below. The separate channels will reveal cells of 
each population, as well as the nuclei of all cells (see Figure 4C).

27. Quantification of tip cells is performed by counting all tip cells for each color, 
and dividing this number by the total number of cells in that color. This will correct 
for potential differences in total cell numbers in each condition.

CRITICAL: First determine the best conditions for labeling  (ie concentration, 
incubation times) with CellTracker dyes (troubleshooting 6). Note that 
prolonged incubation increases dye dilution due to cell division,  as  well as 
transfer  of  dyes  to adjacent cells.

CRITICAL: To rule out (indirect) effects of the dye on tip cell formation it is 
recommended to include a condition where the different CellTracker dyes are 
swapped between cell populations. Furthermore, it is advised to include a 
condition in which control cells, labeled with either dye, are mixed in a 1:1 ratio. 
The number of tip cells in each color should be around 50% in this condition.

Live imaging by time-lapse confocal microscopy
Timing: 1–2 days

In addition to imaging fixed materials, this protocol describes how to generate time-
lapse movies  from sprouting cells in fibrin gels, which will reveal the dynamic behavior 
of tip cell filopodia and of individual cells within sprouts. To visualize endothelial cells, 
they can be labeled using CellTracker dyes, or engineered to express a fluorescent 
protein. As an example of the latter, we here use a bi- cistronic construct in a lentiviral 
vector, encoding mNeonGreen labeled histone 2B (H2B) as well as a CAAX motif 
tethered to tagRFP (Bolhaqueiro et al., 2018). The C-terminal CAAX motif used here 
is from K-Ras and integrates specifically in the plasma membrane, thus marking 
the cell membrane and endocytic/pinocytic compartments derived thereof, while 
H2B marks the chromatin. Therefore, this approach is useful for the simultaneous 
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imaging of membranes and nuclei in living cells (see Figure 5).

28. Label cells with CellTracker dyes as described above in step 20.
Or:

29. Follow steps 22–32 of the section ‘‘Production of lentivirus-like particles’’, but 
using the lentiviral expression vector of interest, instead of shRNA-encoding 
pLKO.1-puro.

30. Transduce HUVECs as in steps 1–5 of section ‘‘Endothelial cell culture and 
lentiviral transduction‘‘.

31. If desired, select positive cells with antibiotics as described in step 6 of section 
‘‘Endothelial cell culture and lentiviral transduction‘‘.

Note: We use a lentiviral vector here for the delivery of our fluorescent protein of 
interest. Any marker protein can be used in this manner, within the size limit of a 
lentiviral vector (~10 kilo- bases in total; virus production is less efficient for inserts 
> 2kb).

Note: If imaging with lentivirally delivered proteins is initiated shortly after transduction, 
a BSL-2 imaging facility is required.

Note: CellTracker is easily combined with stable suppression of gene expression 
using shRNAs. To achieve robust expression of a fluorescent marker protein in stable 
knockdown cells, we recommend transducing and selecting shRNA-expressing cells 
first, followed by transduction to express the marker protein. A different antibiotic (for 
example blasticidin) could be used to select marker protein-expressing cells, but this 
will often not be necessary given the high degree of transduction efficiency using 
lentiviral systems, and the fact that positive cells can easily be selected by visual 
inspection.

32. Attach the fluorescent HUVECs to beads as described in step 21.
33. Determine the best time-point to start imaging. Generally, sprouting does not 

occur earlier than 16–18 h after placing the beads in the gels.
34. Replace the medium approximately 1 h before starting to set up the microscope. 

The micro- scope should be prewarmed and atmospherically stabilized at 37oC 
and 5% CO2.

35. Select the appropriate laser lines and settings. Appropriate time intervals will 
depend on the hypothesis, e.g., imaging filopodia dynamics will require shorter 
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intervals than investigating tip cell sprouting or sprout elongation.
36. Start the experiment as described above in step 19.

Note: Because CellTracker can fade, impose toxicity, or transfer between cells during 
pro- longed incubation, it is advisable to not image CellTracker-loaded cells too long.

CRITICAL: It is important to first determine the optimal confocal settings 
(number of z-slices per position, intervals between images), as well as potential 
phototoxicity and bleaching effects (troubleshooting 7).

Expected outcomes 
The protocol described here will achieve robust sprouting of endothelial cells in a 
short time-frame, followed by detailed visualization and quantitative assessment 
of sprouting characteristics such as length and numbers of sprouts, numbers of 
individual cells, etc. The ‘half-area’ 96-well plates require limited amounts of reagents 
and are suitable for medium- to high-throughput screening. Dynamic behavior of 
individual cells within sprouts can be monitored using fluorescent probes by time-
lapse microscopy, while the mosaic assays will assess relative sprouting efficiencies 
and competitive advantages between control and experimental conditions in the 
same well.

Quantification and statistical analysis 
Timing: 5 min–5 h

The protocol below makes use of our newly generated macro ‘‘Automated sprout 
analysis’’ that reiterates sprouting analysis using the FIJI/ImageJ plugin Sprout 
morphology, based on a previously described method (Eglinger et al., 2017). Upon 
importing raw confocal data, the macro will create a maximum projection, despeckle 
the image, and enhance the contrast by 0.3%. Subsequently the macro will detect 
beads, sprouts and nuclei according to adjustable settings and store the results in 
a separate folder. The required time will depend on the number of beads analyzed, 
binning options, and the computer used.

1. Install ImageJ plugin Sprout morphology.
a. Menu bar / Help / Update./ Manage update sites / Check Angiogenesis.
b. Click close and apply changes.



100

Chapter 4 

c. Restart ImageJ/FIJI.
2. Run macro.

a. Import ‘‘Automated sprout analysis’’ macro in ImageJ
b. Click Run > the macro will open the window ‘‘macro to reiterate sprouting 

analysis’’ > click OK
c. The macro will open a window to select the appropriate file > click OK
d. The macro will open the ‘‘Bio-Formats options’’ window > select the appropriate 

settings (Vir- tual Stack recommended) > click OK
e. Macro will then open the window ‘‘Bio-Formats series options’’ > select a 

single position (the sole purpose here is readout of metadata; user can later 
define positions to be analyzed) > click OK

Note: Bio-Formats will allow direct import of raw data without the need to export them 
first from the microscopy software. Bio-Formats will retrieve the appropriate/relevant 
dimensions directly from the metadata.

f. Macro will open a Dialog Window to define all desired settings (see Figure 6). 
Pre-defined set- tings are shown (and can be retrieved later).

g. Name the experiment and select the positions to be analyzed (1 in Figure 6)
h. Define staining and colors of separate channels (2)
i. If necessary, select options to reduce RAM size, e.g., cropping around the 

entire sprout outline and/or binning (3).

Note: Binning will speed up analysis and use less memory, but be aware that reduced 
resolution may impact the results

j. Define which channels to use for detection of nuclei, beads and sprouts (4)
k. Select thresholding settings and options for optimal detection of individual 

nuclei (segmentation) (5). Standard settings used in this paper are shown
l. Select the minimal bead radius (MBR), ranging from 60 to 100 mm (6).

Note: Appropriate settings for sprout and bead thresholding should be determined 
and optimized first for individual experiments.
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Figure 6. Screenshot of the settings window from our ‘‘Automated sprout analysis’’ 
macro. Appropriate settings for the opening, processing, analysis and output of confocal 
z-stacks of sprouting can be defined here, as described in the main text.

Note: Varying the MBR will affect the detection of the bead, and thereby also the 
numbers of nuclei in sprouts and sprout length. It is advised to first try all MBRs to 
determine the optimal value in order to get the best size and most circular shape, 
which will be clear from the created output file (Figures 7F–7K) (troubleshooting 8).

m. Select settings for the output file, such as colors of the bead and sprout 
outlines (7). The ‘‘save combine output’’ option prompts the generation of a 
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tiff combining all analyses from the current experiment in a multidimensional 
format, designed to facilitate evaluation of the results (see 3a below). To 
reduce output file size, use the ‘‘bin it’’ option (this option leaves data anal- 
ysis itself unaffected).

n. Finally, the option to return to the pre-defined settings can also be selected 
(8) with the LUT Spectrum.

Note: Output data are saved to a folder structure, organized by Experiment ID. On 
first use, the user will be prompted to select the destination for the output folder, 
which will from then automatically be used in subsequent analyses.

Note: The time necessary to complete analysis depends on the computer used. For 
the anal- ysis of large data sets, a fast computer with sufficient RAM (at least 16 GB) 
is crucial (trouble- shooting 8).

3. Analyze data.
a.  The macro will store the generated results on the selected drive, in a folder 

called ‘‘Results Sprouting Analysis’’. Data from each experiment will be 
stored in a separate folder, and will contain (among others) a tiff file with 
two sliders. The bottom slider will enable toggling be- tween all individual 
positions (beads of the experiment, while the top slider will enable scrolling 
through all analysis results (see Figure 7), including the name of experiment/
condition as well as used settings and obtained results (A), the separate 
and merged channels of the max projection (B-D), depth coding with and 
without outlined bead and sprouts (E,F), the bead and sprout masks (G-I),  
keletonized sprouts (J), and the segmented nuclei (H).

b. The macro will also save a basic Excel (xls) file, containing the used settings

Note: Graphs can be created directly in Excel or using an alternative program such 
as Graph- Pad Prism. The latter also allows direct statistical analysis. Start from 
data table or graph / Analyze / choose the appropriate method of statistical analysis, 
depending on experimental set-up and number of conditions.
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Figure 7. Example of an output file. The macro described here will generate for each indi-
vidual bead (position) a file containing the analysis settings and main results (A), the separate 
channels and merge of the maximum projection (B–D), a depth-coded image with and with-
out the outlined bead and spouts (E and F), the bead and sprout masks (G–I), skeletonized 
sprouts (J), and the segmented nuclei (H). The image stack used here contained 362 z-slices, 
separate channels were F- actin (magenta) and nuclei (cyan), and depth coding was per-
formed 

Limitations
Technical problems may arise at several steps of the protocol described here, 
associated for instance with cell culture, sprouting efficiency, staining and multiposition 
imaging of fixed cells, live-cell microscopy, or the analysis of image stacks. Potential 
solutions to these issues are detailed in the troubleshooting section. It is important 
to realize that endothelial cells can differ from one individual to another, and that 
not all HUVECs proliferate and sprout to the same extent, which is a source of 
variability between different labs and/or different sets of experiments in the same lab. 
Moreover, this assay relies on generating confocal z-stacks from multiple different 
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conditions in multi-position imaging mode, which requires an optimal balance 
between the number of z-slices per position, the number of positions to be imaged, 
and the resolution (and therefore speed) of im- aging. Reductions in z-step size 
will lead to an increase in the number of z-slices and thus provide more detail, but 
will also require more imaging time. Also, higher resolution will decrease the speed 
of imaging and vice versa. Access to confocal microscopes and available imaging 
time may be limited, although for this type of experiments a positions list can be 
created at the end of the day to run the experiment for 12–16 h. During live imaging, 
limitations will include detrimental effects resulting from the use of fluorescent dyes 
and/or phototoxicity, as well as bleaching of the fluores- cent signal over time. 
Furthermore, there are limitations to the number of z-slices and positions, as well 
as the time interval in between two consecutive positions, that can be imaged in a 
multi-position live experiment. Finally, the analysis of image stacks using ImageJ 
requires a fast device with sufficient memory, and can be painfully slow if a ‘regular’ 
computer is used.

Troubleshooting
Problem 1
HUVECs grow slower than expected (steps 20 and 21 of before you begin).

Potential solution
Cell adhesion and proliferation can be enhanced by coating the flasks with gelatin, 
fibronectin, or serum. Furthermore, proliferation is optimal when cells are seeded at 
appropriate densities, i.e., not too sparse and not too dense.

Problem 2
Viral titer is low (steps 32 and 33 of before you begin).

Potential solution
To increase viral titer, try to enhance the efficiency of transfection. HEK293T cell 
adhesion and pro- liferation can be improved by coating the tissue culture dish-
es. HEK393T cells are best transfected at a density of 50%–80%. Low-passage 
HEK293T cells produce a higher titer than high-passage cells. Finally, the viral su-
pernatant can be concentrated using PEG 6000 (Kutner et al., 2009). While viral su-
pernatant can be stored at  80C for a number of weeks to even months, best results 
are achieved using freshly isolated supernatant. 
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Problem 2
Viral titer is low (steps 32 and 33 of before you begin).

Potential solution
To increase viral titer, try to enhance the efficiency of transfection. HEK293T cell 
adhesion and pro- liferation can be improved by coating the tissue culture dishes. 
HEK393T cells are best transfected at a density of 50%–80%. Low-passage HEK293T 
cells produce a higher titer than high-passage cells. Finally, the viral supernatant can 
be concentrated using PEG 6000 (Kutner et al., 2009). While viral supernatant can 
be stored at -80oC for a number of weeks to even months, best results are achieved 
using freshly isolated supernatant.

Problem 3
Few cells are left after selection (step 7).

Potential solution
The viral titer may be too low, which can be solved by optimizing the transfection 
procedure in HEK293T cells, or by concentrating the virus as described above. 
Alternatively, some shRNAs can cause cell death due to off-target effects. Comparison 
of different shRNAs per target gene is advised. Finally, if the gene of interest is an 
essential gene, its suppression may impair cell viability and/or proliferation. In this 
case it is likely that selection occurs for cells that have low levels of knock- down, 
and thus express residual levels of the protein that rescue compromised proliferation 
or cell viability.

Problem 4
Gels do not polymerize well and/or are of poor quality (steps 15 and 16).

Potential solution 
The quality and relative amounts of the used fibrinogen and thrombin are essential. 
Thrombin can be aliquoted and maintained at -80oC, but its activity may decrease 
over time during prolonged storage. Furthermore, it is recommended to use high-
purity fibrinogen preparations. Suboptimal quantities of active thrombin and/or 
fibrinogen will cause the gel either to polymerize too fast and/or become too rigid, 
which will impair sprouting, or not polymerize fast/good enough, in which case the 
beads may sink to the bottom of the well and the cells will start adhering to the 
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tissue culture glass plate (see Figure 3).

Problem 5
Excessive sprouting is observed after 48 h (hypersprouting), which can complicate 
analysis (see Fig- ure 3) (step 17).

Potential solution
Determine the optimal conditions in a pilot experiment. In case of excessive sprouting, 
reduce the time of the assay (fix the cells at an earlier time-point).

Problem 6
Labeling with CellTracker induces toxicity, or dye transfer between adjacent cells is 
observed (steps 21 and 22).

Potential solution
Optimal conditions for labeling and use of CellTracker dyes should be assessed 
first. Too high concentrations can reduce cell viability and performance, while too 
low concentrations, especially com- bined with bleaching effects during imaging, will 
compromise visibility. Moreover, transfer of dyes between adjacent cells can occur. 
Several dyes are available, fused to a variety of fluorophores and labeling distinct 
subcellular compartments, and comparison of these will identify the optimal dye for 
specific experimental conditions.

Problem 7
The signal is bleaching, cells look unhealthy, or cells do not behave as expected in 
live imaging assays (step 35).

Potential solution
The dyes may impair cell performance directly or as a result of phototoxicity 
during live imaging. First assess the direct effects of the dyes on cell function, by 
incubation during the same time-frame but without exposure to light. Then aim for 
the minimal concentration of dye that will still generate sufficient visibility even after 
long-term imaging. If impaired cell function results from phototoxicity, a solution may 
be to increase the interval between consecutive images (thus reducing the total 
num- ber of images), as well as reduce the number of z-slices at each position.  
On a confocal microscope, resonant scanning may reduce bleaching effects and 
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phototoxicity. Alternatively, other systems like light sheet microscopes could resolve 
these problems.

Problem 8 
The macro does not generate results or aborts analysis (steps 1 and 2 of quantification 
and statistical analysis).

Potential solution
Allocating more RAM to ImageJ is recommended (Edit > Options > Memory and 
threads). If insuf- ficient RAM is available, the macro will abort analysis. The user 
can resume analysis by selecting the appropriate position in the Settings Dialog. 
The macro also indicates when analysis for a given po- sition failed. This is usually 
because the bead was not properly detected, and can be solved by selecting a 
different MBR.

Resource availibility

Lead contact: Further information and requests for resources and reagents should be 
directed to and will be fulfilled by the lead contact, Coert Margadant (c.margadant@
amsterdamumc.nl).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The ImageJ macro ‘‘Automated sprout analysis’’ is available from GitHub (https://
github.com/ Sprouting-angiogenesis/Automated-sprout-analysis).
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Abstract
Sprouting angiogenesis is key to many pathophysiological conditions, and is strongly 
regulated by vascular endothelial growth factor (VEGF) signaling through VEGF 
receptor 2 (VEGFR2). Here we report that the early endosomal GTPase Rab5C 
and its activator RIN2 prevent lysosomal routing and degradation of VEGF-bound, 
internalized VEGFR2 in human endothelial cells. Stabilization of endosomal VEGFR2 
levels by RIN2/Rab5C is crucial for VEGF signaling through the ERK and PI3-K 
pathways, the expression of immediate VEGF target genes, as well as specification 
of angiogenic ‘tip’ and ‘stalk’ cell phenotypes and cell sprouting. Using overexpression 
of Rab mutants, knockdown and CRISPR/Cas9-mediated gene editing, and live-
cell imaging in zebrafish, we further show that endosomal stabilization of VEGFR2 
levels is required for developmental angiogenesis in vivo. In contrast, the premature 
degradation of internalized VEGFR2 disrupts VEGF signaling, gene expression, 
and tip cell formation and migration. Thus, an endosomal feedforward mechanism 
maintains receptor signaling by preventing lysosomal degradation, which is directly 
linked to the induction of target genes and cell fate in collectively migrating cells 
during morphogenesis.

Keywords
Endolysosomal trafficking · Early endosomes · Rab5C · Rab GTPases · Notch 
signaling · VEGFR2 · VEGF signaling · Sprouting angiogenesis · Tip cells

Abbreviations
ALS2   Alsin 
ALS2CL  ALS2 C-terminal-like protein
 ANGPT2  Angiopoietin-2
APLN Apelin
CA Constitutively active
Ctrl Control
DLAV Dorsal longitudinal anastomotic vessel
 DLL4 Delta Like ligand-4
DN Dominant-Negative
EE Early Endosome
EEA-1 Early Endosomal Autoantigen-1
ERK Extracellular-signal Regulated Kinase 
FDR False discovery rate
GAPVD1 GTPase Activating Protein And VPS9 Domains 1
GEF Guanine Exchange Factor
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GEO Gene Expression Omnibus
GFP Green fluorescent protein
HUVEC Human Umbilical Vein Endothelial Cells 
hpf Hours post-fertilization
ISV Intersegmental vessel
MO Morpholino
NID2 Nidogen-2
NR4A Nuclear Receptor Subfamily 4 Group A
 NRP2 Neuropilin-2
ORF Open reading frame
PDGFB Platelet-Derived Growth Factor B
 PI3-K Phosphatidylinositol 3-kinase
qPCR Quantitative PCR
RABEP-2 Rab GTPase-binding effector protein 2 
RIN Ras and Rab Interactor
RINL Ras and Rab INteractor-Like
sh Short hairpin
TGN Trans-Golgi network
VE-cadherin Vascular Endothelial-cadherin 
VEGF Vascular Endothelial Growth Factor 
VEGFR Vascular Endothelial Growth Factor Receptor
WT      Wild-type

Introduction
Sprouting angiogenesis is crucial for a range of patho- physiological processes 
including embryonic development, wound healing, tissue remodeling, cancer, 
and cardiovascu- lar disease [1]. A key pro-angiogenic event is the interaction of 
vascular endothelial growth factor A (VEGF-A, further referred to as VEGF) with 
VEGF receptor 2 (VEGFR2), which promotes endothelial proliferation, survival, and 
migration through activation of the extracellular-signal regu- lated kinase (ERK) and 
phosphatidylinositol 3-kinase (PI3- K) pathways [2]. VEGF/VEGFR2 signaling also 
induces a pro-angiogenic gene expression program and stimulates the selection of 
specialized ‘tip cells’, which have a distinct morphology and transcriptional signature, 
and promote the guidance of nascent sprouts [3–7]. Tip cells are followed by ‘stalk 
cells’, which promote sprout elongation and lumeniza- tion [4–7]. VEGF-dependent 
specification of tip and stalk cells is fine-tuned by activation of Notch signaling, which 
downregulates VEGFR2 expression to prevent uncontrolled sprouting [7–10], as well 
as by the decoy receptor VEGFR1, which sequesters VEGF away from VEGFR2 
[11–13].
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Upon VEGFR2 activation by ligand binding, VEGFR2 is rapidly internalized and 
subsequently recruited to early endosomes (EEs) [2, 14–18], which are marked by the 
presence of GTPases of the Rab5 subfamily [19]. Rab GTPases are key regulators 
of vesicle fusion and pro- tein sorting that are activated by GDP/GTP exchange, 
catalyzed by guanine nucleotide exchange factors (GEFs) [19–21]. Activation is 
crucial for Rab localization to intracellular membranes, and for the recruitment 
of effector proteins [19–21]. From EEs, VEGFR2 is trafficked to lysosomes and 
degraded, thus accelerating its turnover and terminating VEGF signaling, in a 
manner dependent on epsin binding to ubiquitinated cytoplasmic motifs in VEGFR2 
[16, 22–25]. Alternatively, VEGFR2 is recycled back to the cell-surface in recycling 
compartments, containing either Rab4 or Rab11 [14, 16, 17].
Internalization of activated VEGFR2 and its subsequent flux through the endosomal 
system are regulated by endo- cytic adapters, as well as by cell-surface receptors 
that asso- ciate with VEGFR2 [14, 23, 25–31]. Although it is known that VEGFR2 
can signal from endosomal compartments [2, 18], the interrelation between VEGFR2 
endocytosis and signaling is complex. For example, ephrin B2 knockout impairs both 
VEGFR2 endocytosis and signaling [30, 31], whereas the targeted deletion of epsins 
or dynamin blocks VEGFR2 internalization but not signaling [28, 32]. Further- more, 
it is important that VEGFR2-containing endosomes progress normally through the 
endosomal system, as delayed trafficking exposes internalized VEGFR2 to selective 
dephosphorylation by tyrosine phosphatase PTP1b, leading to reduced activation of 
the ERK, but not PI3-K pathway, and impaired arteriogenesis [26, 33, 34].
While these findings emphasize the importance of endo- cytosis for VEGF signaling, 
less is known about the mecha- nisms and factors that maintain endosomal VEGFR2 
levels and prevent premature degradation. Studies in zebrafish have shown that 
Rab5C is particularly highly expressed in endothelium and important for endothelial 
Notch trafficking [35–38], but its role in VEGFR2 traffic is unknown. More- over, it 
is unclear if and how endosomal VEGF signaling regulates the induction of VEGF 
target genes, or the acqui- sition of tip versus stalk cell properties during sprouting 
angiogenesis.

Here we show that the regulated maintenance of internalized VEGFR2 and its 
diversion from the degradation pathway is tightly linked to the induction of VEGF 
target genes, and is crucial for tip cell specification and endothe- lial cell migration. 
The endosomal VEGFR2 pool is pro- tected from degradation by Rab5C, which is 
recruited to endosomes by the GEF RIN2. Finally, we show by a number of in vitro 
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and in vivo approaches that manipulation of the RIN2/Rab5C machinery leads to 
premature VEGFR2 deg- radation, thus disturbing normal endothelial VEGF/Notch 
signaling and VEGF-dependent gene expression, genera- tion of functional tip cells, 
and sprouting angiogenesis. In summary, an endosomal feedforward loop controlled 
by RIN2/Rab5C prevents VEGFR2 degradation, and main- tains a VEGF signaling 
window required for VEGF-induced gene expression, tip/stalk cell specification, and 
vascular sprouting.

Results
Rab5C protects VEGFR2 from VEGF-induced lysosomal degradation
We first depleted Rab5C from human umbilical vein endothelial cells (HUVECs) 
with shRNA pools (leading to ~ 90% reduction at the mRNA level; Fig S1A), and 
assessed the cell-surface levels of VEGFR2 by flow cytometry. Intriguingly, VEGFR2 
surface levels in steady- state HUVECs (growing in the presence of VEGF) were 
consistently reduced two-fold in sh_Rab5C cells, compared to HUVECs expressing 
scrambled sequences as a control (sh_Ctrl) (Fig. 1a). The decrease in VEGFR2 was 
further confirmed by quantification of the total VEGFR2 protein levels by Western 
blotting (Fig. 1b). In contrast, VEGFR1 protein levels were not affected, suggesting 
that VEGFR1 is not regulated by Rab5C (Fig. 1b; Fig S1B). We then investigated if 
and how Rab5C regulates VEGFR2 endo- cytic recycling using flow cytometry. To 
test whether the internal pool of VEGFR2 can be recruited normally to the plasma 
membrane, we starved HUVECs for 30 min, a time- frame that allows mobilization 
of the internal VEGFR2 pool to the plasma membrane but is too short to induce 
strong changes in de novo protein synthesis. Starvation significantly increased the 
cell-surface levels of VEGFR2 compared to those in steady-state in sh_Ctrl but not 
sh_Rab5C cells, indicating that the recruitment from intracellular compart- ments 
was impaired (Fig. 1c, d). VEGF induced VEGFR2 endocytosis in both sh_Ctrl and 
sh_Rab5C cells, although in the latter the internalization was slightly reduced (Fig. 
1c, e). The endosomal pool of VEGFR2 is protected from degradation in the absence 
of ligand, while VEGF stimu- lation results in rapid degradation [16, 22]. Therefore, 
we hypothesized that the reduced levels of VEGFR2 in Rab5C- depleted cells were 
due to increased degradation. To assess VEGFR2 degradation, HUVECs were 
deprived of growth factors overnight and then stimulated with VEGF, which resulted 
in a rapid decrease of up to 40% of VEGFR2 levels in 30 min (Fig. 1f), consistent 
with previous reports [16, 22]. Strikingly, VEGFR2 degradation was enhanced two- 
fold in Rab5C-depleted cells, confirming our hypothesis that the reduction in VEGFR2 



116

Chapter 5 

levels in these cells is caused by increased degradation (Fig. 1f). Moreover, inhibition 
of lyso- somal proteases blocked VEGF-induced degradation, and nullified the 
differences in VEGFR2 degradation between sh_Ctrl and sh_Rab5C cells (Fig S1C). 
In HUVECs that were maintained in the absence of VEGF, VEGFR2 levels declined 
only modestly (20% over 120 min), and this was not significantly altered by depletion 
of Rab5C (Fig. 1g).
In summary, these results show that Rab5C protects the endosomal VEGFR2 pool 
from VEGF-induced lysosomal degradation.

Rab5C regulates VEGF signaling, the VEGF-induced immediate transcriptome, and 
endothelial cell sprouting
We next investigated if and how Rab5C regulates VEGF signaling. For this purpose, 
sh_Ctrl and sh_Rab5C HUVECs were starved overnight and then stimulated with 
VEGF, whereafter AKT phosphorylation was assessed as a read- out for PI3-K-
mediated VEGF signaling. VEGF triggered robust and persistent AKT phosphorylation 
within 10 min in sh_Ctrl cells, which was almost completely abolished in Rab5C-
depleted cells, indicating that Rab5C is required for VEGF-induced PI3-K signaling 
(Fig. 2a). We also investi- gated VEGF-induced ERK-1/2 phosphorylation. In sh_Ctrl 
cells, robust induction of ERK-1/2 phosphorylation was observed within 5 min after 
VEGF addition and persisted for up to 30 min, while this was significantly reduced in 
sh_Rab5C cells (Fig. 2b).
We then assessed if and how the reduced VEGFR2 signaling observed upon depletion 
of Rab5C impacts on VEGF- regulated gene expression by mRNA sequencing analysis 
(RNA-seq). Differential expression was assessed by empiri- cal Bayes analysis 
followed by correction of p values for multiple testing using the Benjamini–Hochberg 
false discov- ery rate (FDR), with a cut-off adjusted p value of 0.05. Using these criteria, 
the expression of 40 genes was significantly induced and 1 gene was repressed 
in sh_Ctrl cells after 1 h (t = 1) of VEGF stimulation, while after 4 h (t = 4) the 
expression of these genes was largely back to base-line levels (Table S1 and Fig. 2c). 
These kinetics are comparable with those found in previous reports [39–41]. The 
induced target genes include well-known immediate VEGF targets, 58% of which 
encoding transcriptional regulators such as Krüp- pel-like factors, nuclear receptors 
of the NR4A family, and members of the Fos/Jun and early growth response protein 
families, also consistent with earlier findings (Table S1 and Fig. 2c) [39–41]. Strikingly, 
expression of a large number of VEGF target genes (34 out of 41) was altered in 
sh_Rab5C cells (Fig. 2c), and geneset enrichment analysis revealed that at t = 1, 
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expression of the ‘VEGF transcriptome’ was significantly different with respect to 
that in sh_Ctrl cells (p = 3.12*10–4, FDR = 1.52*10–2).

Figure. 1 Rab5C protects endosomal VEGFR2 from VEGF-induced lysosomal 
degradation. a Cell-surface levels of VEGFR2 in sh_Ctrl and sh_Rab5C HUVECs analyzed by 
flow cytometry. (left) Histograms of a representative experiment, (right) quantification (means + 
SEM) of 4 independent experiments. Mean fluorescence intensities are expressed relative to those 
in sh_Ctrl cells. b Western blot analysis (left) of sh_Ctrl and sh_Rab5C HUVEC lysates probed 
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for VEGFR2 and VEGFR1, with α-tubulin serving as a loading control. Blots are representative of 
3 independent experiments. Quantification (right) shows the relative VEGFR2 levels normalized 
to total protein con- tent. Levels in sh_Ctrl cells were set to 1. Results are means + SEM of 3–4 
independent experiments. c sh_Ctrl and sh_Rab5C HUVECs were starved for 30 min and then 
either left untreated or stimulated for 30 min with 50 ng/ml VEGF, whereafter the cell-surface 
levels of VEGFR2 were analyzed by flow cytometry. d Recruitment of VEGFR2 upon starvation 
was calculated as the increase in surface levels with respect to those in steady-state. Results 
are means + SEM of 3 independent experiments. e VEGF-induced VEGFR2 internali- zation was 
calculated for sh_Ctrl and sh_Rab5C HUVECs. Mean flu- orescence intensities were normalized to 
steady-state levels. Results are means + SEM of 3–4 independent experiments. f, g HUVECs were 
starved overnight and subsequently stimulated with 50 ng/ml VEGF (f) or maintained in starvation 
medium for the indicated times (g). Lysates were subjected to Western blot analysis for VEGFR2, 
with α-tubulin as a loading control. Blots are representative of 4–5 individual experiments. 
Quantification of Western blots shows the decline in VEGFR2 levels, expressed relative to the 
levels at t = 0. Values represent means + SEM of 4–5 independent experiments

We then assessed the role of Rab5C in sprouting angio- genesis, using the fibrin 
bead assay [42, 43]. Quantification of the extent of sprouting after 48 h revealed 
that depletion of Rab5C strongly impaired sprouting, by affecting both the numbers 
of formed sprouts and their length (Fig. 2d–g). In addition, tip cells clearly formed 
multiple filopodia in the sh_Ctrl population, a process stimulated by VEGF signaling, 
whereas sh_Rab5C tip cells were on average more ‘blunted’ (Fig. 2d).
Together, these data show that Rab5C promotes endoso- mal VEGFR2 signaling 
and full induction of the immediate VEGF-induced transcriptome, and that Rab5C is 
required for efficient sprouting angiogenesis.

Rab5C promotes tip cell formation
Because VEGF signaling and the expression of certain VEGF targets is important 
for the induction and mainte- nance of tip cells during sprouting angiogenesis, we 
next addressed whether the reduced sprouting observed in the absence of Rab5C 
is due to differences in VEGF-induced tip cell specification. For this purpose, we 
first investigated the expression of a panel of genes commonly associated with tip cell 
identity, including ANGPT2, APLN, DLL4, NID2, NRP2, PDGFB, TIE1, UNC5B, 
VEGFR2, and VEGFR3 [6, 7]. Intriguingly, depletion of Rab5C significantly sup- 
pressed the transcription of ANGPT2, APLN, DLL4, NID2, UNC5B, and VEGFR3, 
while the expression of NRP2, TIE1, and VEGFR2 was mildly but not significantly 
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decreased (Fig. 3a). Of note, PDGFB expression appeared not to be regulated at all 
by Rab5C.
We then assessed tip cell formation in mosaic sprout- ing assays, by differentially 
labeling sh_Ctrl and sh_Rab5C cells using two distinct CellTracker dyes, mixing them 
in a 1:1 ratio, and determining the fraction of tip cells formed by each population 
after 48 h (Fig. 3b). The knockdown of Rab5C significantly reduced the numbers 
of tip cells in this assay (Fig. 3b). Similar results were obtained using a pool of mixed 
shRNAs (Fig. 3b), two different individual shRNAs (Fig S2A–C), and when the dyes 
were swapped between conditions (Fig S2B).
To address the role of Rab5C in an in vivo model system for sprouting angiogenesis, 
we next analyzed if Rab5C regu- lates intersegmental vessel (ISV) development in 
zebrafish. The zebrafish rab5c gene is highly homologous to its human counterpart, 
suggesting an important function in the vascu- lature [35, 37, 38]. We first generated 
a dominant-negative (DN) mutant Rab5C protein, carrying a single substitution 
(S35N) in the GTP-binding pocket (Fig S3A). DN Rab mutants sequester GEFs 
but fail to bind GTP, and therefore cannot be activated [44]. The mutant was fused 
to mCherry and expressed in HUVECs to test its ability to localize on endosomes. 
Wild-type (WT) Rab5C localized predomi- nantly on endosomes, some of which 
were positive for EEA-1, while occasional distribution to the Golgi network was also 
observed, using Trans-Golgi Network (TGN)46 as a marker (Fig S3B). In contrast, 
the mutant localized predominantly at the Golgi and hardly on endosomes (Fig S3B). 
We then cloned the mCherry-tagged WT or DN human RAB5C gene into a construct 
that integrates via Tol2-mediated transgenesis and is driven by the zebrafish fli-1a 
promoter, to achieve expression specifically in vessels (Fig. 3c) [45]. The construct 
was injected into single-cell stage Tg(kdrl:GFP)s843 zebrafish embryos expressing 
GFP in all vascular endothelial cells, and mCherry-positive endothe- lial cells were 
examined in developing ISVs at 30–32 h post- fertilization (hpf) (Fig. 3d, e) [46, 47]. 
As these injections result in mosaic expression of mCherry-Rab5C in endothe- lial 
cells, mCherry-positive endothelial cells were scored for their position within the 
developing vessels (tip, stalk, or dorsal aorta; Fig S4A). The distribution of WT-
Rab5C positive cells was similar to that of mCherry-expressing cells (Fig. 3f and Fig 
S4B). However, cells expressing DN-Rab5C were less commonly found in the tip cell 
position (22% ver- sus 56% in the mCherry control), and most DN-Rab5C posi- tive 
cells localized to the stalk or the dorsal aorta (Fig. 3f and Fig S4B).
Altogether, our findings indicate that Rab5C is required for tip cell formation, with 
Rab5C expressing cells having a competitive advantage for tip cell positioning over 
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cells with impaired Rab5C function.
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Figure. 2 Rab5C regulates endosomal VEGF signaling, the immediate VEGF 
transcriptome, and sprouting angiogenesis. a Western blot analysis (left) and quantification 
(right) of phosphorylation of (S473)AKT and total AKT levels at 0, 10, 20, and 30 min of VEGF 
stimulation (50 ng/ml). b Western blot analysis (left) and quantification (right) of (Y204)ERK-1/2 
phosphorylation and total ERK-1/2 levels at 0, 5, 15, and 30 min of VEGF stimulation (50 ng/ 
ml). Representative blots are shown, α-tubulin served as a load- ing control. Quantifications 
are means + SEM from 3 independ- ent experiments and expressed relative to t = 0. (c) 
HUVECs were starved overnight (t = 0), then stimulated with VEGF (50 ng/ml) for 1 h (t = 1) 
or 4 h (t = 4). VEGF-induced gene expression was then assessed by RNA-seq. Genes have 
been ordered based on the difference in mean log2 FC between sh_Ctrl and sh_Rab5C. Heatmap 
shows the corresponding centered and scaled mean expression values for VEGF-induced genes 
at the indicated timepoints. Differences in mean log2 fold change (FC) between sh_Ctrl and 
sh_Rab5C after 1 h of VEGF stimulation are indicated on the right. Genes that have a higher 
mean expression in sh_Rab5C with respect to sh_Ctrl are indicated in red, those that have a 
lower mean expression in green. (d) Sprouting of sh_Ctrl (top) and sh_Rab5C (bottom) HUVECs 
from collagen-coated beads into fibrin gels. Cells were fixed at 48 h, stained for F-actin 
(magenta) and nuclei (cyan), and visualized by confocal microscopy. Representative images are 
shown (maximum projections from z-stacks). Scale bar, 75 μm. e Quantification of the average 
number of large sprouts/bead. Values represent the means + SEM of 3 independent experiments 
(20 beads per experiment). f Quantification of the total network length and g the total number of 
sprouts. A representative experiment is shown. Values represent the means + SEM of n = 16 beads 
per condition

Rab5C is required for maintenance of Vegfr2 levels, Vegf/Notch signaling, and 
sprouting angiogenesis in zebrafish
We showed by mosaic overexpression of DN-Rab5C that Rab5C activation is 
required for tip cell formation in vivo. While these experiments allowed us to 
identify DLAV and 16.7% migrating nearly to the top, DN-Rab5C-overexpressing 
endothelial cells migrated only to the level of the horizontal myoseptum (‘half’) in 31% 
of the embryos, with 47.3% reaching the ISV length, and only 21.7% reach ing the 
DLAV (Fig. 4b).
To disrupt zebrafish Rab5c function in vivo via addi- tional methods, we also used 
Morpholino (MO)-mediated block of rab5c translation (rab5c ATG MO) or splicing 
(rab5c e2i2 MO), as well as CRISPR/Cas9-mediated genome modification to induce 
mutations in the rab5c gene (Fig. S5A–E). A heterozygous rab5c mutant line was 
generated by injections of rab5c specific guide RNAs (gRNAs) and Cas9 protein, 
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growth to adulthood, identification of germline-transmitting adults, growth of the F1 
generation, and identification of the mutation. Detailed genomic analysis revealed 
that the resulting rab5c mutantmu22 (designated rab5c+/mu29) contained a premature 
stop codon, thus terminating protein synthesis at 29 (instead of 221) amino acids (Fig. 
S5D,E). We then analyzed vascular development in MO-injected embryos and in the 
homozygous mutant offspring of rab5cparents.   Similar to the DN-Rab5C-expressing 
embryos, the homozygous mutants died during later stages of development. We 
observed mispatterning of the ISVs and impaired dorsal migration in individual ISV 
sprouts in embryos injected with rab5c MOs (compared to Control MOs), as well as 
in rab5cmu229/mu229 the preference for tip or stalk cell position in a competi- tive 
situation, we also analyzed the effects of DN-Rab5C overexpressed simultaneously 
in all endothelial cells, by generating transgenic Tg(kdrl:GFP)s843 embryos with 
vas- cular-specific expression of human mCherry-WT-Rab5C (Tg(fli1a:mCherry-
WT-hRAB5C)mu227, or mCherry-DN- Rab5C (Tg(fli1a:mCherry-DN-hRAB5C)mu228. 
Similar to our findings in HUVECs, we observed localization of WT Rab5C protein 
in rapidly moving vesicles in endothelial cells in vivo (Fig. S4C), while the DN mutant 
was mostly absent from these vesicles but was instead retained in a perinu- clear 
compartment, most likely the Golgi (Fig. S4C). Indeed, quantification confirmed that 
the number of mCherry- positive vesicles in DN-Rab5C-expressing ISV cells was 
strongly decreased, compared to WT-Rab5C expressing cells (Fig. S4D).
We then scored ISV formation at 30–32 hpf, a time- point at which normal ISV 
endothelial cells have migrated dorsally and interconnected, to form the dorsal 
longitudi- nal anastomotic vessel (DLAV) [46, 47]. The survival of DN-Rab5C-
expressing embryos was compromised at later stages but not before 30–32 hpf, 
thus allowing analysis of the developing ISVs. Without WT cells taking over the tip 
cell function, we observed an impairment of endothe- lial cell migration in the ISVs of 
embryos expressing DN- Rab5C (Fig. 4a). While in WT-Rab5C-expressing embryos 
ISV development was characterized by 83.3% reaching the embryos (compared 
to rab5c+/+ sib- lings) (Fig. 4c,d), thus confirming that Rab5c is required for tip 
cell formation and normal ISV migration in vivo. Additionally, abnormal sprouting 
angiogenesis was also revealed by live imaging of ISV development using time- 
lapse microscopy (Movies S1,S2 and Fig. S6A).
We also investigated the levels of zebrafish Vegfr2 (Kdrl) protein in embryos injected 
with Control MO or rab5c MO by Western blotting (Fig. 5a). Similar to what we 
observed in HUVECs, a significant reduction in Kdrl protein levels was apparent 
in Rab5c-depleted embryos (Fig. 5a,b). Consistently, tip cells in these embryos 
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formed shorter filopodia, as revealed by Rab5c knock- down in Tg(fli1a:lifeact-
EGFP)mu240 embryos, which express LifeAct-eGFP in the vasculature to visualize 

Figure. 3 Rab5C is essential for tip cell formation. (A) sh_Ctrl and sh_ Rab5C HUVECs 
were subjected to qPCR analysis for the indicated tip cell markers. Data are means + SEM of 3–5 
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individual experi- ments and are expressed relative to the means in sh_Ctrl cells (indi- cated by 
dashed line). (B) sh_Ctrl and sh_Rab5C cells were differentially labeled using CellTracker dyes, 
whereafter they were mixed in a 1:1 ratio, adhered to collagen-coated beads, and subjected to 
VEGF-stimulated sprouting in fibrin gels. After 48 h, cells were fixed and processed for confocal 
microscopy. Quantification of the num- ber of tip cells was performed by counting the tip cells from 
confocal z-stacks and normalizing to the total number of cells in that color. Results shown are the 
means + SEM of 3 pooled independent experiments. Between 8 and 15 beads (containing on 
average 14 tip cells/ bead) were analyzed per condition per experiment. ( C ) Schematic of the 
constructs used for zebrafish experiments. (D) Constructs encoding mCherry-tagged WT or DN 
Rab5C were injected together with tol2 transposase mRNA into Tg(kdrl:GFP)s843 zebrafish embry-
os at the single-cell stage to achieve stable mosaic overexpression in the vas- culature. The ISVs 
were analyzed at 32 hpf. (E) Maximum projections of z-stacks obtained by confocal microscopy 
of Tg(kdrl:GFP)s843 embryos expressing mCherry, mCherry-WT-Rab5C, or mCherry- DN-Rab5C, 
showing the position of positive cells in the ISVs at 32 hpf. Scale bar, 20 μm. (F).Quantification of 
the distribution of mCherry, mCherry-WT-Rab5C, or mCherry-DN-Rab5C positive cells. Per- cent-
ages were calculated per embryo. Shown are the means + SEM. Statistical significance indicates 
tip cell positioning compared to the mCherry control (mCherry: N = 12 embryos, n = 123 cells; 
mCherry- WT-Rab5C: N = 17, n = 148; mCherry-DN-Rab5C: N = 14, n = 82)

the actin cytoskeleton (Movies S3,S4 and Fig. 5c) [48]. Vegf- induced tip cell 
specification in zebrafish requires initial activation of Notch signaling in tip cells, 
which subse- quently directs them into developing arteries [49, 50]. Since we found 
an impairment of tip cell morphology and behavior in Rab5c-depleted embryos, 
we also addressed whether Notch signaling was affected. For this purpose  we 
used the Tg(TP1bglob:VenusPEST)s940 transgenic line to image the highly dynamic 
expression of a very short- lived Venus protein (Venus-PEST), that is driven by the 
TP1 promoter element and thus reports activation of Notch signaling [51]. Notch 
activation was visible in arteries,as well as in some tip cells and arterial ISVs (Fig. 
5d), in addition to a number of non-vascular mesenchymal cells. As expected from 
our morphological data, a strong reduc- tion of Venus-PEST expression in rab5c 
MO-injected embryos was observed, indicating that activation of Notch signaling was 
reduced and further supporting our hypoth- esis that Rab5c is required for efficient 
generation of func- tional tip cells (Fig. 5d).
Altogether, these data show that in line with our obser- vations in HUVECs (Figs. 
1–3), Rab5c is crucial for the maintenance of Vegfr2 levels in zebrafish, and thereby 
regulates tip cell formation and sprouting angiogenesis in vivo.
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The Rab5 GEF RIN2 maintains VEGFR2 levels in endothelial cells and promotes 
angiogenic sprouting
The previous sections have shown that activation of endothelial Rab5C is required for 
sprouting angiogenesis. Because Rabs are activated by GEFs, we next investigated 
which of the eight known GEFs for Rab5 GTPases are expressed in endothelial 
cells, using publicly available genome-wide mRNA expression profiles. This analysis 
suggested that HUVECs express at least seven different Rab5 GEFs, while RINL 
was not represented on the used arrays (Fig. 6a and Table S2). To investigate 
which of these GEFs is involved in the Rab5C-dependent effects on VEGFR2 
and angiogenic sprouting, we silenced the expression of each individual GEF, 
including RINL, and assessed VEGFR2 cell-surface levels by flow cytometry. Of all 
investigated GEFs, only the depletion of Ras and Rab interactor (RIN) 2 significantly 
reduced the surface levels of VEGFR2, to the same extent as the depletion of 
Rab5C (Fig. 6b). Furthermore, total protein levels of VEGFR2 were also reduced 
by RIN2 depletion, as assessed by Western blotting (Fig. 6c, d). As in the case of 
Rab5C depletion, the reduction of VEGFR2 levels was associated with an increase 
in VEGF-induced VEGFR2 degradation (Fig. 6e). Finally, we performed a sprouting 
assay using RIN2-depleted cells. As expected, both the number of formed sprouts 
as well as the total network length were suppressed by RIN2 depletion (Fig. 6f–i).
Collectively, our data show that knockdown of RIN2 expression recapitulates the 
effects of Rab5C depletion, and strongly suggest that RIN2-mediated Rab5C activa- 
tion prevents VEGFR2 degradation to promote sprouting angiogenesis.

RIN2 regulates Rab5C recruitment and is required for sprouting angiogenesis in vivo
We next tested whether forced Rab5C activation can circum- vent the requirement 
for RIN2 to drive sprouting. For this pur- pose, we generated a constitutively active 
(CA) mutant (Q80L) of human Rab5C, which blocks GTP hydrolysis, fused to 
mScarlet (Fig. S6B). Expression of this mutant into HUVECs caused enlargement of 
EEs, indicative of constitutive Rab5C activation (Fig. S6C) [52]. We then expressed 
mScarlet-CA- Rab5C into RIN2-depleted cells, which slightly lowered endogenous 
Rab5C expression, whereas RIN2 knockdown by itself did not affect endogenous 
Rab5C levels or vice versa (Fig. 7a; Fig. S6D). Importantly, expression of CA-Rab5C 
in RIN2-depleted HUVECs rescued the sprouting defects caused by RIN2 deficiency, 
and thus bypassed the requirement for RIN2 (Fig. 7b). These data confirm that 1) 
Rab5C activation promotes sprouting angiogenesis, and 2) the primary role of RIN2 in 
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sprouting angiogenesis is to activate Rab5C.
To assess the effects of RIN2 knockdown on Rab5C function in vivo, we generated a 
splice-blocking MO (e3i3) against the zebrafish rin2 gene (Fig. S7A,B), which was 
injected into Tg(fli1a:mCherry-WT- hRAB5C)mu227;Tg(kdrl:GFP)s843 zebrafish 
embryos to exam- ine Rab5C localization. Depletion of zebrafish Rin2 protein resulted 
in a partial failure of Rab5C to localize in vesicular compartments (Fig. 7c), indicating 
that the recruitment of Rab5C requires Rin2 and hence, that the Rin2-Rab5c inter- 
action is functionally conserved in zebrafish.
We also addressed the functional role of zebrafish Rin2 in sprouting angiogenesis 
in Tg(kdrl:GFP)s843 embryos. Knockdown of Rin2 resulted in impaired endothelial 
cell migration in the ISVs, similar to that induced by deficiency of z-stacks obtained 
by confocal microscopy showing ISV formation in Tg(kdrl:GFP)s843 zebrafish 
embryos injected with Control or rab5c ATG MO (top), Control or rab5c e2i2 MO 
(middle), or rab5c+/+ versus rab5cmu229/mu229 embryos (bottom). Scale bars, 40 μm. d 
ISV development (top) as well as average sprout length (bottom) were scored for 
the indicated conditions at 30–32 hpf (6–10 embryos were analyzed per condition, 
with 6–8 ISVs per embryo). Statistically sig- nificant differences in DLAV and ‘half’ 
phenotypes, compared to Control MO or rab5c+/+, are indicated of Rab5c (Fig. 7d, 
e). The migration defect was again accompanied by reduced activation of Notch 
signaling, as analyzed by Tp1:Venus-Pest expression (Fig. S7C).
In summary, these results indicate that Rin2 is crucial for Rab5C activation 
and recruitment in endothelial cells, which regulates Vegf/Notch signaling, gene 
expression, tip/ stalk cell specification, and sprouting angiogenesis (Fig. 7f).

Discussion
In this study, we identify an endosomal regulatory mecha- nism dependent on Rab5C 
and RIN2 that is crucial for receptor signaling, transcriptional output, and sprouting 
angiogenesis. Our data indicate that RIN2 recruits Rab5C to EEs, where it prevents 
the degradation of internalized VEGFR2. This is required to maintain VEGFR2 
levels and to sustain endosomal VEGF/VEGFR2 signaling toward PI3-K and ERK 
pathways. Furthermore, it is necessary for the normal expression of VEGF target 
genes, including vari- ous tip cell markers, as well as for the generation of func- tional 
tip cells and their migration (summarized in Fig. 7f). Our data emphasize the crucial 
role of endosomal trafficking for cell fate decisions, and have important implications.
First, the amplitude and duration of VEGF signaling toward PI3-K and to a lesser 
extent ERK is dependent on endosomal Rab5C. This observation implies that VEGF- 
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induced PI3-K signaling occurs primarily from EEs and much less from the plasma 
membrane, which fits with the well-documented role of PI3-K as a direct effector of

Figure. 4 Rab5C is required for sprouting angiogenesis in vivo. a Maxi- mum projections 
of z-stacks obtained by confocal microscopy show- ing ISV formation in transgenic Tg(kdrl:GFP)
s843 zebrafish embryos stably expressing mCherry-WT-Rab5C (top) or mCherry-DN-Rab5C 
(bottom). Scale bars, 40 μm. b (top) ISV formation was scored as indicated, (bottom) graph show 
the results of a representative experi- ment. Percentages were calculated per embryo (mCherry-
WT-Rab5C: N = 10 embryos, n = 72 ISVs; mCherry-DN-Rab5C: N = 12 embryos, n = 88 ISVs). 
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Statistical significance indicates DLAV and ‘half’ phe- notypes compared to mCherry-WT-Rab5C. 
c Maximum projections

Figure. 5 Rab5C controls Vegf and Notch signaling in vivo. a Western blot analysis of 
zebrafish lysates probed for Vegfr2 with α-actin as a loading control. A representative blot from n = 3 
is shown. b Quanti- fication of Western blots showing relative Vegfr2 levels (normalized to α-actin). 
Levels in embryos injected with Control MO were set to 1. Results are means + SEM (n = 3), 
10 embryos were used per condition per experiment. AU, arbitrary units. c Inverted maximum 
projections of confocal z-stacks acquired by time-lapse microscopy in Tg(fli1a:lifeact-EGFP)mu240 

zebrafish embryos injected with Control MO (left) or rab5c MO (right). Scale bar, 10 μm. DA, dorsal 
aorta. d Tg(TP1:Venus-PEST);(kdrl-mCherry)s896 zebrafish embryos demonstrating activation of 
Notch signaling in embryos injected with Control MOs (top), which is reduced in embryos injected 
with rab5c MOs (bottom). Scale bar, 20 μm
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Figure. 6 The Rab5 GEF RIN2 protects VEGFR2 from degradation and promotes 
angiogenic sprouting. a Pie diagram showing the relative mRNA levels of Rab5 GEFs in 
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HUVECs. b Quantifica- tion of cell-surface levels of VEGFR2, as assessed by flow cytom- etry, in 
HUVECs transduced with shRNAs against the indicated GEFs. Values represent mean fluorescence 
intensities + SEM of 3–5 independent experiments, expressed relative to sh_Ctrl cells. c Western blot 
analysis of VEGFR2 and RIN2, using α-tubulin as a loading con- trol. d Quantification of VEGFR2 
levels from Western blots. Values represent the means + SEM of 3 individual experiments relative 
to sh_Ctrl. e Quantification of VEGFR2 degradation from Western blots in sh_Ctrl and sh_RIN2 
cells that were starved overnight and subsequently either maintained in growth factor-free medium 
or stimulated with 50 ng/ml VEGF. Bars represent means + SEM of 3 independent experiments, 
expressed relative to sh_Ctrl cells at t = 0. f Representa- tive images (maximum projections from 
confocal z-stacks) showing sprouting of sh_Ctrl and sh_RIN2 HUVECs. Staining shows F-actin 
(magenta) and nuclei (cyan). Scale bar, 75 μm. g Quantification of the average number of large 
sprouts/bead for sh_Ctrl and sh_RIN2 cells. Values represent means + SEM of 3 independent 
experiments (20 beads per experiment). Quantification of h total network length and i average total 
number of sprouts in sh_Ctrl (n = 18 beads) and sh_RIN2 cells (n = 16 beads). A representative 
experiment is shown

 Rab5 GTPases on EEs [19]. Although it is possible that Rab5C depletion indirectly 
affects ERK signaling from cell-surface VEGFR2 due to the decrease of VEGFR2 
levels, it seems likely that also VEGF-induced ERK signaling occurs mainly from EEs, 
which is consistent with the findings of others and the existence of an ERK scaffold 
complex on endosomes [2, 34, 53]. While VEGFR2 signaling in the absence of inter- 
nalization can also occur from the plasma membrane [28, 32], our data suggest that 
once VEGFR2 is endocytosed, components of the endosomal machinery, such as 
Rab5C, are required for normal VEGF signaling.
Second, our findings show that endosomal maintenance of VEGFR2 levels is 
required for transcriptional responses that determine cell fate. The time-frame in 
which most of the VEGFR2 degradation occurs in the absence of Rab5C, is also 
the time-frame that is necessary for VEGF signaling and the induction of immediate 
VEGF-responsive genes. Because Rab5C depletion leads to significant and quantita- 
tive differences in the expression of most VEGF-induced genes, our observations 
imply that accelerated VEGFR2 degradation results in disrupted VEGF-induced 
gene expression. Thus, the magnitude of VEGF-induced gene expression is closely 
related to VEGFR2 levels, and stabi- lization of endosomal VEGFR2 levels by 
Rab5C ensures the build-up of a sufficiently robust VEGF signal needed to surpass 
the threshold for transcription. Similar mecha- nisms likely regulate the duration of 
signaling of other receptors in different contexts, which is particularly interesting 
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other diseases [54].

Figure. 7 RIN2 regulates Rab5C recruitment and is required for sprouting angiogenesis 
in vivo. a Representative Western blot showing the expression of RIN2, endogenous Rab5C, 
and mScarlet-CA-Rab5C in HUVECs. b Quantification of the total number of sprouts/bead was 
assessed from   confocal   micros- copy z-stacks for the indicated conditions after 24 h of sprout- 
ing. Values represent the means + SEM of n = 33 beads (sh_Ctrl), n = 35 beads (sh_RIN2), n 

= 48 beads (sh_RIN2 + CA-Rab5C), pooled from 3 independent experiments. c Tg(fli1a:mCherry-

WT- hRAB5C)mu227;Tg(kdrl:GFP)s843 zebrafish embryos were injected with control MO (left) or rin2 

MO (right) and imaged by confocal microscopy to visualize Rab5C localization. Scale bars, 10 μm. 
DA, dorsal aorta. d Maximum projections of z-stacks obtained by confocal microscopy showing 
ISV formation at 32 hpf in Tg(kdrl:GFP)s843 zebrafish embryos injected with Control MO (left) or 
rin2 MO (right). Scale bars, 40 μm. e Quantification of ISV development (left) as well as average 
sprout length (right) in zebrafish embryos injected with Control MO or rin2 MO. Control MO: N = 12 
embryos, n = 84 ISVs; rin2 MO: N = 10 embryos, n = 72 ISVs. Indicated are statisti- cally significant 
differences in DLAV and ‘half’ phenotypes com- pared to Control MO. f Model summarizing the 
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main results of this study. Rab5C and the Rab5 GEF RIN2 protect the EE pool of VEGFR2 from 
VEGF-induced degradation, which sustains VEGF signaling and is required for the expression of 
immediate VEGF tar- gets and tip cell genes. Together, these events regulate tip cell specifi- cation, 
endothelial cell migration, and sprouting angiogenesis

given the frequent overexpression of several Rab GTPases in cancer and many
Third, the reduction in VEGFR2 levels induced by
depletion of Rab5C is functionally and physiologically crucial, since we observe 
functional defects in tip cell behavior and angiogenic sprouting, both in vitro and 
in vivo. Tip cells are characterized by high VEGFR2 lev- els and thus high VEGF 
signaling, leading to the expres- sion of tip cell markers [5–7]. Because VEGFR2 
is down- regulated in Rab5C-depleted cells whereas VEGFR1 levels are not 
affected, the VEGFR1/VEGFR2 balance is disturbed which confers a competitive 
disadvantage to develop tip cell properties [11–13]. Indeed, the expres- sion of 
various tip cell genes was decreased by Rab5C depletion, and tip cell formation 
was impaired in mosaic sprouting assays in vitro. While it is known that balanced 
VEGFR2 signaling regulates tip cells, we show that this crucially depends on 
endosomal regulation of VEGFR2 in a Rab5C-dependent manner, and that Rab5C 
deficiency is sufficient to affect all aspects of VEGF-driven tip cell responses, namely 
tip cell specification, function, and characteristics. Interestinly, out of eight different 
Rab5 GEFs, only the depletion of RIN2 specifically recapitu- lates our main findings 
in Rab5C-depleted cells. Although RIN2 may activate several Rabs and Rab5C 
might use multiple GEFs for all of its functions, our data indicate that RIN2 
is the most important Rab5 GEF for the effects of RabC on VEGFR2 traffic and 
sprouting angiogenesis. These results nicely complement previous work on RIN2 
in endothelial cells, where RIN2 was found to be impor- tant for several processes in 
endothelial cells including tube formation [55]. In line with previous reports of a high 
molecular and functional conservation of zebrafish and mammalian angiogenesis 
[46, 47], we could show full conservation of the Rin2/Rab5c-dependent Vegfr2- 
signaling axis in zebrafish, allowing us to analyze tip cell behavior and sprouting 
angiogenesis in response to Rin2/ Rab5c-driven endosomal Vegfr2 signaling in vivo. 
In zebrafish embryos, depletion of Rab5c or Rin2 attenuated Vegf-induced activation 
of Notch signaling in the tip cells, filopodia formation, and endothelial cell migration, 
thus affecting key aspects of sprouting angiogenesis. Together, our data suggest 
that RIN2/Rab5C control a feedforward mechanism whereby inhibition of VEGFR2 
degradation permits sprouting angiogenesis, by sustaining VEGF signaling and the 
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expression of VEGF target genes. The endolysosomal machinery is therefore an 
important driver of the dynamic regulation of tip and stalk cells, and likely contributes 
strongly to their rapid and frequent intercon- version observed during sprouting [56].
To date, few factors are known that protect VEGFR2 from degradation. Depletion 
of Numb or Rab GTPase- binding effector protein-2 (RABEP-2) also enhances 
VEGFR2 degradation, resulting in lower VEGFR2 levels and reduced VEGF signaling 
[27, 33]. Interestingly, genetic deletion of RABEP-2 in mice disturbs arteriogenesis 
but not angiogenesis, while the deletion of Numb induces angiogenic defects [27, 
57]. It remains to be determined how different proteins along trafficking pathways 
can mediate such very diverse outcomes of VEGFR2 signaling. Future work should 
further establish how the fate of internalized VEGFR2 is linked to the transcriptional 
output of VEGF signaling and the dynamic regulation of endothelial cell phe- notypes, 
as well as map the underlying molecular machinery along trafficking routes.

Materials and methods
Antibodies, plasmids and other materials
The following antibodies were used: anti-VEGFR2 (R&D Systems, AF357), anti-α-
tubulin (Sigma-Aldrich, T6199), anti-AKT (Cell signaling technology, #9272), anti-
p(S473) AKT (Cell signaling technology, #4060S), anti-VEGFR1 (Abcam, ab32152), 
anti-p(Y204)ERK-1/2 (Santa Cruz Bio- technology, sc-7383), anti-ERK-1/2 (Santa 
Cruz Biotechnol- ogy, sc-153), and anti-RIN2 (Sigma-Aldrich, HPA034641). HRP-
conjugated secondary antibodies (#P0447, #P0399 and #P0449) were from DAKO, 
Alexa Fluor-conjugated second- ary antibodies (A21445, A21200, and A21467) were 
from Thermo Fisher. Recombinant human VEGF-A (VEGF165) was purchased 
from R&D Systems (293-VE), fibronectin (#F1141) and thrombin (#T1063) were 
from Sigma-Aldrich, human fibrinogen (Haemocomplettan P, B02BB01) was from 
CSL Behring. Bafilomycin (#tlrl-baf1) was from Invi- voGen, Leupeptin (#4041) 
and Pepstatin (#4397) were from PeptaNova, Hoechst 33,342 (#H3570), phalloidin 
(#T7471), and CellTracker Fluorescent Probes (CMFDA green, #C2925 and 
CMTPX red, #C34552) were from Thermo Fisher Scientific. All used primers were 
purchased from Integrated DNA Technologies, Inc. (Table S3). The human WT and 
DN RAB5C open reading frames (ORFs) were synthesized, cloned into pDONR221, 
and sequence-veri- fied by Thermo Fisher Scientific for gateway cloning. For the 
zebrafish experiments, the RAB5C ORFs were cloned into a modified version 
of pTol2-fli1ep:CherryDest (a kind gift from Nathan Lawson; Addgene plasmid 
#73,493). To generate this destination vector, the mCherry sequence was PCR-
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amplified without stop codon using oligos extended with restriction sites (fwd: 
5′-GACGATGCTAGCGCC ACCATGGTGAGCAAGGGCGAG-3′ rev: 5′-GACGAT 
TACGTAGATATCCTTGTACAGCTCGTCCATG-3′). This
product was cloned into pTol2-fli1ep:CherryDest using the NheI and SnaBI restriction 
sites. Next, a Gateway Reading Frame Cassette A containing the appropriate 
attR1/2 sites was cloned into the EcoRV site, 3′ of the mCherry ORF, creating pTol2-
fli1ep:CherryDestV2. Finally, the human WT and DN RAB5C ORFs in pDONR221 
were cloned into pTol2-fli1ep:CherryDestV2 using LR Clonase II enzyme mix 
(Invitrogen), creating the 4 pTol2-fli1ep:Cherry-RAB5 plasmids. For lentiviral 
transduction of the RAB5 ORFs into HUVECs, we modified pLenti6.3/V5-Dest 
(Invitrogen) by removing an attR1/2 cassette by digestion with EcoRI and EcoRV, 
and introducing an NheI site using 2 oligos (5′-AAT TCGCTAGCGACGACGAT-3′ 
and 5′-ATCGTCGTCGCTAGCG-3′). Next, the NheI/SnaBI fragment from pTol2- 
fli1ep:Cherry-RAB was cloned into the NheI/EcoRV sites of pLenti6.3/V5-Dest. 
To generate the mScarlet-Rab5C- Q80L construct, site-directed mutagenesis 
was performed on an mScarlet-Rab5C-wt construct using primer 5′-GTT 
TGAGATCTGGGACACAGCTGGACTGGAGCGGTATCACAGC-3′ and its reverse 
complement, in which CAG, coding for Q (Glutamine) was replaced with CTG coding 
for L (Leucine). All cloned plasmids used in experiments were sequenced with at least 
double coverage.

Cell culture, lentiviral transduction, and RNA interference
Primary HUVECs pooled from 3 to 5 individual donors (Lonza, C2519A) were cultured 
in endothelial growth medium-2 (EGM-2; Promocell, C-22011) supplemented with 2 
mM L-glutamine (Sigma-Aldrich) and 100 U/ml penicillin and 100 μg/ml streptomycin 
(Sigma-Aldrich). Cell culture flasks and dishes were coated with 0.1% (w/v) gelatin 
(Sigma-Aldrich) unless stated otherwise. HUVECs were used between passages 
3 and 6. To target Rab5C or the indicated GEFs, we used shRNAs cloned into 
pLKO.1 (3–9 per gene, Table S4) from the TRC Mission Library (a generous 
gift from Roderick Beijersbergen, The Neth- erlands Cancer Institute, Amsterdam). 
Human embryonic kidney (HEK) 293 T cells (ATCC, CRL-3216) were main- tained in 
Dulbecco’s modified Eagle medium (DMEM) (Thermo Fisher Scientific) containing 
4.5 g/l D-glucose, 2 mM L-glutamine, 10% (v/v) fetal bovine serum (Bodinco), 1 mM 
sodium pyruvate (Thermo Fisher Scientific), and 100 U/ml penicillin and 100 μg/ml 
streptomycin. To produce lentiviral particles containing shRNAs, HEK293T cells were 
transfected using TransIT-LT1 transfection reagent (Mirus Bio) according to the 
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manufacturer’s protocol. Supernatant was harvested 48 and 72 h after transfection, 
centrifuged, filtered over a 0.45 μm pore filter, aliquoted and stored at
-80ºC. HUVECs were lentivirally transduced with either a pool of shRNAs, or with 
a scrambled sequence in pLKO.1 as a negative control. Positive cells were selected 
during 3 days using 1 μg/ml puromycin (Sigma-Aldrich).

qPCR
For analysis of relative mRNA expression levels in trans- duced HUVECs, total 
RNA was isolated using the RNeasy kit (Qiagen) according to the manufacturer’s 
instructions. After reverse transcription to cDNA using the SuperScript III First-
Strand Synthesis System (Thermo Fisher Scien- tific), qPCR was performed with 
the SensiFAST SYBR No-ROX kit (Bioline) and the indicated primers (Table S3), 
either on a LightCycler PCR system (Roche) or a StepOne- Plus system (Applied 
Biosystems). Duplicate reactions were performed for each gene and expression was 
normalized to that of β-actin.

Flow cytometry
HUVECs were treated as indicated, detached with accutase (Sigma-Aldrich) for 2 
min, and washed in 2% FCS in PBS. Cells were stained with primary antibodies for 
1 h on ice, washed twice, followed by incubation with secondary anti- bodies for 45 
min on ice and washed twice. Cells were ana- lyzed on a Canto-II flow cytometer (BD 
Immunocytometry Systems) equipped with FACSDiva software.

Bio-informatic analysis of mRNA expression
Expression of Rab5 GEFs in HUVECs (Table S2) was deter- mined by analysis of 
Affymetrix U133 Plus 2.0 genome- wide mRNA expression profiles in the public 
domain using the NCBI Gene Expression Omnibus (GEO: GSE7307) web- site [58, 
59]. GEO was first searched for studies on low-pas- sage, non-recombinant, non-
stimulated HUVECs with data normalization using the MAS5.0 algorithm (Affymetrix 
Inc., Santa Barbara, CA). This resulted in a total of 11 published studies comprising 
29 separate arrays, 17 of which were listed with present call analysis, that 
were queried for the expression of all known human Rab5 GEFs [20]. RINL was 
not represented on the Affymetrix arrays and was not further analyzed. Array data 
were analyzed as described using R2; an in-house developed Affymetrix analysis 
and visualization platform (http://r2.amc.nl). Probes were ranked depending on 
high expression values and widespread expression (% of samples with significant 
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expression for that gene) in the data collections tested.

Western blotting
Cells were washed in ice-cold PBS and lysed on ice in NP40 lysis buffer (50 mM Tris–
HCl, pH 7.4, 100 mM NaCl, 10 mM MgCl2, 1% NP-40, 10% Glycerol), supplemented 
with protease inhibitor cocktail (Sigma-Aldrich). Cell lysates were cleared by 
centrifugation, heated at 95ºC in SDS sample buffer (50 mM Tris–HCl pH 6.8, 2% 
SDS, 10% glycerol, 1% β-mercaptoethanol, 12.5 mM EDTA, 0.02% bromophenol 
blue), and proteins were resolved by SDS- PAGE. Thereafter, proteins were 
transferred to nitrocellulose membranes (GE Healthcare Amersham) and aspecific 
bind- ing was blocked using 5% (w/v) milk (Campina) in TBST (150 mM NaCl, 10 
mM Tris, 0.1% Tween 20, pH 8.0) for 30 min. Immunoblotting was performed with 
the indicated antibodies by incubation with primary antibodies o/n at 4ºC and with 
secondary antibodies for 1 h at RT. Membranes were washed 3 × with TBST after 
each step. Proteins were visualized using ECL chemiluminescence reagent (Thermo 
Fisher Scientific), light sensitive films (Fuji Film) and a film processor (Konica Minolta, 
SRX-101A). Quantification of bands was performed by densitometry using ImageJ. 
Band intensity of the protein of interest was corrected to that of α-tubulin.

Degradation and signaling experiments
For VEGF signaling and VEGFR2 degradation assays, HUVECs in 6-well plates 
were grown to confluence. Then, cells were starved overnight and subsequently 
either left untreated or stimulated with 50 ng/ml VEGF for the indi- cated time-points, 
whereafter the cells were processed for Western blotting. Inhibitors were used as 
indicated.

Sprouting assays
Sprouting assays were performed according to previously established protocols with 
minor modifications [42, 43]. In brief, HUVECs were incubated with collagen-coated 
micro- carrier beads (Sigma-Aldrich, C3275). The next day, the beads were detached 
by washing and transferred to 48-well plates containing fibrinogen in PBS (2 mg/ml) 
supplemented with 0.15 U/ml aprotinin and 6.25 U/ml thrombin. EGM-2 medium 
was added on top of the gels. Beads were imaged by time-lapse microscopy on a 
Widefield system using a 10 × dry lens objective (Carl Zeiss MicroImaging, Inc.). 
Images were recorded at 15-min intervals during 48 h. For each condition, 20 beads 
were analyzed per experiment. Sprouting was assessed as the average number of 
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large (length of sprout > than the bead diameter) sprouts per bead. Alternatively, 
beads were embedded in fibrin gels in ‘half-area’ glass-bottom 96-well imaging 
plates (Corning, #4580). After 48 h, beads were fixed, stained with Hoechst and 
phalloidin, and visualized by generating z-stacks on a confocal microscope. Maximum 
projections of z-stacks were created using Fiji/ImageJ (version 1.52e), de-speckled 
once, and the contrast was enhanced with 0.3% and analyzed using the Angiogenesis 
plugin [60]. The phalloidin staining was used for correct segmentation of the sprouts. 
For the sprouts stained with CellTracker, the number of tip cells per condi- tion was 
counted and normalized to the total number of cells in that condition.

Zebrafish husbandry and strains
Zebrafish (Danio rerio) husbandry and embryo mainte- nance were carried out 
under standard conditions at 28.5 [61]. Embryonic developmental stages were 
determined as described [62]. Transgenic lines used in this study were Tg(kdrl:GFP)
s843, Tg(kdrl:Hras-mCherry)s896, Tg(TP1bglob: VenusPEST)s940, Tg(fli1a:lifeact-EGFP)
mu240 [48, 51, 63, 64]. All animal experiments were performed in compliance with 
the relevant laws and institutional guidelines, were approved by local animal ethics 
committees and were conducted at the University of Münster and the MPI for 
Molecular Bio- medicine with permissions granted by the Landesamt für Natur, 
Umwelt und Verbraucherschutz (LANUV) of North Rhine-Westphalia.

Generation of transgenic and rab5c mutant lines
The transgenic lines Tg(fli1a:mCherry-WT-hRAB5C)mu227 and Tg(fli1a:mCherry-DN-
hRAB5C)mu228 zebrafish lines were newly generated using Tol2-mediated DNA integra- 
tion [65]. The rab5cmu229 mutation was newly generated by CRISPR/Cas9. Annealed 
template oligonucleotides were transcribed into gRNAs using MEGAshortscript T7 
Kit (Ambion) as described [66]. The following oligos were used for gRNA generation: 
rab5c 5′-AAAGCACCGACT CGGTGCCACTTTTTCAAGTTGATAACGGACTAG 
C C T T A T T T T A A C T T G C T A T T T C T A G C T C T A A A A C C C 
GTCGGGAACAAAATCTGCCTATAGTGAGTCGTATTACGC-3′ (rab5c target 
sequence: 5′-GCAGATTTTGTT CCCGACGGGGG). A total of 1 nl of 300 ng/ml gRNA 
and 3.22 μg/μl Cas9 NLS protein (M0646T, New England Bio- labs) were injected 
at the single-cell stage. Efficiency of the CRISPR-targeting as well as genotyping 
were performed by PCR, using fwd 5′-GCCTCTCCATCCTTTTCTCA-3′ and rev 
5′-TCACGAACACACTCCAGCTC-3′ and subsequent restriction enzyme digest with 
Hpy99I.
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MOs and microinjections
For MO-mediated gene knockdown, embryos were injected at the one-cell stage 
with 3 ng control MO (Gene Tools), 5′-CCTCTTACCTCAGTTACAATTTATA-3′, 
3 ng rab5c MO, 5′-CGCTGGTCCACCTCGCCCCGCCATG-3′ 3 ng rin2 MO, 
5′-GCAGTGTGTTTTAACTCTCACCTTA-3′.
Sequence of the rab5c ATG MO was as previously described [37]. The rab5c and rin2 
splice-site MOs were generated as shown (Fig. S6A,S8A), and validated by RT-
PCR. For mosaic overexpression of mCherry-WT-Rab5C or mCherry- DN-Rab5C, 
embryos were injected at the single-cell stage with 100 pg plasmid and 250 pg Tol2 
mRNA per embryo. Effects on vascular development were analyzed at 30–32 hpf.

RT-PCR and Western blotting in zebrafish
Total RNAs were prepared from 36 hpf embryos using TRIzol reagent (Invitrogen), 
and reverse-transcribed by random hexamer primers using Superscript III (Invitro- 
gen) according to the manufacturer’s instruction. PCR was performed using 
gene-specific primers as below. Efficiency of the knockdown was assessed by 
PCR using the primers fwd: AGAGCTGCGTACATCCAACC and rev: TGCAAG 
CCAAAATTCAAAGA.
After removing chorionic membrane and yolk sac, embryos injected with either 
control MO or rab5c MO were directly lysed in 1 × SDS sample buffer, and subjected 
to Western blot analysis with anti-Kdrl antibody (Kerafast, ES1003) and anti-alpha-
Actin antibody (Santa Cruz Bio- technology, sc-47778) as described previously [67].

Confocal microscopy
HUVECs on glass coverslips were fixed with 4% para- formaldehyde (Merck) in PBS 
containing 1 mM CaCl2 and
0.5 mM MgCl2 (PBS + +) for 10 min, and permeabilized with 0.4% Triton X-100 
(Sigma-Aldrich) in PBS + + for 5 min. Aspecific antibody binding was prevented by 
block- ing with 2% BSA Fraction V (Sigma-Aldrich) in PBS + +for 15 min. Following 
incubation with the indicated primary antibodies, coverslips were washed with 0.5% 
BSA Fraction V in PBS + + and antibody binding was visualized using secondary 
antibodies. Coverslips were washed and subse- quently mounted in 10% Mowiol, 
2.5% Dabco, 25% glyc- erol, pH 8.5. Image acquisition was performed on a Leica 
SP8 confocal microscope using a 63 × oil immersion objec- tive, after which images 
were processed using Leica Appli- cation Suite X and Fiji/ImageJ (version 1.52e) 
software.



5

139

RIN2/Rab5C machinery prevents VEGFR2 degradation

Sprouting was visualized using a 25 × long-distance water objective on a Leica SP5 
confocal set-up. z-stacks were cre- ated of 1.5 μm per slice and the different channels 
were sequentially scanned between stacks.
Confocal microscopy of zebrafish was performed using an LSM780 (Carl Zeiss 
Microscopy GmbH; objective lens: Plan Achromat 20/0.8, 20x; LD C-Apochromat 
40x/1.1 W Korr M27). Living zebrafish embryos were embedded in 1% agarose 
(dissolved in E3 medium containing Tricaine) and analyzed using Imaris 9 software 
(Bitplane) as previously described [68].
For time-lapse analysis in zebrafish, a temperature of 28.5 °C was maintained 
using a heating chamber. Images were collected every 6 min during 1 h (for imaging 
of filopodia) or every 15 min during 6 h (for imaging of ISV sprouting). Assembly 
of confocal stacks and time-lapse movies was conducted using Imaris 8/9 software 
(Bitplane).

mRNA sequencing and analysis
sh_Ctrl, sh_Rab5A or sh_Rab5C cells were seeded in 10 cm dishes and grown to 
confluence. Cells were starved over- night, whereafter they were either left untreated 
or stimu- lated with 50 ng/ml VEGF for 1 h or 4 h. Subsequently, cells were lysed using 
RLT buffer (Qiagen) with 1% β-mercapto- ethanol and stored at −80 °C until analysis. 
RNA-seq libraries were prepared from samples of 2 independent experiments with 
the mRNA KAPA HyperPrep Kit (Illu- mina) using Truseq Illumina LT adapters. 
Sequencing was performed on an Illumina Hiseq4000 system (single-read 50 bp), 
10 samples per lane.
Reads were subjected to quality control (FastQC, dupRa- dar, Picard Tools), trimmed 
using Trimmomatic v0.36, and aligned to the hg38 genome using HISAT2 v2.1.0. 
Counts were obtained with HTSeq v0.11.0. Statistical analyses were performed 
using the edgeR and limma/voom packages [69, 70]. Genes with no counts in any 
of the samples were removed while genes with more than 2 reads in at least 3 
of the samples were kept. Count data were transformed to log2-counts per million 
(logCPM), normalized by apply- ing the trimmed mean of M-values method and 
precision- weighted using voom. Differential expression was assessed using an 
empirical Bayes’ moderated t-test within limma’s linear model framework including 
the precision weights. Resulting p values were corrected for multiple testing using the 
Benjamini–Hochberg false discovery rate. Additional gene annotation was retrieved 
from Ensembl (release 94) using the biomaRt/Bioconductor package. Geneset 
enrich- ment was performed using CAMERA with a preset value of 0.01 for the 
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inter-gene correlation using collections H, C1, C2, C3, C5, C6, and C7 retrieved 
from the Molecular Sig- natures Database (MSigDB v6.2; Entrez Gene ID version), 
complemented with a user-defined geneset containing the genes constituting the 
observed VEGF transcriptome. Data analysis were performed using R (v3.5.2) and 
Bioconduc- tor (v3.8). Sequencing data have been made available in the GEO under 
accession number: GSE134947.

Statistical analysis
Statistical analysis was performed using one-way ANOVA for multiple comparisons 
and unpaired t-tests for com- parisons between two conditions, unless stated 
otherwise. Throughout the paper, statistically significant differences are indicated by * 
(p < 0.05), ** (p < 0.01), *** (p < 0.001), or
**** (p < 0.0001).

Supplementary Information 
The online version of this article contains supplementary material available (https://
doi.org/10.1007/ s10456-021-09788-4).
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Abstract
Many cellular processes are controlled by small GTPases, which can be activated 
by guanine nucleotide exchange factors (GEFs). The RhoGEF Trio contains two 
GEF domains that differentially activate the small GTPases such as Rac1/RhoG 
and RhoA. These small RhoGTPases are mainly involved in the remodeling of the 
actin cytoskeleton. In the endothelium, they regulate junctional stabilization and play 
a crucial role in angiogenesis and endothelial barrier integrity. Multiple extracellular 
signals originating from different vascular processes can influence the activity of 
Trio and thereby the regulation of the forementioned small GTPases and actin 
cytoskeleton. This review elucidates how various signals regulate Trio in a distinct 
manner, resulting in different functional outcomes that are crucial for endothelial cell 
function in response to inflammation.

Keywords: Rho-GEF; small GTPase; vasculature; endothelium; inflammation

1. Introduction
Endothelial cells line the inside of blood vessels and form a semi-permeable barrier 
that regulates the transport of molecules and passage of immune cells to the tissues 
[1]. Regulation of endothelial permeability is achieved through cell–cell junctions, 
which are maintained by actin cytoskeletal organization and adhesion molecules. 
Barrier integrity can be mediated by many different stimuli, ranging from chemical and 
biological stimuli to mechanical stress [2]. The key regulators of the actin cytoskeleton 
and, thus, of endothelial permeability are small GTPases from the Rho family [3]. 
Rho GTPases are proteins that are involved in many cellular processes, among 
which include cell motility and adhesion. They oscillate between an inactive GDP-
bound and active GTP-bound state. The exchange of GDP for GTP is catalyzed 
by Rho guanine nucleotide exchange factors (RhoGEFs), while GTPase activating 
proteins (RhoGAPs) perform the opposite, i.e., hydrolyzing GTP to GDP and thereby 
turning the protein into an inactive state [4]. The RhoGEF family contains around 
70 members [5]. A RhoGEF that has shown its importance in the endothelial barrier 
function is Trio. Trio is part of the Dbl family of RhoGEFs, characterized by a Dbl-
homologous (DH) and a pleckstrin-homology (PH) domain in their enzymatic GEF 
domains [5]. A unique feature of Trio is that it has three enzymatic domains (hence 
its name Trio). It contains two separate GEF domains, GEF1 and GEF2, that 
interact with and activate the small GTPases Rac1/RhoG and RhoA, respectively. 
The third enzymatic domain of Trio is a serine/threonine kinase domain, which 
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specifically phosphorylates serine/threonine amino acid residues [5–8]. In addition, 
Trio contains a Sec14 domain, several spectrin repeats and 2 SRC Homology 3 
Domains (SH3) [9–12]. Based on the amino acid build-up, we suspect Trio contains 
nine spectrin repeats, in contrast with other literature. Further proof is necessary to 
confirm or deny this claim. Isoforms of Trio can be formed due to alternative splicing 
(Figure 1). These isoforms, TrioA-E, have been detected in different parts of the brain 
and consist of either one or both of the GEF domains [13–15]. Based on the wide 
expression of Trio full length, other tissues are likely to express Trio isoforms as well, 
although this has not been reported so far. Our preliminary data show that at least 
TrioB is expressed in endothelial cells, which is confirmed via PCR (unpublished 
data). Differences in Trio isoform expression might play a role in the regulation of 
Rac1 and RhoA activity [14]. In addition, full length Trio is ubiquitously expressed 
in the endothelium of all organs [16]. Compared to VE-cadherin (an endothelial cell 
marker), Trio expression is relatively low in all organs.  In recent years, the function 
of Trio has appeared essential for the regulation of endothelial cell morphology and 
endothelial barrier function. In this review, we focus on the function of Trio signaling 
in the healthy endothelium and how Trio may be deregulated in vascular-related 
inflammatory diseases.

Figure 1. Schematic representation of Trio isoforms. The full-length Trio contains a Sec14 
domain, several Spectrin repeats, two GEF domains, two S SRC Homology 3 Domains (SH3) 
and a serine/threonine kinase domain. Other isoforms arise due to alternative splicing and 
contain a mix of these domains. The pink, purple and turquoise box represent specific amino 
acids unique to the isoform. The figure was created with BioRender.
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2. Trio Localization
How RhoGEFs and GAPs are regulated and activated remains largely unknown. 
Many studies focus on a single GTPase and GEF/GAP combination. However, 
there are 145 RhoGEFs and GAPs currently known that regulate 10 classical Rho 
family GT- Pases [17]. This at least suggests that there must be some sort of specific 
regulation. Muller and coworkers studied the regulation of the three GTPases Rac1, 
RhoA and CDC42 and focused on the localization of the different GEFs and GAPs. 
By using overexpression studies and fluorescent microscopy, including FRET-
based GTPase sensors, they show that RhoA-associated GEFs mainly reside near 
actin structures, while Rac1 GEFs are found at focal adhesion regions [18]. These 
findings suggest that dedicated GEFs show a close proximity to their target in order 
to exert their function. This is in accordance with the literature that states that Rho 
signaling responses are highly localized and are observed in distinct cellular zones 
[19–24]. Discrepancies exist with respect to the precise cellular localization of Trio. 
In the literature, it is has been described to localize at the plasma membrane [25–
27], cell–cell junctions [28,29], the cytosol and vesicles [30,31] and focal adhesions 
or actin filaments [18]. It should be mentioned that all these studies used different 
cells to investigate Trio localization. Our group have reported the expression and 
localization of Trio in Human Umbilical Vein Endothelial cells (HUVEC) [17,20,21]. 
The membrane-associated localizations are corroborated by the fact that Trio 
contains a lipid-binding SEC14 domain. SEC14 domains have been associated with 
intracellular trafficking [30,32]. In mice, the isoform of Trio lacking the second GEF 
domain, called solo/Trio8, has shown to colocalize with early endosomes in the brain. 
Depletion of this isoform disrupts early endosome formation and neurite outgrowth 
[30]. Similarly, the SEC14 domain in p50RhoGAP, one of the first GAPs discovered, 
was shown to be responsi- ble for the localization of this GAP to early endosomes 
[32]. Whether this is also the case for the SEC14 domain of Trio in endothelial cells 
remains unknown.

3. Trio Remodels the Actin Cytoskeleton
The Rho GTPases that are directly activated by Trio are Rac1, RhoG and RhoA, [6,7]. 
These Rho GTPases regulate the remodeling of the actin cytoskeleton, thereby 
changing cell morphology and migration. The enzymatic activity of the N-terminal 
TrioGEF1 induces Jun Kinase (JNK) activation through the mitogen activated 
protein kinase (MAPK) pathway, which are both downstream targets of Rac1 [7]. This 
results in the formation of membrane ruffles and lamellipodia, a key characteristic 
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of migrating cells (Figure 2) [7]. These ruffles are not only induced by Rac1, but 
RhoG activation via Trio can also induce such ruffles. In the case of RhoG, these 
ruffles appear dorsally. It has been shown that in rat smooth muscle cells, RhoG can 
induce these dorsal ruffles independently of Rac1 [33].  RhoG has a higher binding 
affinity for Trio compared to Rac1 due to more effective GDP/GTP switching [8,34]. 
Whether Trio activates both GTPases individually or sequentially remains unclear. 
Interestingly, it has been reported that RhoG activation was necessary for the Rac1 
activation during fibroblast spreading [35].  For this signaling axis, it was shown 
that RhoG directly interacted with the Dock180-binding protein Elmo. We showed 
that Trio triggered cell spreading on fibronectin by directly activating Rac1 in 
the absence of RhoG [36]. In the same study, we showed that downstream from 
Trio, RhoG could also mediate cell spreading in the absence of Rac1. In addition, 
in endothelial cells and under inflammatory conditions, ICAM-1 clustering triggers 
both Rac1 and RhoG in a Trio- dependent manner [37]. From these experiments, 
it can be concluded that the activation of either RhoG or Rac1 may depend on the 
signal induced by extracellular environment such as extracellular matrix proteins 
(fibronectin) and can differ between cell types. Thus far, the precise mechanisms of 
differential activation of Rac1 and RhoG by Trio are unclear.
In addition to RhoG and Rac1, RhoA can be activated by the GEF2 domain of Trio. 
This activation contributes to the formation of actin stress fibers (Figure 2) [7]. 
Although both the activations of Rac1/RhoG and RhoA are involved in cell migration 
and morphology, increased RhoA expression is linked to cell contraction, while Rac1 
and RhoG are important in cell spreading. These contradicting functions are tightly 
balanced and regulated in the cell, by are still largely unknown mechanisms. Recently, 
it has been shown that, during cell spreading, distinct RhoA and Rac1 activity zones 
exist in the leading cells’ edge [38]. In this scenario, Trio may be essential in retaining 
the protrusion–contraction balance during migration due to its dual function [18]. Trio-
Associated Repeat on Actin (Tara), a Trio-binding protein, may potentially be involved 
in this regulation [27]. This protein binds F-actin as well as the N-terminal region of 
Trio, the latter of which was shown to inhibit the activation of Rac1 [27].  This inhibition 
might increase TrioGEFD2-mediated activation of RhoA, as overexpression of Tara 
increases the formation of stress fibers [39]. Another alternative explanation of how 
Trio may control the balance between Rac1 and RhoA is the presence of the PH 
domain in the GEF2 domain. Swapping the PH domain of GEF2 with the PH domain 
of the GEF1 results in an increase in the exchange on RhoA, whereas the exchange 
on Rac1 was reduced [40]. Under normal circumstances the GEF2 domain is inhibited 
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Figure 2. Functions of Trio in the endothelium. The two GEF domains of Trio can activate 
either Rac1/RhoG or RhoA. This activation can induce a multitude of functions, of which actin 
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cytoskeleton remodeling, endothelial barrier regulation, sprouting and adhesion molecule 
expression enabling leukocyte transendothelial migration are shown here. If TrioGEF is 
depicted in a faint color, this means that the domain does not play a role in this specific 
pathway. The figure was created with BioRender.

by the PH domain in the GEF2 domain. Only upon specific signaling is the inhibition
released, resulting in RhoA activation. Thus, PH domains within the GEF domains of 
Trio seem to play a crucial role in the exchange activity of the TrioGEF domains and, 
therefore, in the regulation of cell morphology and migration.

4. The GEF Domains of Trio Differentially Regulate Endothelial Barrier 
Function
4.1 Stabilization of the Barrier
As previously mentioned, Trio is important for maintaining vascular integrity by 
regulating the endothelial barrier function. In order to maintain this barrier, endothelial 
cells develop cell–cell junctions that need constant signaling to maintain their cell–
cell contacts. Two main type of junctions that link endothelial cells together are 
the so-called adherens junctions and tight junctions [41]. During initial assembly, 
adherens junctions are formed first and are important for strengthening cell–cell 
adhesion. These adherens junctions support the formation of tight junctions, which 
function mainly to regulate paracellular transport of small molecules and solutes 
[42].  A key step in the formation of adherens junctions is the homophilic ligation of 
the vascular endothelial adhesion molecule VE-cadherin. VE-cadherin is a member 
of the Cadherin protein family and is bound to catenins through its intracellular 
domain. These catenins are believed to mediate the function of cadherins [43]. 
Trio has shown to interact with multiple cadherins and catenins; these interactions 
can either stabilize or destabilize the junction strength [25,26,44]. Our group has 
shown that, upon ligation of VE-cadherin in vitro, Trio is recruited to VE- cadherin. 
This was shown by biochemical precipitation studies. The recruitment of Trio to VE-
cadherin initiates the local activation of Rac1, subsequently resulting in stabilization 
of adherens junctions. In line with this, silencing of Trio impaired the ability of the 
endothelial barrier to recover in response to thrombin, most likely due to the inability 
to locally activate Rac1. These studies implicate an important role for Trio in not only 
maintenance of the adherens cell–cell junctions but also for the restoration of the 
endothelial barrier upon events such as inflammation [25]. Another study showed 
that the activation of N-cadherin in endothelial cells induces the formation of a protein 
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complex with Trio at the plasma membrane. In this case, both Rac1 and RhoA were 
activated by this complex. The activation of Rac1 resulted in the recruitment of 
VE-cadherin to the junctions. RhoA activation further stimulated the recruitment of 
VE-cadherin by increasing intracellular tension, thereby reinforcing Rac1 activation 
(Figure 2) [45]. It is well established that pericyte coverage enhances endothelial 
barrier function (Figure 2) [46]. Pericytes link to endothelial cells through N-cadherin. 
A mouse model with an endothelial-specific knockout of N-cadherin showed increased 
basal vascular permeability in the lung and brain vessels, which was most likely due 
to a reduced density of VE-cadherin at junction regions [45]. An organ in which a 
correct barrier function is especially important for is the brain. Brain endothelial cells 
form much tighter junctions compared to other organs.  This tight barrier is known 
to be Rac1 dependent [4,47]. Our lab previously showed that overexpression with 
TrioN (containing the N-terminus of Trio with only the first GEF domain) increased 
resistance in HUVEC via Rac1 activation [25]. This could hint towards involvement of 
Trio these stable junctions, but evidence is still lacking.
In physiological conditions, endothelial cells are constantly exposed to laminar shear 
stress due to blood flow. This induces endothelial cell alignment in the direction of 
flow [48]. Under flow, Trio was found to be immobilized at the cell–cell junctions and to 
regulate the distribution of Rac1. However, the activity of the GEFD1 domain on the 
N-terminus of Trio is not required for EC alignment [29]. More recently, Polacheck 
and colleagues showed that shear stress-dependent Dll4 signaling activates Notch1, 
a transmembrane receptor, in endothelial cells in order to improve the barrier function 
of the vasculature by catalyzing the formation of a complex containing VE-cadherin, 
leukocyte common antigen-related (LAR) proteins and Trio. This complex induced 
the local activation of Rac1, thereby promoting the assembly of adherens junctions 
and stabilization of the endothelial barrier [49]. An additional study showed that shear 
stress triggers the activation of Notch1 to signal through the cAMP/PKA pathway. This 
signaling axis has been found to inhibit thrombin-induced RhoA activation, making 
the cells less sensitive to disrupting signals [6,40].
Taking these considerations together, we can conclude that endothelial Trio is 
required for junction stabilization through the local activation of Rac1; therefore, it is 
essential for proper vascular barrier integrity.

4.2 Destabilization of the Endothelial Barrier by Trio
Trio signaling is not solely involved in stabilization of the barrier but can also destabi- 
lize the endothelial barrier [50]. This destabilization is established by activation of 
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RhoA through the C-terminal GEFD2 domain of Trio, which is known for its involvement 
in the detachment of cells. Interestingly, the C-terminal of Trio displays autoinhibitory 
properties. The PH domain interacts with the DH domain at the C-terminus through 
hydrogen bonds, hindering the binding site for RhoA [51]. This prevents RhoA from 
binding to Trio and, thus, inhibits the GDP/GTP exchange on RhoA. Bandekar and 
colleagues revealed that the binding of Trio to the G protein coupled receptor (GPCR) 
Gαq/11 relieves this inhibition, which subsequently activates the Trio-RhoA pathway 
(Figure 2) [52]. Gαq/11 has also been shown to sense shear stress and respond to 
vascular leakage inducers such as thrombin, platelet activating factor and histamine 
[53]. Histamine itself induces Trio-mediated RhoA activation downstream of Gαq/11, 
likely by alleviating the autoinhibition of the C-terminus. This eventually resulted 
in focal adhesion formation, which is an adhesion site of endothe- lial cells to the 
extracellular matrix, resulting in an increase in endothelial permeability [50]. Another 
Gαq/11 signaling molecule, the sphingolipid sphingosine-1-phosphate (S1P)3, can 
also activate RhoA and induce stress fiber formation. This has been implied to sig- 
nal transduction via Trio, but further research is needed to confirm this hypothesis 
[54]. S1P3 signaling also stimulates the expression of adhesion molecules, a function 
that could possibly signal through Trio [55]. Moreover, S1PRs have already been 
shown to affect en- dothelial permeability via activation of small GTPases through 
RhoGEFs [56]. In epithelial cells, Trio was found to mediate barrier destabilization 
through Rac1-mediated repression of E-cadherin expression. However, the protein 
Tara can inhibit this process by binding to the N-terminal region of Trio. As expected, 
a knockdown of Tara decreases the expression of E-cadherin. Nevertheless, this does 
not decrease the integrity of the epithelial cell sheet, most likely due to the upregulation 
of cadherin-6 [27].
Even though Trio has shown to be essential in the regulation of the endothelial 
barrier, single cell RNA sequencing by Kalucka and coworkers showed that the basal 
expression of Trio mRNA in mouse endothelium is relatively low [16]. Nevertheless, 
compared to other RhoGEFs, Trio was shown to be one of the most abundant 
expressed RhoGEFs in human microvascular cells [57], suggesting that low 
expression may be a general feature of RhoGEFs. This may indicate that enzymatic 
Trio activity is sufficient for maintaining the endothelial barrier. Such is the case in 
axon outgrowth, where low levels of Trio protein are adequate but crucial for the 
growth of axons [58]. Furthermore, the expression of Trio reduces when a confluent 
monolayer is formed in vitro [25]. This may indicate that Trio is not so much required 
for the maintenance of the endothelial barrier, once adherens junctions reach 
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stability, but that they are rather more important for the initial formation of cell–cell 
contacts. Therefore, investigating the expression and function of endothelial Trio in 
inflammatory conditions may result in new insights into how endothelial Trio controls 
vascular homeostasis.

5 Sprouting Angiogenesis and Vascular Remoddeling Require the GEF1 
Domain of Trio
Angiogenesis is the formation of new blood vessels from pre-existing ones, which 
can be divided in sprouting and non-sprouting angiogenesis [59]. An initial step in 
sprouting angiogenesis is the migration of so-called tip cells towards angiogenic 
factors, followed by stalk cells. An in vivo knockout of Trio results in embryonically 
lethal mice due to deformation of the skeletal muscles and neuronal disorders [60]. 
In this study, however, the blood vessels were not investigated, so it is unknown 
if these were abnormal. Nevertheless, when looking at the endothelial-specific 
knockout of Rac1, the mouse embryos exhibit a lack of small branched vessels [61].  
Moreover,  recently we showed that Trio depletion in zebrafish models drastically 
reduced angiogenic sprouting in developing zebrafish embryos [28]. Together, these 
results imply an essential and, thus, important role for Trio in the formation of new 
vessels through activation of the RhoGTPase Rac1, although molecular details still 
need to be examined. The detachments and reattachments of endothelial cells to 
the extracellular matrix such as collagen and laminin are crucial in the formation of 
new vessels. This process requires the junctions to be stable enough to maintain 
barrier function, while the tip cell can initiate sprouting [62,63]. Moreover, although 
Trio is involved in both stabilizing and destabilizing aspects of cell–cell junctions, 
the molecular details of how Trio may functionally regulate junctional stability during 
angiogenesis has thus far been unexplored and requires future studies.
Enhanced tissue metabolic requirements can result in increased vessel diameter en- 
abled by endothelial cell enlargement. This happens, for instance, in response to an 
occlusion of the arteries, inducing outward remodeling of the arterial wall. Hypoxic 
con- ditions or an increase in flow can initiate this process. An in vivo zebrafish model 
has shown the importance of Trio signaling on arterial remodeling and endothelial cell 
size. Vascular endothelial growth factor (Vegf) receptor 2 signaling induced TrioGEF-
1-mediated activation of Rac1 and RhoG. The expression of functionally active Trio 
at junctional re- gions facilitated local Rac1 activity, followed by the remodeling of 
the cytoskeleton through F-actin, which enlarged the diameter of the arterial lumen 
by increasing endothelial cell size but did not increase cell proliferation [28]. All in 
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all, these studies not only show the complexity of Trio regulation but also indicate 
that Trio may be an important factor in arterial remodeling in ischemic diseases by 
increasing the size of endothelial cells.

6 Trio Mediates Leukocyte Adhesion for Transendothelial Migration during 
Inflammation
Leukocyte transendothelial migration is the process where leukocytes leave the cir- 
culation by crossing the vascular wall, i.e., the endothelial barrier and migrate into 
the underlying tissues. This process is triggered upon inflammatory signals and is 
recognized as a multistep process. It requires the combined effort of both leukocytes 
and endothelial cells. A critical step in this process is the expression of adhesion 
molecules by endothe- lial cells. This can be induced by inflammatory stimuli, such 
as LPS, TNFα and IFNγ. Aside from adhesion molecules, Trio expression also 
increases upon TNFα  stimulation in HUVEC [55]. Our group has demonstrated that 
silencing Trio in vitro hampers the upregulation of the adhesion molecules VCAM-1, 
ICAM-1 and E-selectin upon stimulation with TNFα on both mRNA and protein levels 
[55]. Furthermore, we showed that the GEF1 domain of Trio was responsible for the 
increase in VCAM-1 expression by the direct activation of Rac1 and subsequently 
inducing phosphorylation and nuclear translocation of the transcription factor Ets-2 
(Figure 2) [55].
For the leukocyte transmigration cascade, the following is the case: Upon leukocyte 
rolling and binding to the upregulated adhesion molecules on the endothelium, 
multiple signaling pathways in the endothelium are induced. Interactions of the 
leukocyte with the endothelium via ICAM-1 induces a cluster with F-actin and 
other actin adapter proteins [64], together triggering the appearance of a ring-like 
structure around the leukocyte [65]. This so-called docking structure, also termed a 
transmigratory cup, requires Trio, which locally mediates the activation of Rac1 and 
RhoG. Depletion of Trio causes malformed docking structures and a reduction in 
transendothelial migration of neutrophils [37]. All in all, this demonstrates that under 
inflammatory conditions, increased Trio expression and subsequent upregulation of 
adhesion molecules that mediate leukocyte extravasation [66].

7 The Potential Functions of Trio during Inflammation
As previously discussed, stimulation of HUVECs with the inflammatory stimuli LPS, 
TNFα and IFNγ upregulates Trio expression. The function of Trio in the endothelium 
indicates an important role in the regulation of the vascular permeability response 
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during inflammation. Additionally, its downstream target, RhoA, not only has well 
established functions in multiple inflammatory processes, such as increased 
endothelial permeability but also in transendothelial migration [67–69]. Nevertheless, 
the link between Trio and the inflammatory response has not gained much attention. 
Trio was determined to be upregulated in multiple types of cancer, mainly implicated 
in relation to migration by increasing motility and, therefore, metastasis, but its 
function in inflammation is mostly unexplored [70–72]. One inflammatory disease 
that has been linked to Trio expression is Rheumatoid Arthritis (RA). Analysis of 
synovial biopsies of inflamed joints of RA patients displayed high expression of 
Trio, specifically in the endothelium, compared to patients with mild synovitis [33]. 
Furthermore, Trio colocalized with the adhesion molecules VCAM-1 and ICAM-1 in 
RA patient vessels, as was observed with immunofluorescence imaging [55]. This 
suggests Trio as a mediator of RA pathogenesis via the upregulation of adhesive 
molecules and, consequently, increasing leukocyte trafficking into the tissue.
In many chronic inflammatory diseases, thrombin generation increased [73–75]. Trio 
was suggested to be activated upon thrombin-induced Gαq/11 signaling [42]. This 
signaling pathway triggered RhoA activation and subsequently Rock/PRK activation, 
ultimately resulting in barrier destabilization and an increase in permeability through 
cytoskeletal remodeling and focal adhesion disruption [76]. However, if this 
pathway indeed signals via Trio, has yet to be determined. A disruption in flow that 
generates low shear stress is also known to induce inflammatory pathways, which 
is an essential feature in the development of atherosclerosis (a chronic inflammatory 
disease) [77]. As mentioned before, laminar shear stress induces alignment of 
endothelial cells by inducing Notch1 signaling, which requires localization of Trio at 
the cell membrane [49]. Under laminar flow, Trio could then be implicated to aid in the 
formation of a proper endothelial barrier and activation of Notch1. Furthermore, Notch 
signaling has shown anti-atherogenic properties by protecting endothelial disfunction 
against inflammatory stimuli [78]. To conclude, Trio aids in various inflammation-
related processes, which possibly assist in the pathogenesis of chronic inflammatory 
diseases.

8. Clinical Implications of Trio Mutants
Abnormal RhoGEF function, in general, is linked to various human pathologies, in- 
cluding cancer [79–82]. While Trio is not linked to vascular diseases, it is most well 
known for its involvement in neuronal migration and axon outgrowth and guidance 
[83,84]. Trio mutations in the brain can result in multiple neuronal disorders ranging 
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from schizophrenia to autism spectrum disorders and intellectual disorders. This is 
mostly due to mutations in the GEF1 domain or spectrin repeats of Trio, which either 
hamper or enhance activation of Rac1 [85–88]. Considering the function of Trio 
in migration, it is not surprising that mutations of this protein are found in multiple 
types of cancer [72,89]. For instance, Trio has been shown to be dysregulated in 
neuroblastoma; the authors implicated a decrease in Rac1 activation and increase 
in RhoA activation as an explanation for neurotigenesis [90]. In addition, one of the 
isoforms of Trio that is derived from alternative splicing of the Trio locus, called Trio-
related transforming gene in ATL tumor cells (Tgat), is an oncoprotein that is found 
in T cell leukemias.  This protein consists of only the GEF2 domain of Trio, but it 
contains a unique 15 amino acid long C-terminal end instead of the PH domain 
(Figure 1). These 15 amino acids are crucial for the transforming potential of Tgat. 
Furthermore, the expression of Tgat increases invasiveness in NIH3T3 fibroblasts, 
which was expected a result of RhoA activity. However, while inhibition of RhoGEF 
activity did reduce inva- siveness, it was not completely abrogated. This indicates 
that the unique C-terminus also has invasive properties [91]. It was later found that 
Tgat activated the pro-inflammatory pathway NF-κB, by binding to the IκB complex. 
The C-terminal region of Tgat was crucial for binding to the complex. Nevertheless, 
GEF activity of Tgat was also necessary for NF-κB activation [92].
Contrary to Trio functioning abnormally, wildtype Trio has also shown to increase 
migration and, therefore, the metastasis of cancer. As was shown in colorectal cancer, 
Trio-mediated Notch activation induces RhoA activation and, therefore, enhanced 
cell migration. Interestingly, Rac1 activation was not affected, suggesting a specific 
role for RhoA in Trio-mediated invasiveness of these cancers [71]. In contrast, Trio 
was found to drive invadopodia disassembly via the Rac1-PAK1 axis, hinting towards a 
role for Rac1 in metestasis. This invadopodia disassembly was found to be necessary 
for correct migration and, therefore, metastasis because the cells showed impaired 
migration in 3D when Trio was removed [93].
It is not only the mutation of Trio itself but also a binding partner that can promote 
cancer. A common mutation of uveal melanoma is in the GNAQ genes, which 
results in the gain of function of G protein as subunits, such as Gαq/11 [94]. Feng 
et al. found that the activation of Rac1 and RhoA through this Gαq/11-Trio signaling 
pathway consequently activates the tumor promotor YAP. The regulation of the actin 
cytoskeleton played an important role for this activation as the accumulation of 
F-actin contributes to the nuclear translocation of YAP. YAP activation is frequently 
observed in multiple types of cancer, which is mostly believed to signal through the 



160

Chapter 6 

Hippo pathway [95]. However, this research indicates that this activation may also 
signal through Trio-Rac1/RhoA [70].
All in all, research that concentrates on Trio mutants highlights the importance of Trio-
mediated Rac1 and RhoA activation in cell migration. This supports the previously 
indicated role of Trio in sprouting angiogenesis and the need for further research into 
this topic in the future.

9. Trio Inhibitors for Disease Prevention
The oncogenic potential of RhoGEFs spiked the interest for studying inhibitors as 
anti-cancer therapeutics [96,97]. While GTPases itself are widely distributed in tissues 
and are involved in multiple signaling cascades, RhoGEFs are usually activated 
downstream of a specific receptor and are less broadly expressed [98]. For Trio, 
several inhibitors have been identified over the years, both for the GEF1 and 
GEF2. The peptide TRIPα was the first specific RhoGEF inhibitor discovered. It 
inhibits RhoA via the GEF2 domain of Trio and has no influence on RhoG activation 
[99]. Shortly after, Blangy and coworkers preformed a screen in yeast to find potential 
Trio GEF1 inhibitors [100]. They found one and two chemical analogues that inhibited 
RhoG activation in vitro, however, it turned out to be toxic in vivo. When returning to 
the screen, they found ITX3, a specific Trio inhibitor that interferes with Rac1/RhoG 
activation and is non-toxic in vivo [101]. This inhibitor is very promising because it 
neither interferes with GEF2-mediated RhoA activation nor inhibits other GEFs such 
as Tiam1 and Vav2. It specifically inhibits GEF1, but it leaves the availability of RhoG 
and Rac1 intact, allowing them to be activated by different GEFs [101]. Whether 
these inhibitors can be used to treat cancer remains to be investigated, but it is a 
promising tool.

10. Conclusions
Over the years, it has become evident that Trio functions as a molecular regulator 
of multiple endothelial functions. This is tightly regulated by multiple mechanisms, 
such as auto-inhibition, inhibitory proteins and varying interactions, to ensure proper 
barrier function and, thus, vascular integrity. Dysregulation of Trio signaling may 
possibly be involved in the development or severity of chronic inflammatory diseases. 
However, the wide-ranging functions of Trio in the endothelium from remodeling of the 
actin cy- toskeleton to regulating the expression of inflammatory adhesion molecules 
render Trio a challenging RhoGEF to study. We speculate that, depending on the 
environment and the need of the endothelium at that specific moment in time, a 
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different activation of Trio is required in order to exert one of its many functions. For 
example, Trio may be activated during inflammation, thereby regulating endothelial 
permeability and limiting vascular damage.
Many questions remain to be elucidated and more insight into the versatile role of 
Trio in the endothelium will provide greater understanding of pathologic conditions in 
which the endothelial barrier is compromised.
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Abstract
Endothelial cells line the inside of blood vessels and form a semi-permeable 
barrier that regulates the transport of molecules and passage of immune cells to 
the tissues. To maintain this semi-permeable barrier, the cell-to-cell junctions need 
to be constantly reorganized, a process regulated by the actin cytoskeleton. Rho-
GTPases are molecular switches that mediate the actin cytoskeletal organization. 
These Rho-GTPases oscillate between an active and inactive state, and activation is 
catalyzed by Rho-GEFs. The Rho-GEF Trio is recognized as an important player in 
many endothelial functions. Previous work from our lab has shown its role in junction 
stability and response to flow. As global knock-out (KO) mice die at E15, we generated 
an endothelial- specific inducible Trio KO mouse model to specifically address the 
role of Trio in the vasculature. Crossing floxed-Trio with Cad5-CreERT2 mice allowed 
us to deplete Trio in a time-dependent manner. We confirmed successful tamoxifen-
induced depletion of Trio in 8-week-old mice. However, depletion of Trio in the adult 
vascular endothelium did not result in any apparent abnormalities. Based on these 
data, we conclude that Trio in the adult vascular endothelium is not essential for 
vascular homeostasis.

Introduction
Endothelial cells (ECs) line the inside of blood vessels and form a semi-permeable 
barrier that regulates the transport of molecules and passage of immune cells to the 
tissues (Lum & Malik, 1994). The junctions between endothelial cells are continuously 
reorganized, tightly controlled by the actin cytoskeleton. Small Rho-GTPases are key 
regulators of actin cytoskeletal organization, as well as cell adhesion and migration 
(Aspenström, 2020; Hodge & Ridley, 2016)]. These GTPases are activated by 
guanine exchange factors (GEFs), which promote the exchange of GDP for GTP. 
There are a multitude of GEFs, that can activate around 10 different Rho- GTPases 
(Aspenström, 2020).
An important regulator of the endothelial barrier is Trio, a 340 kDa protein that is part 
of the Dbl-family of RhoGEFs (Bircher & Koleske, 2021; Timmerman et al., 2015; 
van Rijssel et al., 2013). This family of GEFs is identified by the presence of a Dbl-
homologous (DH) and a pleckstrin homologous (PH) domain in their enzymatic GEF 
domains (Bellanger et al., 1998). Trio contains two of these GEF domains, of which 
the N-terminal GEF domain (referred to as GEF1) catalyzes the exchange for the 
small GTPases Rac1 and RhoG, and the C-terminal GEF domain (GEF2) for the 
small GTPase RhoA. Unlike other Rho-GEFs, Trio also contains a third enzymatic 
domain, which is a serine/threonine kinase domain (Bellanger et al., 1998; Blangy 
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et al., 2000; Debant et al., 1996; van Rijssel & van Buul, 2012). Trio is involved in 
the remodeling of the actin cytoskeleton through the activation of Rac1 or RhoG, 
resulting in the formation of membrane ruffles and lamellipodia, which is important 
for cell spreading and migration (Klems et al., 2020). The activation of RhoA through 
the GEF2 domain of Trio leads to the formation of stress fibers, therefore inducing the 
opposite effect of Rac1 activation, namely cell contraction (Bandekar et al., 2019). 
How this balance between opposite functions is regulated remains largely unclear. 
Trio is not endothelial-specific but is abundantly expressed in various other tissues. It 
is known that Trio plays an important role in neural development (Briançon-Marjollet 
et al., 2008; Peng et al., 2010; Sun et al., 2006). The global Trio KO mouse dies 
between embryonic day 15.5 and
18.5 or shortly after birth (O’Brien et al., 2000). Loss of Trio leads to defects in 
skeletal muscle and neural tissue. No apparent abnormalities were observed in the 
vascular development, but this was not investigated in great detail. O’brien et al. 
speculate that Trio may be important in the final stages of development to fine-tune 
tissue organization at a cellular level which is in agreement with the time of lethality 
for the mice (O’Brien et al., 2000). It is our goal to study the role of Trio specifically in 
the vasculature in vivo. Therefore, we have generated a tamoxifen- inducible Trio KO 
mouse model that was crossed with the Cdh5-CreERT2 model (Sörensen et al., 2009). 
We confirmed that tamoxifen treatment resulted in successful depletion of Trio in the 
vascular endothelium. However, no apparent abnormalities were found due to the 
loss of Trio under normal conditions in 8-week-old mice. Therefore, we conclude that 
Trio is not essential during vascular homeostasis in adult animals.

Materials and Methods
Generation of Trio -/- Mice
All mice were maintained on a C57BL/6 background. Homozygous Trio floxed mice 
were crossed with Cdh5-CreERT2 mice to create endothelial-specific, tamoxifen-
inducible Trio knockout mice. Floxed Trio mice were a kind gift from Dr. Susanne 
Schmidt and Prof. Anne Debant (CRMB – CNRS UMR 5237, Montpellie, France). For 
experiments only male animals were used, to reduce the variation. For experiments 
age-maged mice were used, if possible, littermates. At 6-7 weeks of age, Triofl/fl;CDH5-
CreERT2+ and Triofl/fl;CDH5-CreERT2- mice were injected with 75 mg/kg BW tamoxifen 
(dissolved in peanut oil with a concentration of 20 mg/mL) for 5 consecutive days. 
Blood was collected by tail puncture on days 0, 5, 10, 15 and 19. On day 19, mice 
were humanely sacrificed by cervical dislocation. Major organs (lungs, liver, heart, 
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spleen, brain and kidneys) were removed and used for further analysis. Breeding 
and housing of the animals was done at the Netherlands Cancer Institute. All study 
protocols were in accordance with the national regulations and ethical guidelines 
and approved by the relevant local and institutional ethics committees.

Sequencing
Toes from Triofl/fl;Cdh5-CreERT2 mice were incubated with 200 µL ProtK lysis buffer 
for one hour at 55°C and subsequently centrifuged at 14.000 for 10 minutes. 1 mL 
96% ethanol was added to the supernatant and centrifuged at 14.000 for 10 minutes. 
The pellet was dried and afterwards incubated with 200 µL H20 for 30-60 minutes at 
55°C. This was further used for PCR with the primers from table one. PCR products 
were purified using a GFX PCR DNA and Gel Band Purification Kit (Illustra, Cat# 
28903471). LoxP sites were sequenced with either the forward or reverse primer 
(table 1)

Table 1: Primers used for sequencing

Primer Sequence

LoxP1 Forward AACCAAAGAGAGGGTGAAGCTATT
LoxP1 Reverse CATGGCTGAACTAATTCAAACGG

LoxP2 Forward CTGATACTAGAGCANGCAGGGTC
LoxP2 reverse GACTTGGGTCTCTTCTTCCACTGTG

Endothelial cell isolation
The major organs isolated from TrioWT and Trio-/- mice were cut into small pieces. The 
tissue was incubated in collagenase solution (1 mg/mL collagenase, 25 µL1M CaCl2, 
1% Penicillin/streptomycin) at 37°C for 1-2 hours, shaking every 30 minutes. After 
digestion, the cell suspension was passed through a 70 µm nylon mesh and the filter 
was flushed with 10 mL of washing medium (DMEM, 10% FCS, 1% P/S). Next, the 
suspension was centrifuged at 100 g without break, the supernatant was removed 
and resuspended in 2 mL medium. The single cell suspensions were incubated with 
rat Anti-mouse PECAM-1 (Mec13.3) coated Dynabeads beads (sheep-anti-rat-IgG 
coupled beads, Invitrogen) on a rotary mixer for 45 minutes at 4°C. The cells were 
washed four times with medium using a magnet and used for further processing.
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Western blot
Isolated endothelial cells were lysed in 100 µL lysis buffer (NP40 + 1:1000 PIC). 
Sample buffer was added and incubated for 5 minutes at 94°C. Samples were run 
on a 3-8% Tris-acetate gel in TA buffer at 120V for one hour. Afterwards, samples 
were transferred onto a membrane overnight at 20mA. Membranes were blocked 
with 5% milk for one hour before incubation with anti-Trio (Santa Cruz) or anti-tubulin 
antibodies (Thermofisher) overnight. Membranes were washed with TBS-T for 10 
minutes, which was repeated 3 times. The secondary HRP antibody was incubated 
for 1 hour and thereafter the membranes were washed two times for 10 minutes 
in TBS-T. Finally, ECL substrate (Thermofisher) was incubated for 5 minutes and 
bands were developed in the Amersham Imagequant 800.

Mouse endothelial cell culture and Flow cytometry
Cells obtained from endothelial cell isolation were transferred to gelatin (0.4% in PBS) 
coated dishes containing endothelial cells growth medium (EGM-2) supplemented 
with EGM-2 supplement and 1% Penicillin-Streptomycin (P/S) and cultured for 6 
days at 37°C and 5% CO2. Next, cells were removed using Trypsin-EDTA. Trypsin 
neutralizing solution (TNS) was used to neutralize trypsin. Cells were stained for 
flow cytometric analysis using anti-mouse VE-cadherin AF647 (Biolegend) and anti-
mouse Pecam-1 FITC (R&D systems) antibodies. Flow cytometry was performed 
using the FACS Canto (BD Biosciences) and data was analyzed using FlowJo 
V10.5.3 software (FlowJo, LLC).

Immunofluorescence
Cells were seeded on gelatin coated (0.4% in PBS) coverslips (fisher Scientific) 
until confluence. The cells were washed twice with warm PBS++ (PBS with 1 mM 
CaCl2, 0.5 mM MgCl2) and fixed with 4% paraformaldehyde (PFA) for 10 minutes. 
Afterwards the coverslips were washed twice with PBS to remove all PFA and stained 
with anti-human VE-mouse AF647 (Biolegend) and anti- mouse Pecam-1 AF488 
(R&D systems) antibodies, as well as Phalliodin AF555 (TebuBio) and Hoechst 
33342 AF405 (Molecular probes) overnight at RT. Samples were mounted using 
ProLong Glass Antifade mountant (Thermofisher). Tile scans of 2x2 images were 
taken with the Leica confocal SP8 and data was analyzed using Imaris software 
(V8.1) and Fiji/ImageJ (version 1.52e) software.
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Results

Determining the location of LoxP sites in Triofl/fl mice
To investigate the effect of Trio specifically in the vasculature in vivo, an endothelial-
specific tamoxifen-inducible Trio knockout mouse was generated (Figure 1A). The 
Trio gene is located on chromosome 15 from exon 22 (bp 27.730.737) to exon 28 (bp 
28.025.934). The conditional Trio knockout model (Triofl/fl) has CreLoxP sites which 
recombine upon exposure to tamoxifen, located at exon 23-24 (LoxP1) and 27-28 
(LoxP2), thereby deleting the gene encoding the Trio protein (figure 1B). However, 
the exact location of these LoxP sites was unidentified. Therefore, we constructed 
primers around the sites of the LoxP sequences. As shown in figure 1C, these 
primers generated a PCR product, one for each LoxP site, which was sequenced. 
This resulted in a sequence that matched to the mouse genome, except for the LoxP 
site that was inserted, allowing to specifically determine the location of these LoxP 
sites (Figure 1C). Upon tamoxifen exposure, the DNA in between the LoxP sites will 
be excised by the Cre enzyme and the LoxP sites will recombine, thereby deleting 
the Trio gene.
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Figure 1: Location of LoxP sites in endothelial-specific Trio knockout mice. (A) Triofl/fl 

mice were crossbred with Cdh5-CreERT2. (B) Schematic representation of the recombination 

upon tamoxifen injection. (C). Agarose gel bands for LoxP1 and LoxP2 sites after PCR. 

Endothelial purity of isolated ECs from different mice organs
Trio is present in a multitude of different organs and cell types. As endothelial cells 
are the main interest of this research, specific isolation of these cells from different 
organs was crucial. Therefore, we isolated endothelial cells from the lung, liver, 
spleen, brain, kidney and heart using PECAM-1 coated beads (Figure 2A). The 
obtained cells were cultured for six days and subsequently, we determined the purity 
of the isolation by flow cytometry and IF staining (Figure 2B-E). At day six, the purified 
cells from the lung, liver, kidney and heart formed monolayers. However, endothelial 
cell isolation from the spleen and brain was unsuccessful, as they did not survive in 
culture. Nevertheless, analysis with flow cytometry demonstrated that at least 50% 
and up to 90% of the cells were double positive for both VE-cadherin and PECAM-1, 
both being specific markers for endothelial cells (Figure 2B-C and Supplemental 
Figure 1). Analysis with fluorescence microscopy of the cells isolated from the other 
organs showed that they showed similar morphology to cultured endothelial cells 
such as human umbilical cord endothelial cells (HUVECs) and expressed the main 
endothelial markers (VE-cadherin and PECAM-1) (Figure 2E and Supplemental 
Figure 1). Thus, endothelial cells from different organs were successfully isolated 
from mice and kept in culture for several days.

Trio-/- mice display a partial trio knockout in most organs
Next, we analyzed the depletion of Trio in these animals. Both TrioWT and Trio-/- mice 
were injected with tamoxifen for five consecutive days to induce Cre recombinase 
expression, resulting in excision of the Trio gene in Cdh5-positive endothelial cells. 
The mice were sacrificed 19 days after tamoxifen injection as shown in the timeline 
in Figure 3A. Endothelial cells from multiple organs were isolated and the presence 
of the Trio protein was determined by Western blot. Figure 3B-F shows Trio protein 
expression in Trio-/- versus TrioWT mice. In the lung, kidney, spleen, liver and heart, 
Trio expression is reduced considerably for Trio-/- mice, indicating a partial successful 
knockout. The isolation of the brain endothelial cells failed and therefore these cells 
were not included for analysis. These results showed that the degree of deletion of 
endothelial Trio in vivo was significant for all organs analyzed.
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Figure 2: EC purity. (A) Endothelial cells were isolated from multiple organs and analyzed 

for purity. Representative histograms of endothelial markers (PECAM-1 and VE-cadherin) on 
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isolated heart (B) and liver (C) cells after 6 days of culture. (D) Purity of isolated endothelial 

cells defined by the percentage double-positive cells for PECAM-1 and VE- cadherin. (E) 

Immunofluorescent staining of endothelial cells from heart, lung and liver.

Figure 3: Trio-/- mice display a partial trio knockout in most organs. (A) Timeline of 

experimental procedures to induce Trio KO in mice. 5 consecutive tamoxifen injections are 

given and 14 days later the mice are sacrificed and organs are harvested. Every 5 days the 

mice are weighed and their blood is collected. Western blot and quantification of Trio levels 
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in lung (B), kidney (C), spleen (D), liver (E) and heart (F). Tubulin was used to normalize for 

unequal loading. KO in the lung is a N=3 with 3 mice per N. The other organs are N=1 from 

3 mice.

Trio-/- mice appear healthy and show apparent since of defects
After induction of Trio knockout with tamoxifen, Trio-/- displayed a normal weight 
(Figure 4A) and gross appearance. Concerning physical health, the mice showed 
similar behavior as their wildtype littermates. Every 5 days blood was collected and 
analyzed to monitor the health of the animals. The blood cell count of the KO mice 
was unaltered compared to TrioWT mice. This was true for red blood cells (RBC), 
platelets, and white blood cells (WBC) (Figure 4B-D). We further analyzed the ratio 
of different WBCs between TrioWT and Trio-/- mice at the start of the experiment 
(before tamoxifen injections) and after the 19 days (Figure 4E). In both conditions 
the number of granulocytes (including neutrophils, eosinophils, and basophils) 
was increased, but this was similar between TrioWT and Trio-/- mice. The increased 
granulocyte values may indicate that the five subsequent tamoxifen injections 
induced inflammation in the peritoneum. To check if this was true, histopathologic 
analysis was performed on liver lobes and evaluated by an experienced pathologist. 
Samples were hematoxylin and eosin stained and checked for the presence of WBC 
and vascular abnormalities. No vascular abnormalities were observed (Figure 4F). In 
contrast, 10 of the 17 animals that were investigated showed signs of mild peritonitis 
(59%), indicating that the IP injections with tamoxifen cause mild inflammation that 
is still visible 14 days after the last injection. The grade of peritonitis was similar 
between TrioWT and Trio-/- mice, so the Trio-/- mice do not show adverse reaction to 
low-grade inflammation. Taken together, a partial loss of Trio in adult mice did not 
lead to apparent vascular defects.

Discussion & Conclusion
The Rho-GEF Trio plays an essential role in maintenance of the endothelial barrier. 
The role of Trio in endothelial cells has been investigated in vitro, but in vivo data 
is lacking. Therefore, we generated an endothelial-specific Trio knockout mouse 
model. Triofl/fl mice were crossbred with Cdh5-CreERT2, generating a vascular-specific, 
inducible KO model. We characterized the genotype and validated the knockout 
in isolated endothelial cells. We show that the KO was partial in multiple organs, 
namely heart, liver, kidney and lung. After the partial loss of Trio, the mice appeared
healthy and showed no apparent signs of abnormalities. In addition, no weight loss
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Figure 4. Weight and blood composition of the mice does not change over time. (A) 

weight of the mice during the 19 days of experiments. Blood was collected every 5 days 

and analyzed for red blood cell count (RBC) (B), platelets numbers (C) and white blood cell 
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count (WBC) (D). White blood cells were further specified in 4 categories: lymphocytes (LYM), 

monocytes (MON), granulocytes (GRA) and Eosinophiles (EOs). The EOs percentage was 

not included in the 100%, therefore the total values exceed 100%. Here the values of day1 

and day 19 are shown to depict differences over time (E). (F) Representative images of 

hematoxylin and eosin-stained liver coupes from WT and KO animals.

or alterations in blood cell values could be observed. The only remarkable pathology 
that could be observed in all of these animals, both KO and WT, was a mild peritonitis 
with the presence of leukocytes in the liver. This is likely due to the IP tamoxifen 
injections. Alsina- sanches et al. showed that IP injections with peanut oil, identical 
to our own methods, caused peritonitis in the liver (Alsina-Sanchis et al., 2021). 
They compared several oils and found that only peanut and mineral oil cause severe 
damage, while corn and olive oil do not. Also, the method of administration matters, 
as peanut oil administered via oral gavage did not cause the same level of damage as 
IP injections. Of course, with IP injection, the tamoxifen is directly administered in the 
peritoneum, while in oral gavage it enters via the stomach, explaining the difference 
in pathology. However, the two methods have a different efficacy in creating the Cre- 
LoxP-induced KO of a desired protein (Donocoff et al., 2020a). It is important to take 
into account that five consecutive IP injections with tamoxifen dissolved in peanut 
oil causes mild inflammation in the animals and the use of corn oil may be preferred 
over peanut oil.

The lack of a phenotype surprised us, however there are multiple explanations. First 
of all, the KO is not complete. After tamoxifen injections, still 40% of the proteins 
remains. It could be possible that the remaining protein is enough to exert its function. 
That a better KO could be achieved by a longer waiting period seems unlikely. 
Donocoff et al showed that for different concentrations tamoxifen and different 
routes of administration, the peak levels of tamoxifen in the blood are around one 
week after injections (Donocoff et al., 2020b). Therefore, we do not expect that a 
longer waiting period is beneficial. Longer injections with tamoxifen (more than five 
days) are also not favorable, since there is already mild peritonitis present after 
5 consecutive injections. Increasing this number will only cause more harm to the 
animals. Secondly, although the KO of Trio is confirmed by the EC isolation and 
subsequent Western blotting, single cell resolution is missing. Adding a fluorescent 
tag to the construct, which becomes expressed upon LoxP recombination would 
allow precise determination which cells have successfully excised Trio. As cre-LoxP 
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combination is known to be not a 100% successful, the areas with a loss of Trio could 
be compared to WT cells in the same tissue. Even more advanced is the system that 
expresses a red fluorescent tag before tamoxifen injections, that turns green after 
recombination, the so-called Cre-stoplight (Pfannkuche et al., 2008; Yang & Hughes, 
2001). Besides easy identification of recombined cells by microscopic inspection of 
samples, the fluorescent tag allows the separation of red and green cells. Separated 
cell populations can be compared on mRNA and protein levels, and could elucidate 
the cellular consequences of the loss of Trio. Lastly, it could be possible that the 
function of Trio is negligible in the adult endothelium. Looking at expression levels of 
Trio is different endothelial beds it is striking that Trio expressionin the endothelium 
in general is relatively low (Kalucka et al., 2020a). However, it should be noted that 
Trio is one of the highest expressed Rho-GEFs in endothelial cells (Hernández-
García et al., 2015). Perhaps Trio is relevant during formation of blood vessels, but 
losses its importance during maturation. It could also be possible that just a small 
amount of Trio expressions is sufficient to fulfil its function. To answer this question, 
more research into Trio is necessary.

To confirm endothelial-specific Trio KO, endothelial cells were isolated. As Trio is 
present in many different tissues, a reduction of Trio in endothelial cells would be 
missed if whole tissues were analyzed. While endothelial cell isolation was successful 
for most organs, we found that digestion of splenic cells in collagenase was quicker 
than for the other organs, which resulted in cell death. In later experiments, splenic 
cell isolation was successful when collagenase incubation was shortened. Isolation 
of endothelial cells from the brain remained difficult and possibly requires some 
additional steps for purification. First of all, it is better to first remove meline from 
the brain, since this makes up a large percentage of brain tissue, before selecting 
for PECAM-1-expressing cells using coated beads (Kalucka et al., 2020b). Second, 
a protocol by Assmann et al. describes the use of puromycin for specific selection 
of endothelial cells from the brain, since brain endothelial cells are resistant to 
puromycin the first days after isolation, while other cells are not (Assmann et al., 
2017). Last, the optimal culture medium should be used. The few endothelial cells 
that were successfully isolated showed very low proliferation capacity and were 
overgrown by other cell types that were accidentally isolated as well.
The limited knowledge of endothelial Trio in vivo, combined with the multitude of 
functions that this protein has, creates many opportunities for the use of a Trio 
knockout mouse model. An interesting use of the Trio knockout mouse model 
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would be to investigate whether the endothelial barrier is compromised upon loss 
of Trio. As mentioned before, Trio is crucial in the regulation of endothelial barrier 
function, both for stabilization and destabilization (Rojas et al., 2007; Timmerman 
et al., 2015). Although no signs of vascular leakage, e.g., edema and alterations 
in blood composition, were displayed in these mice, effects might be more subtle. 
To examine this, an Evans blue assay could be performed, in which leakage can 
be determined per organ (Radu & Chernoff, 2013). Vascular leakage is also a key 
characteristic of inflammation (Rahimi, 2017). Challenging the vascular endothelium 
with inflammatory factors such as lipopolysaccharide (LPS) or tumor necrosis factor-
alpha (TNF-α) might reveal novel functions of Trio in inflammation. Upon acute 
inflammation, endothelial barrier permeability increases due to focal gap formation, 
caused by disruption of homophilic VE-cadherin interactions between endothelial 
cells (Stevens et al., 2000). The downstream targets of Trio, Rac1 and RhoA, have 
well established functions in the loss of endothelial barrier function (Wojciak-Stothard 
& Ridley, 2002). Eventually, the physiological barrier is restored by reformation 
of adherens junctions, terminating inflammatory responses (Kouklis et al., 2004). 
Upregulation of Trio expression in the endothelium during inflammation has already 
been found, indicating a role for Trio in inflammation-related processes (van Rijssel 
et al., 2013). Defining the role of Trio in inflammation-induced leakage could lead to 
a better understanding of this dynamic process.
In addition, it would be interesting to investigate the role of Trio during development. 
In adult mice the vasculature is already in homeostasis. The barrier has been formed 
and only needs to be maintained. During barrier formation, Trio is necessary to 
stabilize the junctions (Timmerman et al., 2015). However, mature junctions might 
not be that dependent on Trio to be maintained. Therefore, looking at the formation 
of vessels and the initial contacts between endothelial cells might be the crucial 
time to see a role for Trio. Injection of tamoxifen in pregnant mothers would induces 
embryos with an endothelial specific loss of Trio. It is known that Trio triggers 
downstream VEGF signaling and controls arterial remodeling (Klems et al., 2020). 
This is in agreement with unpublished data from our lab, that indicates that Trio plays 
a role during angiogenesis (unpublished). Therefore, we do expect a defect in vessel 
formation in Trio-deficient embryos and as a consequence that these embryos will 
not be viable.
In conclusion, our data show that Trio is not crucial for the maintenance of vascular 
homeostasis in adult mice. However, as Trio has been described to play a pivotal 
role in many pathophysiological conditions, more in depth experiments using these 
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mice will result in a better understanding of the role of Trio in vessel development 
and under pathological conditions.
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Supplement Figure 1: EC purity. Endothelial cells were isolated from multiple organs 

and analyzed for purity. Representative histograms of endothelial markers (PECAM-1 

and VE-cadherin) on isolated lung (A) and kidney (B) cells after 6 days of culture. (C) 
Immunofluorescent staining of endothelial cells from the kidney.
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General discussion

Cardiovascular diseases (CVDs) are often preceded by dysfunctional blood vessels. 
Dysfunctional vessels can be characterized by obstruction or leakiness/rupture, 
leading to infarcts or internal bleeding respectively. Research into the functionality 
of blood vessels is therefore essential to understand and treat vascular-related 
pathology. 
Blood vessels are important for the transport of blood, including nutrients and oxygen, 
to organs, and additionally regulate hemostasis and allow selective passage of white 
blood cells into the tissue. Vessels are lined with a thin layer of endothelial cells 
(ECs) that maintain a semi-permeable layer between the blood and surrounding 
tissue. In this thesis, several functions of blood vessels are investigated. In Chapter 
2, we adopt a blood-vessel-on-a-chip (BVOAC) system in which we culture ECs 
in 3D. Next, in Chapter 3, we use this new method to study how leukocytes exit 
the vasculature and use patient-derived neutrophils to characterize the deficiencies 
in these cells. Another important function of blood vessels is the formation of new 
ones from pre-existing ones, a process known as angiogenesis. When vessels are 
damaged, or during growth, new vessels are required. We optimized a method to 
study this process in vitro in Chapter 4. This allows to investigate the role of certain 
specific proteins in the sprouting process. In Chapter 5, we used this method to 
identify the Rab5C/RIN2 complex as a regulator of sprouting and confirm these 
results in vivo using a zebrafish model. Chapters 6 and 7 are focused on the Rho-
guanine exchange factor (GEF) Trio, a protein able to exchange ADP for ATP on 
certain small GTPases, and which plays an important role in the formation of the 
endothelial barrier and during angiogenic sprouting. Although the function of Trio 
has been well described in neural tissue, its role in the endothelium is still largely 
undiscovered.  

Endothelial cell heterogeneity 
Traditionally, human umbilical vein endothelial cells (HUVECs) are used to study 
vascular mechanisms in vitro. HUVECs have been instrumental in the discovery of 
the general principles of the endothelium and are still often used in daily practice. 
Nowadays, we have access to ECs from all different organs and learned that there is 
heterogeneity between ECs from different vascular beds. This heterogeneity exists 
not only between arteries, veins and capillaries (Krüger-Genge et al. 2019; dela 
Paz and D’Amore 2014), but also between different organs (Nolan et al. 2013; Aird 
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2007a; 2007b; Chi et al. 2003; Atkins, Jain, and Hamik 2011), and on a smaller scale 
even within the ECs from one organ (Grönloh, Arts, and van Buul 2021). 
While the purpose of these cells is the same in all vessels, maintaining a physical 
barrier, not all cells are the same. For example, brain ECs show a much higher barrier 
function (Blood-Brain Barrier, BBB) than ECs from other organs. This is to protect the 
brain from accidental leakage and unwanted leukocyte extravasation leading to brain 
injury (Daneman and Prat 2015). In the liver, ECs show fenestrations (i.e., small gaps 
within the ECs that allow fluids to cross), which aid in blood filtration (Szafranska et 
al. 2021). In Chapter 2, we use pancreatic and lung ECs to create artificial vessels. 
It is striking to observe that these cells show completely different phenotypes after 
incubation with an inflammatory stimulus like TNF-α. While the lung ECs show a 
somewhat disorganized pattern, the pancreatic ECs still show an organized and 
coherent phenotype. These organ-specific properties are not found in HUVECs, so 
one could imagine that HUVECs may not fully fulfill the physiological requirements 
to study the BBB or liver vasculature. With the use of organ-specific ECs, vascular 
bed-specific diseases can be investigated. For example, atherosclerosis only occurs 
in arteries, not in veins. Using cells from the aorta can aid in a better understanding 
of the artery-specific pathology. Or in conditions involving lung pathology: research 
from our group recently showed different responses of endothelium originating from 
lung, pancreas, or umbilical cords to bacteria-derived lipopolysaccharide (LPS) 
(Morsing et al. 2022). In-depth proteomics revealed that lung endothelium express 
higher levels of Cadherin-13, a protein that can contribute to better barrier function, 
than the other mentioned EC types. 

Vascular environment 
Not only usage of the most relevant endothelial cell type is important, but the micro-
environment (as well as the tissue culture conditions in vitro) also has a great 
influence. For example, Marcu et al. showed that after six passages isolated ECs 
already lose most, but not all, of their organ-specific markers (Marcu et al. 2018). 
This is also supported by other groups (Burridge and Friedman, 2010; Lacorre et 
al., 2004). Which specific cues the micro-environment provides to ECs to specialize 
them for a specific organ is not yet fully understood. A lot of different factors can 
be of influence, including stiffness, blood flow/shear stress, cell-cell contacts, 
extracellular matrix, growth factor milieu and neighboring cells. Culturing cells on/
in soft extracellular matrix-like gels exposes them to a more physiologically relevant 
environment compared to glass or plastic cultures. In Chapter 2, we did not observe 
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actin stress fibers in our control vessels, but these became visible after TNF-α 
treatment. In contrast, cells cultured on plastic already display stress fibers even in 
control conditions, indicating that the property of the culture environment plays a role. 
It has already been shown in rats and mice that in arteries stress fibers are present 
throughout the cells, while in veins these structures are less abundant. There are 
several factors influencing the presence of stress fibers in vascular beds, like blood 
pressure, flow velocity and gender (White, Gimbrone, and Fujiwara 1983; Wong, 
Pollard, and Herman 1983; Kano, Katoh, and Fujiwara 2000). This is confirmed by 
Van Geemen et al., who showed that in human vessels, arteries are characterized 
by thick actin stress fibers, while in veins these structures were mostly absent (Van 
Geemen et al. 2014). Therefore, finding the right culturing conditions is important to 
fully mimic the physiological micro-environment of the vessels of interest. 
In addition to using organ-specific cells, gender differences should also be 
investigated. HUVECs are usually pooled from multiple donors mixing both genders. 
Men and women are physiologically not the same and this is especially true for 
the vascular system. The prevalence of CVD is higher in men than in women 
until menopause, when it starts to increase in women and eventually exceeds the 
prevalence in men (Reckelhoff and Fortepiani 2004). Besides differences in lifestyle 
and blood pressure, it is thought that female hormones protect against CVD at a 
younger age, but this protection is lost after menopause. Women also have higher 
levels of endothelial progenitor cells before menopause, which could partly explain 
the protective effect (Fadini et al. 2008). After menopause, women display a more 
proinflammatory profile compared to men (Gardner et al. 2015). So, taking these 
gender differences into account would greatly help to understand how CVD can be 
prevented. 

Endothelial cells modulate inflammation
The extravasation of leukocytes from the circulation across the endothelium into 
the tissue is a highly regulated process. We studied this process in great detail in 
Chapters 2 and 3. When this process is derailed, it can result in either too many or 
too few leukocytes exiting the circulation, leading to tissue damage or diminished 
infection clearance, respectively. 
The endothelium is not just a “brick wall”, acting as a barrier and keeping the blood 
in, but in fact plays an active role in the inflammatory process. ECs are activated by 
signals from outside of the vessel and are able to communicate this to the luminal 
side. When inflammatory cues arrive at the basolateral site of the vessel, ECs react 
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and start with upregulation of adhesive molecules. These adhesion molecules trigger 
leukocytes to start rolling on and tethering to the endothelial monolayer, followed by 
firm adhesion and crawling.  
When looking at the migration of the ARPC1B-deficient neutrophils (Chapter 3), we 
observed that less neutrophils traversed the endothelial monolayer, compared to 
normal neutrophils (Figure 1A-B). However, one or two neutrophils migrated about 
200 µm away from the vessel (Figure 1B, yellow arrow), while other neutrophils of 
this patient did not show any migratory tendencies in the same 3D collagen gel. The 
only difference between the 3D collagen gel assay and the BVOAC system was 
the presence of ECs in the vessel, indicating that the ECs may contribute to the 
extended migration by secreting a factor in the environment that activates leukocytes 
in a manner independent from ARPC1B and independent from C5a, which is a very 
potent chemoattractant often used in vitro to activate neutrophils (Denk et al. 2017; 
Metzemaekers, Gouwy, and Proost 2020; Buhl et al. 1994). To better understand 
this unexpected behavior of these neutrophils in the 3D matrix, we extended our 
research from Chapter 3 with additional experiments, presented and discussed here. 
When adding the supernatant of TNF-α-treated ECs to the patient neutrophils, these 
cells were suddenly able to migrate in a 3D matrix (Figure 1C-D), although still not 
to the same extent as normal cells stimulated with the same supernatant (Figure 
1D). This shows that ECs may contribute to secrete a mix of different chemokines 
which activate leukocytes to trigger a migration mechanism that is independent 
from ARPC1B and subsequently can drive mild transmigration. Recently, our 
group identified several chemokines that are secreted by inflammation-stimulated 
HUVECs and can trigger local transcellular migration events (Schoppmeyer et al. 
2022). Altogether, these data show that the endothelium is not a passive player in 
the transmigration cascade, but actually plays an active role during inflammation. 

The addition of an extracellular matrix 
During transendothelial migration (TEM), leukocytes need to adopt various modes 
of migration. In the vessels they are constantly exposed to blood flow and need to 
patrol the vasculature. They first adhere to the activated endothelium and slow down 
to find a potential exit site. This mode of migration is characterized by substrate-
leukocyte interaction at the basal side of the leukocyte only. Next, leukocytes need to
traverse the endothelial layer, by squeezing through very tight gaps of the endothelial
monolayer. Lastly, they need to breach the basement membrane and migrate into
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Figure 1. Endothelial cells activate leukocytes.Volume rendering of vessel (green) with ex-
travasated control (A) and patient (B) neutrophils (dots). The neutrophils are color-coded depend-
ing on the migrated distance from the vessel, in which purple/blue neutrophils are still close to/
within the vessels and yellow/red neutrophils have migrated far away. Scalebar = 100 µm. (C) 
Migration speed in a 3D collagen matrix was quantified in control and patient neutrophils stimulated 
with the indicated factors. Each dot represents an individual neutrophil of one experiment N=1.  

the tissue consisting of several extracellular matrix proteins. During this mode of 
migration, leukocytes sense cues from the 3D matrix environment. During migration 
leukocytes do not only depend on proteases to break down the matrix and are unique 
in their non-destructive, yet fast migratory behavior (Wolf et al. 2003). They are able 
to squeeze through gaps smaller than their own size (about 2 µm) adapting their 
mode of migration to the path of least resistance (Renkawitz et al. 2019). This does 
not mean that neutrophils do not damage the tissue environment while migrating 
(Kruger et al. 2015; Segel, Halterman, and Lichtman 2011; Wang 2018). In addition, 
neutrophils are able to remodel the extracellular matrix (Lämmermann et al. 2013). 
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In traditional TEM assays, after the leukocytes cross the endothelium, they 
encounter glass or plastic instead of tissue, or even simply fall through a filter as 
in a Transwell system. The addition of an extracellular matrix protein (in our case 
collagen I) in the BVOAC system allows to study the behavior of leukocytes after 
the actual diapedesis step, thus monitoring the full transmigration process including 
migration into the extracellular matrix. Collagen gels contain of a multitude of small 
fibers which are not evenly distributed throughout the whole gel. There are patches 
of lower and higher density, also depending on the concentration of collagen. An 
example of a mesh of collagen fibers is shown in Figure 2B. This was recorded using 
second harmonic generation (SHG) microscopy. SHG is only generated by non-
centrosymmetric molecular structures, like collagen, and allows label-free imaging 
with subcellular resolution. The collagen I matrix used in Chapters 2 and 3 is shown 
as additional data in Figure 2 and corresponds with other images of collagen gels 
shown by other groups (Sixt and Lämmermann 2011; Renkawitz et al. 2019; Wolf et 
al. 2003). 

In the human body, the environment outside the vasculature is not just a collagen 
gel. There are multiple proteins present which together constitute the extracellular 
matrix. In addition, there are other cell types present. When comparing the migratory 
behavior of neutrophils and CD8+ T-cells with data reported in literature, we found 
that there is a discrepancy between in vivo and in vitro migration patterns. In vivo, 
T-cells migrate according to a so-called stop-and-go motion (Jerison and Quake 
2020; Dupré et al. 2015). They constantly stop to check if the cells they meet are 
pathogens or not. In our 3D gel system, we found that the T-cells migrated slowly but 
very consistently (in a straight line) without a chemoattractant there to guide them. 
We did not observe any checkpoint behavior, which makes sense, as there were no 
cells to check. Adding other cell types to the collagen gel would more realistically 
represent the physiological situation and could help understand the behavior of 
leukocytes in the tissue. 

Combining in vitro and in vivo model systems
Vascular functions, like regulation of leukocyte transmigration, barrier function and 
angiogenesis have been extensively studied both in vitro and in vivo. Using in vivo 
assays, the general process can be studied, but it usually lacks the resolution to
study single cells. In vitro, the desired resolution can be met, however, only parts of 
the process can be studied, due to limitations of the assays. Ideally, in vitro and
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Figure 2. Collagen I matrix. To create the vessel-on-a-chip, collagen I is added to the chamber 
and allowed to polymerize (A). (B) Zoom-in of the collagen I fibers imaged using second and third 
harmonic generation microscopy. 

in vivo methods are used in combination. In vivo, observations can be made in a 
completely functional system, but tempering with the system is difficult. Here in vitro 
assays can assist, as it is much easier to test a wide variety of conditions to pinpoint 
the correct pathway to explain the observation. Next, the identified pathway/protein/
condition can then be tested in vivo to confirm the results that were obtained with in 
vitro experiments. This symbiosis between in vivo and in vitro approaches is ideal to 
broaden our knowledge of molecular cell biology. 
Chapter 5 is a great example of this. First, a screen was performed to identify which 
endothelial Rab proteins are involved in the sprouting process (data not shown in 
paper). Rab GTPases are key regulators of protein sorting and vesicle fusion that are 
activated by GDP/GTP exchange, activated by GEFs (Langemeyer, Fröhlich, and 
Ungermann 2018; Ishida, Oguchi, and Fukuda 2016; Wandinger-Ness and Zerial 
2014). We found that Rab5, and more specifically the isoform Rab5C, was crucial 
for successful sprouting. Rab5C protects internalized vascular endothelial growth 
factor receptor 2 (VEGFR2) so that it is not immediately degraded in lysosomes 
but recycled back towards the cell membrane. This ensured a prolonged vascular 
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endothelial growth factor (VEGFA) signaling in the cells, allowing tip cell formation and 
successful sprouting. Next, we validated these results in an in vivo zebrafish model. 
We could confirm this in zebrafish using knockdown and knockout approaches, as 
well as overexpression of Rab5C mutants. The next question to be answered was: 
which GEF activates Rab5C? There are 8 GEFs known to activate Rab5 family 
members, of which 7 were expressed in HUVECs. Using in vitro methods, we found 
that silencing of RIN2 gave the same phenotype as when Rab5C was depleted. 
Again, we could confirm these data in our in vivo zebrafish model.  
Improvement and refinement of the in vitro models is essential to further elucidate 
complex mechanisms. First, the more physiologically relevant the assays become; 
the less animals are needed. Second, refinement of assays leads to more 
sophisticated and complex data. More parameters can be measured leading to an 
increased understanding of the mechanism and subtle differences can be detected 
and discovered. Third, the translation to patients can be improved. Although many 
processes function similarly in mice and humans, there are still a lot of differences. 
Improving functional assays can greatly benefit the understanding of human 
physiology. A great example of this are organoid models that allow the use of patient-
derived cells to assess the response of that particular patient to drugs (Perestrelo et 
al. 2015). This is especially important for pharmaceutical drugs that are only effective 
in a small patient population. In addition, the BVOAC system can also be used for 
personalized medicine. For example, blood outgrowth ECs can be isolated from a 
patient (Ormiston et al. 2015; Martin-Ramirez et al. 2012) and used to grow a vessel. 
Next, leukocytes of choice can be isolated from the same patient and used in the 
same system, mimicking a specific human condition on a small scale. This would 
avoid the use of cell types isolated from additional individuals and allows to really 
mimic patient-related issues of the vasculature, as well as test potential treatment 
strategies.  

Maintaining the barrier function during vascular remodeling 
When a vessel becomes occluded, the metabolic demands and flow delivery are 
no longer matched. The occlusion leads to a diminished flow, while the hypoxia 
triggers the local release of VEGFA, leading to vascular remodeling. The endothelial 
quiescence is disrupted and multiple cellular process are triggered. The vessels need 
to remodel outwards; collateral circulation must be established or new vessels, at 
the heart region known as collateral vessels, need to be grown. All these processes 
require that the barrier function, and thus the interconnected cell-cell junctions 
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between ECs, is maintained. An important regulator of the barrier function and 
endothelial cell-cell junctions is the Rho-GEF Trio. Trio is a special Rho-GEF, as it 
has two GEF domains that can active Rac1/RhoG and RhoA respectively (Van Rijssel 
and Van Buul 2012; Debant et al. 1996; Bellanger et al. 1998; Blangy et al. 2000). 
Klems et al. show that Trio is triggered downstream of VEGFA-VEGFR2 signaling to 
enlarge arterial vessel size during development in zebrafish (Klems et al. 2020). This 
remodeling is achieved via the GEF1 domain of Trio which activates Rac1/RhoG. 
The junctional stability that is ensured via Trio activation is beneficial as it keeps the 
expanding vessel sealed and prevents plasma leakage (Timmerman et al. 2015; 
Dejana, Orsenigo, and Lampugnani 2008). When vessel diameter is increased, the 
shear stress that the blood flow exerts on the endothelium also changes. 
Blood flow is another important regulator of vascular permeability, via local and acute 
remodeling of the actin cytoskeleton and cell-cell junctions (Li, Haga, and Chien 
2005). It was recently reported that changes in blood flow induce Trio activation, 
downstream of Notch activation. Notch is a shear stress-sensitive protein that its 
cleaved after binding to its ligand (e.g., Jagged or Delta-like proteins (Siebel and 
Lendahl 2017)), which induces intracellular signaling (Chen et al. 2017). Polacheck 
et al. show that Notch dissociates from vascular endothelial cadherin (VE-cadherin) 
upon flow induction, allowing VE-cadherin to form a complex with the transmembrane 
protein tyrosine phosphatase LAR and Trio (Polacheck et al. 2017). This complex 
locally activates Rac1 and stabilizes the endothelial cell-cell junctions to adjust for the 
changes in forces that are induced by different flow rates. After the initial response to 
flow, ECs adjust and maintain homeostasis. 
It is important that shear stress levels need to be kept within strict boundaries to 
provide endothelial quiescence and vessel stability (Baeyens et al. 2016). The Notch 
receptor and its ligand Dll4 are well known for their involvement in tip/stalk selection 
during sprouting angiogenesis (Pitulescu et al. 2017; Lobov and Mikhailova 2018; 
Hellström et al. 2007). The dual role of Notch, inducing sprouting and regulating 
vascular permeability, might be very crucial. During sprouting, the homeostasis 
of the vessels is disrupted to allow the growth of a new vessel. Junctions need 
to be disassembled and cells need to be able to migrate out of the vessel, which 
requires regulation and remodeling of the actin cytoskeleton. This leads to an 
interesting dilemma: the junctions need to provide a stable connection that prevent 
leakage, while at the same time allowing dynamic cellular rearrangements during 
angiogenesis (Szymborska and Gerhardt 2018). Trio appears to be an important 
player in this process. It signals downstream from VEGFR2 and Notch, inducing 
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vascular remodeling, while also maintaining the barrier via its interactions with 
VE-cadherin (Klems et al. 2020; Polacheck et al. 2017; Timmerman et al. 2015). 
Therefore, Trio may be the link between extracellular signaling via transmembrane 
receptors and the cytoskeletal rearrangement that follows as is depicted in a drawing 
in Figure 3. 
Taken together, these data suggest a role for Trio in vessels that are in distress and 
need to respond to their environment, while in quiescent vessels, Trio is not required 
as no stress signals are present. This idea is in line with our findings presented in 
Chapter 7 in the Trio knock out mouse, which does not show clear vascular defects 
upon loss of Trio. More research into this multifunctional protein is necessary to 
elucidate all its facets in the vasculature. 

Figure 3. Barrier function during vascular remodeling. When ECs are subjected to flow, the 
barrier function needs to be strengthened to adjust to it. First, Notch is released from VE-cadherin, 
allowing VE-cadherin to form a complex with LAR and Trio inducing junction formation (left side of 
the image). During VEGFA/VEGFR2 signaling Trio is also activated to regulate actin cytoskeletal 
remodeling during sprouting (right side of the image). Both processes can occur simultaneously, 
making Trio a key player in maintaining the barrier function. Created with BioRender.com
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Angiogenesis in pathology
Sprouting angiogenesis is essential for development, growth and wound healing. 
Disruption of angiogenesis can result from either diminished or excessive sprouting. 
Both conditions are associated with pathology. Understanding where new sprouts 
grow and what the requirements for a functional sprout are, is important for the 
development of therapy. The trigger for sprouting can be either hypoxia, vessel 
damage, or the presence of growth factors. Next, the stable vessel needs to be 
reorganized in a regulated manner, so that the barrier function can be maintained. 
In addition, blood flow is necessary for sprouting. A newly formed sprout will only 
become functional upon presence of flow. Ghaffari et al. generated a computational 
model that predicts the location of a sprout during development based on flow, 
blood pressure and shear stress (Ghaffari, Leask, and Jones 2015). Followed by 
experimental validation, they show that in a vascular network new sprout locations 
can be identified when studying specifically the blood flow through the network. Their 
model predicted that in locations of turbulent flow, no new sprouts would emerge. 
From such models we learn that just adding pro-angiogenic factors, without taking 
the flow into account, will not result in functional vessels.
There are several diseases which are characterized by abnormal angiogenesis. For 
example, diabetes type II is one of the few, but dominant (in terms of number of 
patients) diseases in which both hypo- and hyper-sprouting occur in the same patient. 
On the one hand, defective sprouting in the extremities leads to poor wound healing, 
causing them to fester, ultimately leading to the formation of an ulcer (Amin and 
Doupis 2016; Jeffcoate and Harding 2003). On the other hand, excessive sprouting 
leads to diabetic retinopathy, eventually causing blindness (Stitt et al. 2016). In these 
patients, treatment is applied locally to not worsen the disease. 
Another disease in which blood vessel formation plays an essential role is cancer. 
Tumors grow fast and need a lot of nutrients and therefore secrete many pro-
angiogenic growth factors into their environment, thus stimulating the formation 
of new vessels. Immunotherapies depend on the rate of efficiency of activated 
leukocytes penetrating the primary tumor to exert killing. However, it turns out that 
leukocyte efficiency in reaching the tumor in many cases is limited. This is most likely 
due to the poor quality of the tumor vasculature. Current treatments are therefore 
now focused on normalizing the tumor vasculature to improve leukocyte exit from 
the vasculature and entry into the tumor. This type of studies should be carried out in 
combination with immunotherapy, which has shown very promising results in clinical 
trials (Rini et al. 2019; Kandalaft et al. 2013; Hodi et al. 2014).
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In summary, the ECs in our blood vessels are constantly exposed to varying glucose 
levels, cholesterol, blood pressure and flow disturbances, causing distress and 
dysfunction of these cells. Research into vascular function will remain of great 
importance and understanding which factors underlie blood vessel dysfunction is 
needed for successful therapy and prevention. 
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Summary

Cardiovascular diseases are highly prevalent in de sedentary world and the leading 
cause of death worldwide. The majority of these diseases is characterized by 
dysfunctional blood vessels. Blood vessels are essential for life by transporting 
nutrients, oxygen and blood cells throughout the body. The inner lining of blood 
vessels is decorated with a thin layer of specialized cells, called endothelial cells. 
These cells form a semi-permeable barrier between the blood and the surrounding 
tissue, regulate blood vessel hemostasis, and allow leukocytes to exit the vasculature 
upon inflammation. Dysfunction of these endothelial cells leads to constricted 
vessels, disturbed hemostasis and unnecessary activation of the immune system, 
hence dysfunctional vessels. Therefore, it is essential that we understand all details 
of how blood vessels function to come up with novel drugs that can cure vessel-based 
diseases, or reduce risks of developing cardiovascular diseases. Laboratory-based 
research regarding blood vessels is historically performed by using endothelial cells 
that are isolated from human umbilical cords of newborn babies, in short HUVECs. 
These cells can be cultured in plastic dishes and have been proven to be extremely 
useful to increase our knowledge of how endothelial cells function. 

With the use of HUVECs, many discoveries were made on how endothelial cells 
function as a semi-permeable barrier in the blood vessels. However, these cells are 
typically cultured on artificial surfaces such as plastics or glass. Obviously, this surface 
does not represent the conditions in the human body, where tissues are much softer 
and include different matrix proteins. Therefore, in Chapter 2, we culture endothelial 
cells in a tube-like structure in a soft gel, to mimic the architecture of human vessels 
using a technology known as organ-on-a-chip. This way, we created a vessel-on-
a-chip and used this system to study how leukocytes exit the vasculature via the 
endothelium under inflammatory conditions. The setup using the chip has several 
advantages: while the routine lab assays to study the transendothelial migration 
(TEM) process cover only parts of the full cascade, using the chip technology allows 
us to monitor the full process, including the intravasation of the leukocytes into the 
tissue. 

Next, we used this system to characterize the migratory capacity of leukocytes with 
a genetic disorder in Chapter 3. These leukocytes are derived from patients that 
lack the expression of the ArpC1B protein, a protein important for the regulation of 
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the actin cytoskeleton of the leukocyte. By using our blood vessel-on-a-chip system, 
we were able to monitor the full TEM cascade and found that these leukocytes do 
cross the endothelium, but then get stuck once they want to penetrate the tissue. 
Importantly, this observation was impossible to make with our previous TEM assays. 

In addition to functioning as a gatekeeper for nutrients and leukocytes, the endothelial 
cells are also essential for the growth of new blood vessels from existing vessels, 
known as sprouting angiogenesis. For example, during vascular damage, new 
vessels are necessary to maintain the supply of sufficient oxygen to the tissue. In 
Chapter 4, we optimize a technique to study the process of angiogenesis in vitro. 
We culture endothelial cells on dextran beads in a protein matrix and then observe 
the formation of new blood vessels, so-called sprouts. This method allows us to 
study the contribution of specific proteins to the formation of new blood vessels.

In Chapter 5, we continue to study the angiogenesis process. The main receptor for 
endothelial cell sprouting, VEGFR2, is internalized from the cell membrane when 
it binds to its ligand, the growth factor VEGF. We show that the molecular switch 
Rab5C, a small GTPase, ensures that the receptor is not immediately degraded but 
can be recycled back to the membrane. If Rab5C is missing or not properly turned 
on, this leads to reduced sprouting and ultimately incomplete blood vessel formation. 
In this chapter, we combine in vitro and in vivo work. We identify Rab5C as an 
important regulator of angiogenesis using HUVECs and confirm these data in vivo 
in zebrafish. These data connect in vitro lab experiments with in vivo animal models 
and show the importance of VEGFR2 trafficking in angiogenesis.

In Chapter 6, we provide an overview of the role of Trio in endothelial cells. Trio is 
a RhoGEF, able to exchange GDP for GTP on small GTPases of the Rho family. 
Our previous data showed that Trio is essential for the formation of new endothelial 
cell-to-cell junctions. Moreover, endothelial Trio is indicated to play an important role 
in leukocyte extravasation by controlling the local docking structures. Less is known 
about its role in new vessel formation. In this chapter, we give a comprehensive 
literature overview of what is known about Trio in the vasculature. Moreover, we 
deliberate on what may be of interest to be investigated on the role of Trio in vascular 
functions in the future.

To fully understand the role of Trio in the vasculature, we cannot only rely on in vitro 
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models, but need to use more complex animal models. Therefore, in Chapter 7, 
we developed a mouse that allowed us to delete the protein Trio specifically from 
endothelial cells. For this purpose, we crossed a floxed Trio mouse with a cdh5-
creERT2 mouse, resulting in a deletion of Trio from the cadherin5-positive endothelial 
cells upon treatment with tamoxifen. We show that Trio protein mostly disappears 
from the endothelial cells isolated from blood vessels of different organs. The animals 
that lack Trio expression in their endothelial cells are viable and appear healthy. This 
mouse model gives us the opportunity to study the role of Trio in the vasculature in 
much more detail in the larger context of a whole animal.  

In Chapter 8, we investigate the role of Trio during angiogenesis using in vitro 
approaches as described in chapter 4. Trio depletion from endothelial cells using 
shRNAs resulted in impaired angiogenic sprout formation. Interestingly, we found 
that endothelial cells deficient for Trio do migrate but cannot sense any direction. As 
a result, angiogenic sprouting is deregulated.
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Nederlandse samenvatting

Hart- en vaatziekten zijn zeer prevalent in de eerste wereld en de nummer 1 
doodsoorzaak wereldwijd. De meeste ziektebeelden worden gekenmerkt door een 
onderliggend probleem in de bloedvaten. De vaten vervoeren het bloed door het 
hele lichaam en zijn essentieel voor overleving. De binnenkant van de bloedvatwand 
is bekleed met een dun laagje cellen, genaamd endotheelcellen. Deze cellen zijn 
belangrijk voor het goed functioneren van de bloedvaten. Ze vormen een barrière 
tussen het bloed en het omliggende weefsel, reguleren stolling, stroming van het 
bloed en activatie van de witte bloedcellen. Ontregeling van deze cellen kan leiden 
tot vernauwde vaten, atherosclerotische plaques, ongewilde stolling en activatie 
van het immuunsysteem. Onderzoek naar het functioneren van endotheelcellen is 
essentieel om ziektes te genezen en bij voorkeur te voorkomen. Bloedvatonderzoek 
wordt al jaren gedaan op HUVEC, endotheelcellen uit de navelstrengen van 
pasgeboren baby’s. De cellen worden uit de navelstrengen geïsoleerd en in plastic 
schaaltjes gekweekt, waarmee vervolgens experimenten kunnen worden gedaan. 

Door het gebruik van HUVEC hebben we veel over de werking van bloedvaten 
kunnen ontdekken, maar er ontbreekt nog een stuk. In je lichaam groeien deze 
endotheelcellen niet op plat plastic, maar in zacht weefsel en in een driedimensionale 
omgeving. In Hoofdstuk 2 proberen we de endotheelcellen in een natuurlijkere 
omgeving te kweken. We optimaliseren het gebruik van een bloedvat-op-een-
chip, waarbij de endotheelcellen in een zachte gel in de vorm van een buis worden 
gekweekt, lijkend op een echt bloedvat. Vervolgens gebruiken we deze bloedvaatjes 
om te onderzoeken hoe witte bloedcellen de bloedstroom verlaten en naar het 
onderliggende weefsel bewegen. Op dit moment kunnen er met verschillende 
assays kleine stapjes van dit proces onderzocht worden. Door deze bleodvaatjes te 
gebruiken kunnen we het hele proces in kaart brengen. 

Vervolgens gebruiken we dit systeem om de migratie van witte bloedcellen van een 
patiënt te karakteriseren in Hoofdstuk 3. De patiënt heeft een genetische afwijking 
die ervoor zorgt dat neutrofielen zich abnormaal gedragen. Door het gebruik van een 
bloedvat-op-een-chip konden wij laten zien dat de patiënt cellen wel degelijk door de 
bloedvatwand konden bewegen, in tegenstelling tot de hypothese, maar daarna vast 
kwamen te zitten. Dit was niet aantoonbaar via andere modelsystemen. 
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Naast het binnenhouden van het bloed zijn de endotheelcellen ook verantwoordelijk 
voor het groeien van nieuwe bloedvaten, ook wel angiogenese genoemd. Dit kan 
nodig zijn als er vaatschade is, maar ook tijdens de groei moeten er meer vaten 
bijkomen om het weefsel van voldoende zuurstof te blijven voorzien. In Hoofdstuk 
4 optimaliseren we een techniek waarmee we het proces van angiogenese 
kunnen bestuderen. We groeien endotheelcellen op een dextraan bead in een 
driedimensionale eiwit matrix en kijken dan naar de vorming van nieuwe bloedvaten, 
zogeheten sprouts. We kunnen nu bepaalde eiwitten uitschakelen om te kijken of ze 
belangrijk zijn voor het groeien van nieuwe vaten. 

In Hoofdstuk 5 bestuderen we het angiogenese proces verder. De belangrijkste 
receptor voor sprouting, VEGFR2, wordt van het celmembraan naar binnen 
getransporteerd als het bindt aan de groeifactor VEGF. Wij laten zien dat de GTPase 
Rab5C, een moleculaire switch, ervoor zorgt dat de receptor niet meteen wordt 
afgebroken, maar weer kan worden gerecycled naar het membraan. Als Rab5C 
ontbreekt of niet goed aan staat, leidt dit tot verminderde sprouting en uiteindelijk 
een onvolledige bloedvatvorming. In dit hoofdstuk combineren we in vitro en in vivo 
werk. We identificeren Rab5C als een eiwit dat belangrijk is tijdens angiogenese in 
HUVEC en bevestigen dit vervolgens in zebravissen. Dus wat we in onze gekweekte 
cellen vinden gebeurt ook in hele organismen. 

In Hoofdstuk 6 geven we een overzicht van de rol van het eiwit Trio in endotheelcellen. 
Trio is een GEF, wat inhoudt dat het andere eiwitten (GTPases) aan kan zetten. We 
weten dat Trio zeer belangrijk is voor de barrièrefunctie van endotheel, maar er is 
nog maar weinig bekend over de andere processen waarin Trio een rol speelt, zoals 
bijvoorbeeld sprouting en regulatie van het immuunsysteem. Hier geven we een 
uitgebreid overzicht van wat er al bekend is over Trio en wat er nog onderzocht moet 
worden. 

Om de rol van Trio goed te kunnen bestuderen zijn niet alleen in vitro modellen 
nodig, maar is het ook belangrijk om het in een volledig organisme te bestuderen. 
Daarom hebben we in Hoofdstuk 7 een muis ontwikkeld waar we het eiwit Trio 
specifiek uit endotheelcellen kunnen halen. Hiervoor hebben we een zogenaamde 
floxed Trio muis met een cdh5-creERT2 muis gekruist zodat Trio alleen uit de vaatwand 
verdwijnt en niet uit andere weefsels. We laten zien dat Trio gedeeltelijk verdwijnt 
uit de bloedvaten van verschillende organen en dat de dieren nog gezond zijn. Nu 
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dit muis-model bestaat kunnen er veel meer proeven gedaan worden die de rol van 
Trio kunnen onthullen. 

In Hoofdstuk 8 onderzoeken we de rol van Trio op angiogenese. Als we Trio 
uitschakelen in endotheelcellen en de methode van hoofdstuk 4 toepassen zien we 
dat Trio betrokken is bij het proces van sprouting. We onderzoeken verder op welk 
onderdeel van sprouting het precies mis gaat. De cellen kunnen nog wel gewoon 
bewegen, maar het lijkt erop dat ze elkaar niet meer aanvoelen. Hierdoor is het geen 
gereguleerd proces meer wat resulteert in een volwaardig bloedvat, maar iedere cel 
voor zich en een chaos van losse cellen. 



218

Chapter 9 

Personal view on cardiovascular research

To me, blood vessels are the most interesting organ of the human body. They run 
through every organ and are the highways that keep all organs in the body connected. 
The fact that endothelial cells “know” in which organ they reside and can specialize 
or adapt to meet the requirements of the specific organ amazes me. Every day the 
vessels are exposed to varying glucose levels, an excess amount of cholesterol, 
shear stress and high blood pressure. Research into blood vessels is enormously 
varied and will play a very big role in the sedentary world. This is highlighted by the 
fact that the first deterioration of the vessels is already visible from the 20th year of 
life, way earlier than the heart attacks usually occur (around age 65).
Especially the sprouting process intrigues me. When comparing a baby to an adult, 
it is clear that most organs increase in size. However, blood vessels do not only 
become bigger, but more branches emerge, forming a network. From a biological 
point of view this is essential for a well-functioning system. The blood pressure in 
one big vessel would be immense, and the blood flow would put a massive strain on 
the endothelial cells. In addition, a well-branched network ensures the function if one 
vessel becomes occluded. 
Seeing new sprouts grow under a microscope is fascinating. The tip cells feel around 
in the environment and guide the rest of the cells towards the right direction. Instead 
of a static process, this is highly dynamic. The tip cell constantly changes direction, 
migrates back, probes new directions and is taken over by new tip cells. Bewitching! 
One part of cardiovascular research that still needs more attention is the gender 
difference. Especially the cardiovascular system differs between men and women. 
Although the incidence of most cardiovascular diseases is lower in women, they 
have a worse prognosis and higher mortality rate. The symptoms of a heart attack in 
women are completely different from the well-known symptoms that present in men 
and are not recognized well enough by physicians. Also in research, not enough 
attention is given to this difference. The female fluctuating hormone levels are 
difficult to study and therefore often neglected, while they influence many physical 
processes. In the future, not only specialized cells from specific organs should be 
used, but also cells from men and women should be compared to better understand 
how both genders are different.              
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