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General introduction

Chapter 1

Inflammation
“RUBOR ET TUMOR CUM CALORE ET DOLORE” This description of inflammation was already
formulated in the first century by a Roman writer Cornelius Celsus and means “redness and
swelling with heat and pain”. Later, in 1882, “FUNCTIO LAESA” or disturbed function was
added, but this clinical definition of inflammation is still very accurate and used. It took
researchers several centuries to unravel the underlying cause. Initially, it was thought that
inflammation was a disease, only in 1793, John Hunter recognized that it was not a disease
but a “salutary reaction” (Ryan and Majno, 1977).
Although the microscope was already developed in the 17th century by Antoni van
Leeuwenhoek, it was not possible to examine tissue slices yet and therefore not widely used
in medical research. However, Julius Cohnheim, in 1867, studied frog mesentery (structure
attached to the intestines) in a living state under the microscope. Lifting this organ from the
frog’s body resulted in an inflamed state. By doing this, he noticed several changes in the
blood vessels happening, starting with dilatation and changes in blood flow. Also, specific
blood cells started adhering to the vessel wall and some even moved out of the blood vessel
and crawled into the extravascular space. Later, this process of leukocyte extravasation
was recognized as leucocyte transendothelial migration (TEM). He also reasoned that the
permeability of the blood vessel must have changed, as he saw red blood cells packed as if
the plasma was gone. These observations fitted very well with the cardinal signs of Celsus:
namely RUBOR, TUMOR, CALORE and DOLORE (Ryan and Majno, 1977).
In 1882, Elie Metchnikoff described the concept of phagocytosis. He now understood
the reason for leukocytes exiting the blood vessels: to bring phagocytes towards a site
of inflammation to clear pathogens. Although phagocytosis is an important pillar of
inflammation, later it appeared that also other effector mechanisms such as secretion of
inflammatory factors or toxins also play a crucial role in this initial defense (Ryan and Majno,
1977).
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Transendothelial migration
Neutrophils are among the first cells that arrive at a side of inflammation as they form the
initial innate immune response. In later stages of the inflammation, when the adaptive
immune response is triggered, other cell types arrive (Abbas Lichtman, Andrew H., Pillai,
Shiv., 2012). Although Metchnikoff clarified the reason why neutrophils cross the vessel wall,
it was not clear how they were attracted. Nowadays, we know that this process starts with
the concept of chemotaxis; the directional movement towards a concentration gradient
of a certain chemoattractant (Middleton et al., 1997). The endothelial cells that line the
inner layer of the blood vessels can present chemoattractant via their glycocalyx, a complex
network of glycoproteins and glycolipids surrounding the cell membrane (Gschwandtner et
al., 2017). These chemoattractants can be produced by the endothelium upon inflammation
or transported from the inflamed interstitium towards the intravascular side (Kumar et al.,
2015).

Figure 1

Figure 1 Transendothelial migration. Stepwise schematic overview of rolling, adhesion, crawling, cup
structure formation, trans- and paracellular diapedesis, and subendothelial crawling.
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these cues, upon inflammation, the endothelium upregulates several
adhesion molecules that serve as anchors for the circulating neutrophils to adhere to. These
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adhesion
molecules include selectins, intracellular
molecules and are involved in a
filopodia
tightly orchestrated sequential manner. This multistep mechanism was described by Butcher
and Springer (Butcher, 1991; Springer, 1994) and forms the central dogma in the field (Figure
1). This multistep character is reflected in the subsequent stages the neutrophils undergo.
selectins
First neutrophils start rolling over the endothelium, followed by tethering and adhering to
the endothelial surface, leading to crawling and finally diapedesis. In the rolling stage, mainly
E- and P-selectins are engaged (Figure 2A) and facilitate the above-mentioned interactions
between neutrophils and chemoattractants presented on the glycocalyx (McEver, 2015;
Middleton et al., 2002). These interactions trigger the activation of leukocyte integrins such
as LFA-1 and MAC-1 that bind the endothelium via ICAM-1 and ICAM-2 (Figure 2B) during
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the tethering and adhesion phase (Alon and Feigelson, 2009).
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Figure 2 Transendothelial migration (zoom). Schematic overview of (A) Rolling, including selectin
interactions (B) adhesion and crawling, including ICAM-1-rich filopodia interactions.

Figure 2
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Crossing the endothelial cell
D layer can occur in two ways:
E through the cell body of
an endothelial
cell, which is called the trans-cellular route (Figure 2D) or using the cell-tocup
paracellular
transcellular
cell contacts
between two or three adjacent endothelial cells, called diapedesis
the paracellular route
structure
diapedesis
(Figure 2E). For neutrophils this is thought to be the preferred route (Filippi, 2016). However,
it requires the tight barrier formed by the endothelium to transiently open.
This barrier is formed by tight junction and adherens junction molecules, including
PECAM-1 and VE-cadherin, and its main function is to prevent excessive leakage of blood
components into the tissue (Wessel et al., 2014). After the actual crossing of the endothelium,
called diapedesis,
neutrophils typically reside a while in the subendothelial
F-actin space,
ring before
PECAM-1
crossingVE-Cadherin
the pericyte layer and movingF-actin
further into
the underlying tissue (Hyun et al., 2012;
ring
Proebstl et al., 2012). More detailed illustrations including the most important molecules
involved in TEM can be found in chapter 2.

Cytoskeleton
Not only during diapedesis, but also in earlier stages of transendothelial migration, the
morphology of the endothelial cells shows substantial changes. This was already observed by
Cohnheim in the 19th century. These morphological changes are accountable to alterations in
the actin cytoskeleton. Upon inflammation, endothelial cells form so-called apical filopodia
that are thought to capture the neutrophils from the circulation (Figure 2B) (Kroon et al.,
2018). Subsequently, the endothelium forms a membrane-based cup-structure surrounding
the neutrophil prior to diapedesis (Figure 2C). This structure has more a flap-like or
lamellipodium-like phenotype and is thought to arise from the filopodia that initially caught
the neutrophil (Schimmel et al., 2017). To prevent excessive leakage during diapedesis, the
endothelium forms a tight pore around the neutrophil. This pore is constricted by F-actin
fibers surrounding the pore (Heemskerk et al., 2016). As the whole TEM process occurs in
about a minute, this requires rapid remodeling of the actin cytoskeleton, making it a highly
dynamic and tightly orchestrated mechanism.
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Figure 2 Transendothelial migration (zoom). Schematic overview of (C) Apical cup structure formation,
junctions with PECAM-1 and VE-Cadherin (D) Transcellular diapedesis, through a single endothelial cell,
including F-actin ring formation (E) Paracellular diapedesis, between two endothelial cells, including
F-actin ring formation.

Rho GTPases
It is well-established that the endothelium plays an important role during transendothelial
migration. To do so, the endothelial cytoskeleton is rapidly remodeled by its regulators, the
Rho GTPases. This family of Ras homology (Rho) GTPases consists of about 22 members
of which RhoA, Cdc42 and Rac1 are most studied (Heemskerk et al., 2014). Their complex
interplay during the several stages of TEM ensures efficient neutrophil passage without
excessive leakage. Rho GTPases are molecular switches that cycle between an active GTPbound state and an inactive GDP-bound state. Guanine exchange factors (GEFs) catalyze
the exchange of GDP with GTP to active the Rho GTPases. In contrast, GTPase activating
proteins (GAPs) assist the hydrolysis of GTP to GDP to make the GTP inactive. In this stage
GDP dissociation inhibitors (GDIs) can bind to keep the protein in the inactive state (Figure 3)
Each Rho GTPase has multiple GEFs and GAPs and in turn, many GEFs and GAPs can interact
with several Rho GTPases. Therefore, the function of the Rho GTPases is determined by the
activation and localization of the GEFs and GAPs (Heemskerk et al., 2014).
As mentioned above, transendothelial migration occurs in several well-defined steps
(Butcher, 1991; Springer, 1994) and to adapt to the changes, the endothelium needs rapid
remodeling of its actin cytoskeleton. Therefore, the regulation of Rho GTPases by the GAPs
and GEFs during these stages is tightly organized. During the adhesion and crawling stages,
neutrophils interact with the ICAM-1-rich filopodia of the endothelium using their integrins
(Figure 2B). These filopodia are regulated by Cdc42 and Myosin-X and triggered by TNF11
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induced signaling. Even upon 20 hours of TNF treatment, Cdc42 activity is still enhanced.
And next to that, TNF not only triggers the upregulation of essential adhesion molecules

Figure 3 Rho GTPase. Schematic overview of Rho GTPase cycling. Inactive Rho GTPase can be activated
by a Guanine Exchange Factors (GEFs) by exchanging GDP for GTP. Active Rho GTP can be inactivated
by GTPase Activating Proteins (GAPs) by stimulating the GTPase activity to convert GTP into GDP
and inorganic phosphate (Pi). Inactive Rho GTPase can be sequestered by Guanosine nucleotide
Dissociation Inhibitors (GDIs).

such as ICAM-1 and VCAM-1, but also Myosin-X is significantly upregulated under these
conditions in a NFkappaB-dependent manner. Functional adhesion and transmigration
assays under flow conditions showed that depletion or inactivation of Cdc42, and thereby
the lack of apical-induced filopodia, results in impaired neutrophil adhesion (Kroon et al.,
2018). The number of neutrophils that crossed the endothelium after the adhesion stage
are similar between control and Cdc42 or Myosin-X inhibition, indicating that the Cdc42and Myosin-X-driven filopodia are particularly involved in the adhesion stage.
When neutrophils finally migrate through the endothelium, known as the diapedesis
stage, excessive leakage must be prevented. To this end, the endothelium strictly regulates
the pore size where the neutrophil migrates through. Halfway diapedesis, known as the
mid-diapedesis stage, RhoA is activated and generates a tension-based F-actin contractile
ring around the diapedesis pore (Figure 2D-E). This results in restricted opening of the
pore. Blocking RhoA leads to increased leakage as the pore size can no longer be restricted
(Heemskerk et al., 2016).
A second mechanism to prevent diapedesis-induced leakage, during the late diapedesis
stage (reflecting the stage where the leucocyte has almost fully penetrated the endothelial
monolayer), is the activation of Cdc42 by its GEF FGD5. The activation of FGD5 is triggered
12
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by the Tie2 receptor, present at the apical side of the endothelium. Detailed work from the
Vestweber lab showed that upon binding to von Willebrand factor (vWF), platelets stick to
the endothelium and release Angiopoietin-1 (Ang1). Subsequently, Ang1 binds to the Tie-2
receptor. Together with VE-PTP this leads to phosphorylation and consequently activation
of FGD5 and localization to the junctions. There Cdc42 is locally activated, resulting in the
formation of cortical actin to maintain junctional integrity and prevent leakage (Braun et al.,
2019; Braun et al., 2020).

Open questions in the field
Since Butcher (Butcher, 1991) and Springer (Springer, 1994) described the central dogma
of transendothelial migration (TEM), many new players and new mechanisms have been
discovered. For each step we have a much better picture now which molecules are involved,
and which interactions take place. However, there are still several open questions that
deserve an answer. A very striking one is: Do leukocytes cross the endothelium at predefined
hotspots? When looking at leukocytes that cross the endothelium, it seems that they are
searching for a perfect spot to exit. We now know that both the endothelium and the
leukocytes play an active role in determining the site of diapedesis, i.e., the actual crossing
of the endothelium, but how exactly this interplay takes place and how this is recognized
by the leukocyte is not known. Several hypotheses arise: Does the endothelium actively
create sites where TEM is facilitated? Or does the leukocyte decide to choose the diapedesis
site and is the endothelium then subsequently assisting the leukocyte? And in addition to
that, are the sites of diapedesis randomly distributed across the endothelial monolayer or
are there specialized exit-sites that are used by multiple leukocytes? In this thesis, we used
these hypotheses to answer some of the open questions in the field.
As described above, the Rho GTPases, well known regulators of the actin cytoskeleton,
are well recognized for their potential role in TEM, in particular the most studied ones: RhoA,
Rac1 and Cdc42. The GTPase RhoA is known for controlling the gap area in the endothelium
where leukocytes squeeze through, thereby limiting vascular leakage during TEM. By using
a FRET-based biosensor, our lab could show the local activation and deactivation for this
particular GTPase at the process of diapedesis (Heemskerk et al., 2016). For other GTPases,
such extensive studies have not been carried out so far. It is therefore less clear at which
stage and at which specific subcellular locations these other GTPases Rac1 and Cdc42 are
activated. Using FRET-based biosensors or translocation sensors will reveal much more
detail on the exact involvement of these GTPases in the process of TEM. Moreover, studying
the upstream activators, the so-called Rho-guanine nucleotide exchange factors (GEFs), may
add an extra layer of complexity on the regulation of the TEM process. In this thesis, we not
only use FRET-based biosensors of GTPases Rac1 and Cdc42, but we also focused on the
upstream RhoGEFs.
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Overall, a better understanding of why leukocytes transmigrate at specific sites may
in the end raise new opportunities to intervene in specific diseases that are characterized
by excessive leukocyte infiltration. In case of excessive immune infiltration during e.g.,
rheumatoid arthritis or shortage of immune response during immune cell therapy to treat
cancer, it will be very useful to be able to manipulate the number of infiltrating and thus
transmigrating leukocytes.

Scope of the Thesis
In this thesis, we describe the role of the endothelium during TEM. We focused on the actin
cytoskeleton and its regulation by Rho GTPases and their GEFs. We make use of biosensors
to specifically measure the spatiotemporal activation pattern during this highly dynamic
process. Furthermore, we shed light on the concept of transmigration hotspots; why
neutrophils choose certain exit sites to cross the endothelium.
Chapter 1 gives a summary of the content of this thesis. In Chapter 2, we review
the process of TEM and the proteins and signaling pathways involved. Neutrophils use socalled hotspots for transmigration, where multiple subsequent neutrophils use the same
diapedesis site. Furthermore, we zoom in on which factors are involved and we hypothesize
on possible mechanisms in the formation of these hotspots.
In Chapter 3, we show that ICAM-1 is highly heterogeneously distributed across
endothelial cell monolayers. Endothelial cells that show high ICAM-1 levels are used by
neutrophils as preferred exit sites or so-called transendothelial migration hotspots. We
concluded that ICAM-1 is not necessarily essential for TEM but instead determines which
diapedesis sites neutrophils take in order to limit vascular permeability during TEM.
In Chapter 4, we describe a novel mechanism of hotspot formation by endothelial
junctional membrane protrusions (JMPs). These JMPs form platforms to present adhesion
molecules and chemokines to neutrophils that use them as exit sites. The small GTPase
Rac1 is crucial in the formation of these JMPs and Rac1 activity correlates with diapedesis
sites. Additionally, by using a photoactivatable Rac1 probe, these JMPs increase and guide
leukocytes to the exit-sites.
In Chapter 5, we examine the role of the Cdc42 GEF FGD5 during the adhesion and
crawling stages. Although FGD5 localizes in ICAM-1-rich filopodia, we could not confirm its
function in adhesion. Furthermore, Cdc42 is not activated by neutrophils themselves during
the adhesion, crawling or diapedesis stages.
In Chapter 6, we used lattice light sheet microscopy to monitor leukocyte
transendothelial migration in high resolution in 3 dimensions in time with low phototoxicity.
These data revealed that endothelial cell membranes overlap. The membranes extend
beyond the neighboring cells and VE-cadherin staining. This architecture has implication
in the way leukocytes cross the endothelial monolayers. In fact, the endothelium provides
“membrane tunnels” for the leukocytes to cross. This chapter shows highly detailed images
14
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of the opening and closure of the pore. Next, we show the organization and rearrangements
of the actin cytoskeleton during TEM with great spatiotemporal resolution.
In Chapter 7, we focus on the basolateral side of the endothelium, in other words,
underneath the endothelial cells where neutrophils reside for a while before migrating
further into the tissue. Here, these neutrophils encounter endothelial focal adhesions that
act as functional obstacles that can slow down their basolateral crawling.
In Chapter 8, we discuss the results and hypotheses described in this thesis. We
describe the implications of the chapters on how leukocytes pass the endothelial monolayers
under inflammatory conditions and put it in a broader perspective. Furthermore, we discuss
the role of endothelial calcium signaling during leukocyte transendothelial migration. For
this we have used a newly developed sensor. Finally, we discuss the role of newly developed
biosensors and their implications on research in (vascular) cell biology.
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