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Leukocytes patrol the blood vessels to maintain tissue homeostasis and to clear invading 
pathogens during inflammation. The first leukocyte subsets that are present during 
inflammation are the neutrophils. These cells rapidly and efficiently cross the endothelial 
monolayer. To make sure no local leakage is induced when these immune cells leave the 
circulation and cross the vascular wall, tight orchestration is required. This process, called 
transendothelial migration (TEM), is not solely depending on the neutrophils, but also the 
endothelium, lining the inner layer of blood vessels, plays a major role in this process. 

One of the burning questions in the field is: do leukocytes cross the endothelium in 
a random fashion, or do they prefer specific sites at the endothelial monolayer. Our work 
revealed that neutrophils do not just randomly cross the endothelium but prefer specific 
exit sites on the endothelium. In fact, the endothelium itself steers immune cells towards 
their target site in the underlying tissue. Indeed, the endothelium is trying to “tell” the 
neutrophils where these specific spots are. The endothelium marks specific exit-sites that are 
subsequently recognized by neutrophils. Full understanding of these vascular marks might 
result in therapies that allow interventions in situations of excessive immune infiltration 
or in situation where one wants to stimulate the inflammatory response, for instance in 
cancer immune cell therapy or excessive infections such as rheumatoid arthritis. How these 
vascular exit sites are marked has been a subject of intensive research over de past decades. 
In this thesis, we have investigated several new concepts of neutrophil recruitment (Figure 
1). I will now discuss these new steps in more detail below. Figure 1A shows the overview 
of the process of TEM. The next figures will show more detail per each individual TEM step. 
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Figure 1A. Transendothelial migration. (A) Stepwise schematic overview of rolling, adhesion, crawling, 
protrusion-recognition as exit-site, followed by cup structure formation, trans- and paracellular 
diapedesis, and subendothelial crawling underneath the endothelium facing focal adhesions as 
obstacles.

In chapter 2, we reviewed potential factors that may be involved in the formation 
of local endothelial exit sites, called vascular or endothelial “hotspot”. Preference for such 
hotspots by neutrophils to exit the vessels might optimize the transmigration process, as 
such exit sites may be best suitable or equipped for diapedesis. 

Although vascular leakage is one of the hallmarks of inflammation, it has been shown 
that this is not directly associated with transmigration (McDonald, 1994). Therefore, it might 
be very important for the endothelium to limit transmigration-induced leakage. We found 
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that the number of diapedesis sites is limited to specialized exit-sites, reducing the number 
of gaps induced by the penetrating immune cells. This may potentially lead to limiting 
vascular leakage, although formal proof of this is lacking. Limited number of diapedesis 
hotspots could also be the result of multiple neutrophils following each other during the 
extravasation process. There are several indications that neutrophils leave traces on the 
endothelium that can act as a cue for other neutrophils or even other immune cell types 
to extravasate at that same specific exit-site (Lim et al., 2015). This phenomenon may also 
play a role in the regulation of the inflammatory response, where neutrophils of the innate 
immune system form the first line of defense, followed by lymphocytes of the adapted 
immune system (Kiermaier and Sixt, 2015). 

Although the existence of TEM hotspots is generally recognized in the field, the 
mechanisms have not been thoroughly studied until recently. Previously, it was shown that 
basement membrane composition and structure can determine leukocyte exit sites (Proebstl 
et al., 2012; Song et al., 2017). We suggested that also other factors such as chemokines 
and adhesion molecules can determine the specific exit site for neutrophils. Furthermore, 
protruding endothelial membrane structures such as filopodia and dorsal lamellipodia (or 
so-called top-ruffles) are interesting phenomena in hotspot formation. The role of filopodia 
in leukocyte adhesion has been shown before (Kroon et al., 2018). In this review paper, 
we have suggested several hotspot determinants, but further research is necessary to fully 
understand their precise role and might result in promising candidates for future therapy 
development. 

The central dogma in the TEM field includes the rolling stage, which is mediated by 
weak E-selectin – P-selectin interactions between the endothelium and the neutrophil 
respectively (Figure 1B). This step is followed by chemokine gradients that come into play 
in triggering neutrophil adhesion and guiding them to the next stage. Then the rolling step 
proceeds into the firm arrest and crawling steps that are mediated by ICAM-1 and ICAM-2 
on the endothelium interacting with activated integrins on the neutrophil such as LFA-1 
and Mac-1. Although this stage is well-studied, until now the exact role of the ICAMs in 
determining the diapedesis site is unclear. In chapter 3, we showed that this ICAM-integrin 
interaction might be much more complex than previously been suggested. Interestingly, 
depletion of ICAM-1 and ICAM-2 did not result in a complete inhibition of transmigration. 
In fact, lack of only ICAM-1 or ICAM-2 did not significantly reduce neutrophil TEM. Only 
when both ICAMs were fully depleted, we found an inhibition of around 40-50%. We 
showed that the adhesion molecules ICAM-1 and ICAM-2 are not so much essential for 
transmigration process itself, but they rather determine where neutrophils choose to cross 
the endothelium. Moreover, we found ICAM-1 but not ICAM-2 distributed at the filopodia 
(Figure 1C). Interestingly, without ICAM-1, transmigration still takes place, but the sites 
neutrophils choose to cross the endothelium are more randomly distributed. 
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Detailed analysis on the role for ICAM-2 revealed that ICAM-2 is more involved in the 
actual diapedesis step. We propose that TEM is such an essential and basal process that 
cannot be dependent on only ICAM-1, but rather that ICAM-1 is involved in making the 
process more efficient and effective. We hypothesized that endothelial hotspot formation 
limits vascular leakage. This idea was further strengthened by data presented in this chapter. 
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Figure 1BC. Transendothelial migration. (B) Rolling, including selectin interactions on the leukocyte as 
well as the endothelium. (C) Preferential adhesion to cells expressing high levels of ICAM-1 on apical 
filopodia. 

Interestingly, ICAM-1 is very heterogeneously distributed on the endothelium, 
meaning that some endothelial cells express significantly higher levels of ICAM-1 than other 
endothelial cells (Figure 1C). We have now investigated this effect for ICAM-1, but there 
might be many more molecular ques that are heterogeneously expressed and therefore play 
a role in endothelial hotspot formation. Apart from this intercellular heterogeneity, ICAM-2 
showed a more intracellular heterogeneity, as it was more expressed at the junction regions 
and may therefore lead neutrophils from the endothelial cell body towards the junction. 
This may be one of the reasons that paracellular diapedesis is far more common than 
transcellular diapedesis, although also other factors may play a role there. We hypothesize 
that both ICAM-1 and ICAM-2 are therefore involved in hotspot formation. 

Apart from ICAM-1 and ICAM-2 showing a heterogenous expression patter, maybe 
other adhesion receptors or chemokines are also heterogeneously expressed and therefore 
pave the path for neutrophils. However, only with immunofluorescence stainings, this 
can be recognized. With new developments in the field of single cell RNA sequencing or 
maybe in the future single cell proteomics these heterogeneously expressed proteins can 
be recognized in a more unbiased way. For now, the question is how this heterogeneity is 
maintained. Is there a specific regulation or is it pure stochastically determined? It is very 
difficult to prove that this mechanism is stochastical. If the process is regulated, this requires 
complex cell-cell communication and leads to questions such as: How does an endothelial 
cell know that it is a suitable exit site and thus must upregulate ICAM-1 expression? Or are 
the high ICAM-1 levels the only parameter that mark a suitable exit site? 

We and other showed that adhesion molecule density, membrane protrusions, 
chemokine presentation and possibly other factors all guide neutrophils during diapedesis. 
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Whether these parameters correlate with each other remains to be investigated. Apart 
from a role for adhesion molecules in hotspot formation, also the “physical appearance” 
of the endothelium is involved in determining where neutrophils cross. In chapter 4, we 
showed that the endothelium forms membrane protrusions at junction regions that assist 
diapedesis of immune cells (Figure 1D-E). We found a strong correlation between endothelial 
junctional membrane activity and diapedesis sites. Furthermore, we could artificially induce 
these endothelial junctional membrane protrusions (JMPs) and thereby steer diapedesis of 
immune cells. 

These data suggest that the endothelium forms JMPs before the neutrophils arrive. 
Interestingly, although we do observe that JMP activity increases upon inflammatory stimuli, 
JMP activity is even further increased at sites where neutrophil diapedesis has taken place. 
This may be a mechanistical explanation why neutrophils can follow each other and use the 
same diapedesis site. A question that remains is how the endothelium knows where the 
JMPs must form. 

The JMPs may not only be a physical way to capture the circulating neutrophils, but 
they may also act as a platform to present chemical cues. For example, chemokines that are 
either produced by the endothelium or transported from the interstitium may be presented 
via the JMPs. We have found the chemokine presenting receptor ACKR1 to be present in 
the JMPs. Chemokine presentation via ACKR1 or via other interactions in the glycocalyx may 
guide the neutrophils towards a suitable exit site. Whether there is a local concentration 
of these chemical cues or whether a high membrane density due to the formation of a 
JMP is enough to form a density gradient for the neutrophils must be elucidated. It is an 
attractive hypothesis that chemical cues are concentrated at the sites where neutrophils 
must cross the endothelium. However, the membranes are very dynamic and motile, making 
it challenging for the cell to specifically localize cues at the JMPs. We observed that junctions 
are often asymmetrical, meaning that one endothelial cell lies below the other, while the 
endothelial cell on top forms the JMP (Figure 1D). Whether the two neighboring endothelial 
cells communicate -about laying on top or below of each other and about which endothelial 
cell should form the JMP is still unknown. Some pilot experiments showed different F-actin 
patterns of cells that were on top compared to the endothelial cells that were below. At 
junctions sometimes the actin shows a more branched lamellipodia-like pattern, while at 
other junctions the actin is more cortical and linear, parallel to the junction. These actin 
structures may be related to the anchoring of the bottom endothelial cell to the substrate, 
mediated by focal adhesions. 

In this chapter, we showed that Rac1 is responsible for forming the JMPs at diapedesis 
site. As with the JMPs, high Rac1 activation correlates with these diapedesis sites (Figure 1E). 
We have artificially activated Rac1 using a photo-activatable probe. This is an application of 
optogenetics, meaning the expression of genetically encoded proteins in cells that can be 
modified by light-illumination (Wu et al., 2009). This is a highly promising technique that 
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can be used for highly selective spatiotemporal activation or recruitment of proteins at a 
subcellular level. Although technically challenging, we showed that optogenetics are very 
valuable tools to answer biological questions. 

We showed that Rac1 is involved in junctional membrane protrusion formation. 
However, previously RhoG, a related Rho GTPase, has been found to be involved in TEM. 
Exogeneous RhoG expression leads to dorsal membrane protrusions, not specifically 
localized at the junctions. However, these RhoG-induced protrusions assemble the apical 
transmigratory cup, downstream from ICAM-1 (van Buul et al., 2007). Possibly, some overlap 
exists in the function of Rac1 and RhoG. These two related proteins might regulate the 
endothelial protrusions together, either in a cooperative or an independent way. 
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FFigure 1DE. Transendothelial migration. (D) Pre-diapedesis stage. Neutrophils uses a JMP as exit site. 
PECAM-1 and VE-Cadherin are involved in junction formation (E) Rac1 activation in the JMP prior to 
diapedesis.

Apart from Rac1, several years ago RhoA was also found to be involved in TEM. 
More specifically in the formation of a F-actin-rich ring that surrounded the transmigrating 
leukocyte to constrain the transmigration pore. RhoA activity and a contractile F-actin 
ring formation result in restricted pore opening and preventing excessive plasma leakage 
(Heemskerk et al., 2016). During pore closure, we recognized the contractile F-actin ring that 
was described by Heemskerk and colleagues. 

Furthermore, the JMPs that exist at diapedesis site sometimes fold over the diapedesis 
site to quickly close the pore. Possibly to bring extra membrane towards the closing pore, 
or to physically prevent excessive leakage after diapedesis. Further research is required to 
investigate the function of the JMPs after diapedesis. 

The family of Rho GTPases consists of more than 20 members, including the small 
GTPase Cdc42. The function of Cdc42 in TEM was shown by a study from our lab (Kroon et 
al., 2018), and we aimed to study its activation in more detail in chapter 5. As Cdc42 silencing 
in the endothelium resulted in decreased TEM, we questioned whether endothelial Cdc42 
becomes activated during TEM process. By making use of a FRET-based biosensor, we could 
not find any activation during TEM. However, it was shown that Cdc42 is activated upon 
TNF-treatment/inflammatory conditions. 



General discussion  

231   

7

8

Therefore, we hypothesized that Cdc42 activation is required for TEM, but not caused 
by TEM. We need to take in account that limited resolution of the sensor may also be 
the issue why we did not measure any activity, as we used sphingosine-1-phosphate as 
a positive control to test the sensor, and this stimulus gave only a small increase in FRET 
signal, even though when measured biochemically, it shows strong activation of Cdc42. As 
the effect of a crawling neutrophil on Cdc42 activation might be far more subtle, the small 
changes in activity may not be picked up by the sensor. The group of Vestweber showed 
that the RhoGEF FGD5, a supposed activator of Cdc42, is essential for TEM and involved in 
preventing leakage during TEM (Braun et al., 2019; Braun et al., 2020). 

We have tested whether overexpressing the active GEF-domain of FGD5 in endothelium 
would alter leukocyte adhesion or TEM. However, no changes in TEM were found. We need 
to note that we did not test whether these GEF domains in fact directly activate Cdc42. 
Another study showed that expressing these domains did not activate Cdc42 using the FRET-
based biosensor (Reinhard et al., 2021). Overall, we hypothesized that the small GTPase 
Cdc42 plays a role in TEM, but our studies could not show a spatiotemporal activation 
pattern for FGD5 or Cdc42 in endothelial cells during TEM. The role of FGD5 might also be 
Cdc42-GEF independent. More studies are required to elucidate their functions in more 
detail. 

Transendothelial migration is a very rapid and local process. Immune cells cross the 
endothelial monolayer within a few minutes. In particular neutrophils are quick: it takes them 
usually no more than 2 minutes to cross the endothelium. Therefore, imaging at very high 
spatiotemporal resolution is required in order to not miss any essential structural changes 
and learn more about the process. However, most microscopy techniques are limited in 
resolution or high-speed imaging. Electron microscopy and super microscopy are limited in 
time-resolution, while widefield microscopy has limited spatial resolution. In chapter 6 we 
used lattice light sheet microscopy to image TEM in real-time in the greatest possible detail 
(Chen et al., 2014). This study gave us new insights in this fascinating process. We observed 
the junctional membrane protrusions described before in great detail and could also follow 
their appearance in time in 3 dimensions. 

Furthermore, we observed a so-called “transmigration tunnel” that is composed of at 
least two endothelial cells being on top of each other. Both cells significantly contribute to 
the tunnel structure and seem to be tightly connected to constrict the diapedesis pore and 
to limit vascular leakage. Further research should reveal the impact of these structures on 
TEM efficiency. Also, the actin ring structure that has been described before (Heemskerk 
et al., 2016) was imaged in high resolution and we could even observe its formation from 
nearby stress fibers. The complexity of LLSM makes its use in mechanistical and quantitative 
studies limited. We therefore used it mainly for observational studies. Thus, combining 
state-of-the-art technologies with more established methods gave us new insights in TEM. 
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Using high resolution imaging techniques may also give new insights in TEM. We 
observed neutrophils landing on a F-actin-dense site on the endothelium prior to diapedesis. 
This raises the question whether neutrophils can sense the underlying F-actin structure of 
the endothelium. Maybe they prefer certain cellular or membrane-based structures. Also, 
the F-actin pattern at the junctions may give clues for the formation of JMPs. The JMPs are 
highly dynamic, but often reside at a certain junctional area. Maybe there are more actin 
branching proteins localized at these areas, that aid the formation of JMPs used by the 
neutrophils during diapedesis. Maybe the actin regulators such as GEFs and GAPs are also 
specifically localized to these areas, creating a hotspot for neutrophil TEM.

Over the past decades, many studies focused on the initial stages of TEM, meaning the 
rolling, crawling and diapedesis steps. In chapter 7, we focused on the post-diapedesis or 
subendothelial crawling phase (Figure 1F). 

ICAM-1
filopodia

selectins

cup
structure

JMP

PECAM-1
VE-Cadherin

Focal adhesion density

F-actin ring

Rac1

Figure 1
A

B C

D E

F

Figure 1F. Transendothelial migration. (F) Post-diapedesis stage. Focal adhesions form functional 
obstacles for neutrophils underneath the endothelium. Neutrophils migrate around focal adhesions 
and reside at sites with low focal adhesion density.

Interestingly, we found that focal adhesions of the endothelium can function as 
obstacles for crawling neutrophils. By expressing the RhoGEF TIAM1 or by silencing 
the Rho GTPase RhoJ, we increased the number of focal adhesions. This also influences 
subendothelial crawling behavior of neutrophils. These insights may reveal more targets 
for therapy. For example, inhibiting the initial stages of TEM by blocking ICAM-1 was proven 
to be inefficient in patients to block TEM. Possibly, blocking TEM in later stages such as the 
extravascular stage might be a better target.

In this thesis, we used endothelial cells from human umbilical cord veins. This 
model is widely used as these cells are highly suitable for cell culture and exogenous gene 
expression. However, there may be tissue variation in the mechanism of hotspot formation. 
The permeability of kidney glomerulus, liver or lung cells is different. And their response 
to inflammatory stimuli may differ. Although TEM is a basic process that takes place in all 
organs, there may be tissue specific mechanisms. It may be useful to include endothelial 
cells of different origins in hotspot studies. Although it is not known whether cells in culture 
maintain all properties from the in vivo situation. 
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Recently, a study from the group of Vestweber showed that platelets prevent leakage 
during leukocyte TEM (Braun et al., 2020). This shows that other blood components play 
an important role during leukocyte TEM. However, in most studies one specific leukocyte 
subtype is isolated from whole blood and used in a model system. The other leukocyte cell 
types, platelets, erythrocytes, and plasma proteins are not included. This helps to simplify 
the study and focus on specific cell types, but it may also limit our sight as researchers. 
Maybe by simplifying, we miss crucial components in the system. Therefore, developments 
into a more physiological relevant model system must be made. Platelets are filled with a 
wide variety of molecules. In case of inflammation, these molecules may be locally released 
and play a role in regulating TEM. Therefore, adding platelets or platelet extracts (i.e., the 
intracellular content called “the releasate”) to TEM experiments may result in new insights. 

It is widely recognized in the immunology field that the various immune cell types 
arrive at different times during an infection; the immune cells representing the innate 
immunity arrive first, while the cells representing the adaptive immune system follow later. 
However, considering the entry of these different cell types as independent processes may 
be incorrect. There are interesting hypotheses that initial cells leave clues for other cells 
and cell subsets to follow at a later stage. Therefore, it is important to acknowledge the 
interactions that may take place between the different immune cells and immunity systems. 
The study from Vestweber shows that simplifying the system may result in overlooking 
important factors that regulate TEM. 

Furthermore, we need to improve the in vitro model systems and include important 
physiological factors such as flow. The flow system we used is still simplified, lacking 
other components and cells from blood apart from the neutrophils, lacking space for the 
neutrophils to go underneath the endothelium, lacking the 3D tubular shape of blood 
vessels, and also lacking the soft surface that the endothelial cells grow on in vivo. Although 
in vitro systems can lead to valuable new insights in biological processes, we must be careful 
when drawing conclusions from these setups. New developments in the field of organ on 
chip or 3D in vitro model systems are therefore required to move the field of endothelial 
biology forward. Our lab recently showed the potential of such chips for studying vascular 
permeability and leukocyte TEM (van Steen et al., 2021). 

Outlook: where do we go from here?
In this thesis, I have focused on the central question in the field: Do leukocytes cross the 
endothelium at predefined hotspots?  

We showed that TEM hotspots exist in the endothelium and neutrophils show clear 
preference for these spots to cross the endothelium. The endothelium marks these sites 
with protrusions and adhesion molecules and therefore facilitates neutrophil exit at these 
hotspots. From these data, we hypothesize that hotspots are formed to optimize the exit 
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of neutrophils and to limit vascular damage and leakage during TEM. However, to fully 
understand how this works more future research is needed. 

Due to all the detailed research performed in this thesis and the answers this has given 
us, it also generated more new questions. One of the questions that remains: How does the 
endothelium decide where the hotspots arise? This is something we do not know. Is it just 
a stochastical process or fully regulated? It would require much more fundamental research 
to give an adequate answer to this question. However, if we manage to do so, it will bring us 
closer to the end of the puzzle named transendothelial migration. 

Other new questions that deserve attention: Is there communication between 
the endothelial cells about hotspot formation? And is there a way to manipulate these 
hotspots? If we understand such communication circuits between endothelial cells, this 
might enable us to manipulate the system.

And last but not least: What is the role of neutrophils in this process? Can the neutrophil 
itself mark specific sites on the endothelium, like leaving “breadcrumbs” for other cells that 
may lead the way? Or can they stimulate the endothelium to create hotspots? Clearly, more 
research is needed to find out the answers on these highly interesting questions. 

In conclusion, in this thesis, we showed new mechanisms for endothelial hotspot 
formation during transendothelial migration. Figure 1 shows that both intracellular adhesion 
molecules and junctional membrane protrusions determine where a neutrophil prefers to 
cross the vessel wall. Furthermore, endothelial focal adhesions are functional obstacles 
for neutrophils underneath the endothelium. Our work contributes to the knowledge on 
transendothelial migration. More specifically, on why neutrophils choose specific exit-sites 
to cross the endothelium and on what the characteristics of these exit sites are. When we 
understand better why neutrophils exit the vessels at specific places, we might use such 
sites as target sites for clinical therapy. We could intervene at specific hotspot-determinants 
during excessive immune cell infiltration in case of rheumatoid arthritis. Or on the contrary, 
promoting hotspot formation in case of immune cell therapies to target specific cancer cells 
or when we want to help the body fighting an infection. 
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