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Summary

Summary

The vascular system is a complex network of  arteries, capillary beds and veins that 
provides all organs with oxygen and other nutrients. The vasculature is dependent on 
hemodynamics and cellular signaling for its formation, remodeling and homeostasis. 
The endothelial cells (ECs) are the cells lining interior of  the vasculature. They are 
the first cells to sense and respond to hemodynamics. From the onset of  blood flow, 
ECs are constantly exposed to shear stress, the frictional force generated by blood 
flow. The cells then translate the shear stress into cellular signaling to steer vascular 
morphogenesis and homeostasis. One of  the key signaling pathways in these 
processes is Notch signaling. Notch signaling is an evolutionary conserved direct  
cell-cell signaling pathway in which the sender cell instructs its neighboring receiver 
cells to obtain a certain cell fate. Notch signaling is essential in vascular morphogenesis. 
Removal of  different components of  the signaling pathway inevitably leads to vascular 
defects and embryonic lethality. The interplay between hemodynamics and Notch 
signaling is a developing field of  interest. The aim of  this thesis is to provide better 
understanding of  Notch signaling in ECs under shear stress. To address this aim the 
thesis is divided into two sections. The first section focusses on method development. 
This section provides new tools and insights to study EC behavior in general. In the 
second section we present a Jagged1 specific shear stress response of  the Notch signaling 
pathway in ECs.

Different culture systems are available to study ECs under shear stress in vitro. Most of  
these systems have a small culture chamber in which the fluid flow is well controlled. 
A tradeoff  in the design of  well controlled flow systems is that the number of  cell that 
is exposed to shear stress is limited. The orbital shaker, where a cell culture plate with 
medium is swirled to create a fluid flow, could offer a high yield alternative. However, 
the disadvantage of  this approach is that both atheroprone and atheroprotective 
flow patterns are found in the same dish. This leads to different biological responses 
within the same experiment. In chapter 2 this thesis describes and characterizes the 
development of  a dish in a dish (DiaD) shear platform. The shear distribution of  
the DiaD is improved compared to the conventional design as is demonstrated by 
computational fluid dynamics. Further, we demonstrate that shear patterns and stress 
magnitude are dependent on the dish size, medium volume, orbital speed and orbit size. 

Different transgenic mouse models have been developed to study the role of  ECs in 
disease. One of  the challenges in the field is the isolation of  a pure population of  ECs 
from these models. This challenge arises from poor efficiency of  isolation, limited 
prolonged culture and expansion, and often occurring contaminations by other cell 
types. Chapter 3 describes the isolation of  pure EC populations that can be used for 
studies that require large number of  cells. The bottleneck of  EC isolation is shown to 
be the incomplete dissociation into a single cell suspension, leading to contamination 
by other cell types, especially when using magnetic beads. Cell sorting by FACS is a 
promising approach to isolate pure populations. 



x

Summary 

Genetic engineering has given great insight in various molecular processes, including 
Notch signaling. Directly isolated ECs from human or murine material is in most 
situations not accessible. To enable molecular studies in ECs under shear stress, chapter 
4 presents a detailed protocol for lentivirus production for users new to virus mediated 
modifications. 

In chapter 5 and 6 a ligand specific shear stress response is presented. Jagged1 relocalizes 
into subcellular clusters within 6-9 hours after the onset of  s hear stress. This process 
is independent of  cellular identity (arterial/venous), shear stress level or pulsatility. 
Moreover, we show that the clustering requires protein production, ER export and 
endocytosis whereas Notch signaling is not required for this process. Next it was 
found that the gene expression profile was strongly affected by shear stress. The gene 
expression of  different receptors was downregulated. The ligand expression on the other 
hand was gene specific. JAG1 was upregulated whereas DLL4 was downregulated. A 
similar response was found in pulsatile conditions (only HEY1 was affected by pulsatile 
flow) and under different shear magnitudes. Exposure to different shear magnitudes 
demonstrated that some of  the Notch genes are shear sensitive in a dose dependent 
manner. Furthermore, we found that Jagged1 is essential in the gene expression response 
as the knockdown of  Jagged1 leads to an attenuated response. Finally, we found that 
shear stress stimulates Jagged1 dependent Notch signaling from the ECs. 

In conclusion, we identified a novel Jagged1 specific Notch signaling response in ECs 
under shear stress. This work demonstrates the relevance of  the upstream behavior in 
the Notch signaling pathway. To further deepen this field of  research we characterized 
the DiaD culture platform, yielding great new insights in the shear stress distributions 
in large culture dishes. It enables biologists to advance molecular studies on ECs in 
vitro. Further, this work presents the bottleneck and solutions for EC isolation from 
(transgenic) mice and a comprehensive lentivirus protocol for researchers new to genetic 
modifications. Together, these findings will help better understand endothelial Notch 
signaling under shear stress. 
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Chapter 1

1.1 Preface 

All organs require oxygen and other nutrients for tissue function, which are provided by 
the vascular system. The heart pumps oxygen-rich blood into arteries of  the vasculature. 
The arteries then break down into smaller vessels and capillary beds to provide each tissue 
with blood. In these capillary beds oxygen and nutrients are exchanged. Afterwards, the 
veins transport the oxygen-poor blood back to the heart to be reoxygenated. 

During the formation of  vascular system, the vasculature forms and remodels its 
structure in accordance with the hemodynamic environment in which it functions. 
Endothelial cells line the interior of  the vessels and are in direct contact with the blood 
flow. As a consequence, these cells are constantly exposed to shear stress and blood 
pressure. The cells sense and respond to shear stress by recruiting and instructing 
smooth muscle cells to strengthen the blood vessel until homeostasis, the steady state 
situation, is reached. Although different processes of  vascular remodeling are known, 
the mechanisms by which shear stress directs the remodeling of  the vasculature remains 
poorly understood. 

Insight in this process is important to understand the progression of  vascular diseases, 
both genetic and acquired diseases. In genetic diseases, the anomaly can be present 
at birth, e.g. tetralogy of  Fallot, or present itself  at a later stage in life, such as in 
CADASIL. The acquired diseases, such as atherosclerosis or aneurysms, are diseases 
that progress over time and are mostly life-style related. Progression of  these diseases 
can be accelerated by mutations in the genome. In most diseases, if  not all, the molecular 
signaling between cells is affected. 

Improved knowledge of  molecular signaling in vascular development and homeostasis 
can lead to advancement of  vascular therapy or replacements. For example, tissue 
engineering is a field that benefits greatly from the knowledge obtained from 
developmental studies. In tissue engineering, a synthetic scaffold is implanted that helps 
to restore, maintain or improve tissue function. Enhanced knowledge of  tissue growth 
and remodeling can be used to improve scaffold function, e.g. by functionalization. 

The aim of  this thesis is to understand molecular signaling of  endothelial cells under 
hemodynamic conditions. In particular we focus on the Notch signaling pathway since 
this is a key developmental signaling pathway essential for the formation, maturation 
and homeostasis of  the vasculature. In this introduction of  the thesis we first introduce 
vascular morphogenesis, followed by the role of  Notch signaling and hemodynamics 
in this process. Next, the interplay between Notch signaling and hemodynamics is 
discussed, followed by the rationale for the work presented in the thesis. 
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1.2 Vascular morphogenesis and structure 

The vasculature is the first functional organ in the developing embryo1. The 
morphogenesis of  the vasculature starts at the mesoderm, one of  the three germ layers, 
where the endothelial progenitor cells form a primitive vascular plexus2. This process 
of  de novo blood vessel formation is called vasculogenesis. From the moment that the 
vascular network is formed, it is constantly subject to remodeling. During remodeling 
vessels fuse into larger vessels or divide into smaller vessels to provide the entire embryo 
with nutrients. Further expansion of  the vascular plexus occurs via angiogenesis, the 
formation of  blood vessels from pre-existing ones. This results in the primitive capillary 
network1. This primitive network consists of  a homogenous web of  blood vessels. 
During remodeling of  the complex, redundant vessels are removed from the vasculature. 
Simultaneously, the remaining vasculature is stabilized by newly synthesized 
extracellular matrix (ECM) and the recruitment of  mural cells3. Mural cells strengthen 
the blood vessel and inhibit endothelial proliferation and migration. A subpopulation 
of  the mural cells differentiates into vascular smooth muscle cells (vSMCs), forming 
a dense contractile layer around the endothelium to strengthen the blood vessel. The 
stabilization of  the vasculature is required to withstand hemodynamic forces like blood 
pressure and shear stress. Afterwards the vessels remodel further into arteries, capillaries 
and veins, depending on the location in the vascular tree4. 

The fully developed vessel wall of  arteries and veins consists of  three distinct layers 
(figure 1.1). The inner most layer is the tunica intima. The tunica intima consists of  a 

TUNICA INTERNA

TUNICA MEDIA

TUNICA EXTERNA

Endothelium

Basement membrane

Internal elastic lamina

Smooth muscle

Valve

External elastic lamina

Lumen
artery

Lumen
vein

Figure 1.1. Illustration of  the anatomy of  the artery and vein. Copyright 2010, John Wiley & Sons Inc.
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monolayer of  endothelial cells that line the entire vasculature. This endothelium rests 
on the basement membrane, a thin ECM layer which is mainly comprised of  laminin 
and collagen type IV5. The endothelium forms the first barrier between the blood and all 
underlying tissues, making it a gatekeeper for cells and nutrients. The endothelial cells 
are constantly subjected to and respond to shear stress and strain. 

The middle layer, the tunica media, consists of  smooth muscle cells (SMC) and 
connective tissue, mainly elastin5. The connective tissue and cells in this layer orient in 
a circumferential direction6,7. In arteries this is the thickest of  the three layers. This layer 
is known to regulate blood flow. When the cells contract, the lumen narrows, leading to 
a reduction in blood flow. This process is called vasoconstriction. Relaxation of  SMCs 
on the other hand results in vasodilation, a widening of  the blood vessel. As a result of  
a widened lumen, blood flow increases. Both vasoconstriction and -dilation are partly 
regulated by vasomotor nerve fibers of  the autonomic nervous system that run in the 
vascular wall8. Endothelial cells from the tunica intima are also known to instruct the 
SMCs to dilate or contract9. 

The third layer of  the vessel wall is the tunica adventitia. This outermost layer of  
the vessel is a collagen-rich layer that protects and reinforces the vessel, providing 
mechanical support5. As a consequence, the tunica adventitia is mainly responsible 
for the mechanical strength of  the vessel10. The tunica media is thickest in arteries 
to withstand the blood pressure but in the veins, where the blood pressure is low, the 
adventitia is the thickest layer. The cells residing in the adventitia are of  a diverse 
population and include fibroblasts, macrophages, lymphocytes and dendritic cells5,11.

1.3 Notch signaling

1.3.1 Introduction to Notch signaling

Notch signaling is a direct cell-cell signaling pathway that regulates cell fate decisions. It 
is evolutionary conserved and essential in the development of  all organs, including the 
vasculature12. The Notch pathway is simple in design. When a ligand binds to a receptor, 
a single intracellular domain is translocated to the nucleus to act as a transcription factor, 
driving the expression of  Notch target genes (figure 1.2)13,14. Given the fact that Notch is 
linear and does not require amplification steps makes it extremely dose sensitive15. 

The Notch receptor is expressed at the cell surface as a heterodimer. During trafficking 
of  the receptor through the Golgi complex the monomeric precursor receptor is cleaved 
by furin-like proteases into the heterodimeric form16. This cleavage is referred to as the 
S1 cleavage. After binding of  a ligand to the receptor the extracellular NRR (negative 
regulatory region) domain unfolds, exposing a second cleavage site17. This unfolding 
of  the receptor can be induced by a pulling force which exposes the cleavage site18. 
At this site ADAM (a disintegrin and metalloprotease) proteases cleaves the Notch 
protein for a second time. This S2 cleavage releases the extracellular domain, which is 
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internalized by the signal sending cell. The remaining part of  Notch, termed the Notch 
extracellular truncation (NEXT), is then a substrate for presenilin for the S3 cleavage19. 
Presenilin is part of  the γ-secretase complex. The cleavage by γ-secretase liberates the 
NICD from the membrane. The NICD, containing two nuclear localization signals, 
translocates to the nucleus after cleavage20. In the nucleus the NICD binds to the 
DNA-binding transcription factor CSL (CBF1 in mammals, Suppressor of  Hairless in 
drosophila and LAG-2 in C. elegans)21. In mammals CBF1 is also known as RBP-Jκ. 
In the absence of  NICD, RBP-Jκ represses the expression of  Notch target genes with 
a variety of  corepressors, but switches to an activating state when the NICD binds22. 
Other coactivators like Mastermind (MAML) stabilize the complex, enabling Notch 
target gene expression. The most well-known target genes are the members of  the hairy 
enhancer of  split (HES) family, which act as transcriptional repressors. 

CSL
MAML

NICD

Notch

Delta
Jagged

ADAM

γ-secretase
complex

Signal sending cell

Signal receiving cell
cytosol

nucleus

S2 cleavage

Epsin

Ub

Ub

Figure 1.2 Schematic representation of Notch activation. Upon binding of  the Notch receptor with a ligand 
(Delta or Jagged) the extracellular domain is cleaved and internalized together with the signal sending cell. 
After the cleavage the intracellular domain is released by the γ-secretase complex and translocates to the 
nucleus where it acts as a transcription factor. Illustration reproduced courtesy of  Cell Signaling Technology, 
Inc. (www.cellsignal.com).
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The Notch receptor is a multidomain protein. In mammals, there are four different 
paralogs of  the Notch receptor (Notch1-4)23. The largest part of  the extracellular 
domain consists of  29 to 36 epidermal growth factor (EGF)-like repeats, depending on 
the paralog. These EGF-like repeats are post-translationally modified with O-glucoses 
or O-fucoses, additions that can be subject of  further modifications. These modifications 
of  the receptor affect the ligand-receptor affinity. A Notch receptor is activated by 
ligand binding. There are five different mammalian ligands, divided over two families,  
Delta-like (Dll1, Dll3 and Dll4) and Jagged (Jagged1 and Jagged2). This classification 
is based on the presence of  a cysteine-rich domain in the extracellular domain of  the 
ligand13. The Jagged ligands have a large EGF-like repeats section in the extracellular 
domain, followed by a cysteine-rich domain. The Delta ligands on the other hand 
have a shorter domain of  EGF-like repeats and no cysteine-rich domain. Some of  the 
ligands (Dll1, Dll4 and Jagged1) also have a C-terminal PDZ binding motif, enabling 
interaction with other proteins. The motifs between Delta and Jagged are different, 
which is expected to result in different interaction partners. 

In the vasculature, as in any other tissue, Notch signaling is essential for tissue patterning. 
It does so by two distinct patterning modes, lateral inhibition and lateral induction20,24. 
During lateral inhibition, a signal sending cell instructs the receiving cell to not adopt 
a similar phenotype as the signal sending cell. This negative feedback loop stabilizes 
and amplifies small initial differences in Notch levels which eventually leads to different 
cell fate decisions22,25. The opposite signaling mode is called lateral induction. In this 
situation the signaling receiving cell is instructed to adopt a similar phenotype as the 
signal sending cell (figure 1.3)20. 

1.3.2 Notch signaling in vascular morphogenesis and homeostasis

Notch signaling is an important regulator in a variety of  different processes in the 
vasculature. At the formation of  the primitive vascular network there is a preference of  
an arterial or venous identity. This genetically predetermined pattern is largely mediated 
by Notch signaling. Subsequently, Notch is essential for the recruitment mural cells 
and the differentiation of  smooth muscle cells. And when new vessels are formed from 
existing vessels during angiogenesis, Notch signaling takes the lead in regulating tip and 
stalk phenotype. 

Notch signaling is essential in arterial-venous specification26. Classical markers for 
arterial and venous identity are ephrin B2 (EfnB2) for the arterial cells and ephrin 
receptor B4 (EphB4) for venous cells27. A double knockout of  the two Notch target 
genes HEY1 and HEY2 leads to the reduced expression of  the arterial marker28. And 
when Notch signaling is inhibited in embryos, it leads to vascular malformations and 
molecular defects in arterial-venous specification. Notch inhibition also leads to the loss 
of  arterial EfnB2 expression and expression of  venous markers in arteries29. A similar 
effect is found when Dll4 is mutated or deleted. Furthermore, Dll4 is needed for the 
initiation of  the vascular program, and Dll1 is needed for the maintenance of  arterial 
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identity30–32. In zebrafish, data suggests that arterial Notch signaling is required for the 
recruitment of  mural cells since no mural cells are recruited to the venous fated vessels33. 

After a vessel is formed, it undergoes a maturation step that strengthens the vessel 
structure. Endothelial cells recruit vascular smooth muscle cells by secreting of   
platelet-derived growth factor B (PDGF-B). The expression of  the PDGF receptor in 
mural cells is in turn under regulation of  Notch signaling34. When Notch3 is inhibited, 
no mural cells are attracted to the vessel35. Traditionally, the vSMCs are characterized 
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Figure 1.3 Schematic representation of Notch activation modes. Lateral inhibition prevents the signal 
receiving cell from adopting a similar phenotype. Lateral induction promotes the signal receiving cell to adopt 
a similar phenotype as the signal sending cell. Image adopted from Sjöqvist and Andersson, Developmental 
Biology 2019
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as contractile or synthetic36. When recruited, the endothelial cells instruct mural cells to 
adopt a differentiated contractile phenotype by increasing the expression of  contractile 
proteins. This process is initiated by Jagged1 signaling of  endothelial cells37,38. In the 
Jagged1 genomic locus there is a Notch responsive element39. As a result, Jagged1 
activation induces Jagged1 expression in the smooth muscle cells via lateral induction 
(figure 1.4A). This propagation of  Jagged1-Notch3 signaling is crucial for the regulation 
of  vSMC phenotype as removal of  the initial Jagged1 signal prevents the establishment 
of  a matured vessel wall40. At each location in the vascular tree a different number of  
smooth muscle cells is required to withstand the arterial pressure. Recently it was shown 
that the switch behavior of  smooth muscle cells between synthetic and contractile is 
regulated by hemodynamic control of  Notch signaling41. 

An example of  lateral inhibition in the vasculature is angiogenesis, a process that has 
been well described and reviewed42–45. The blood vessels supply the tissue with nutrients 
and oxygen, which in turn diffuses into the tissue to support growth, maintenance or 
repair after injury. When the tissue cells are too far from a blood vessel diffusion is 
insufficient, leading to hypoxia. To stimulate the formation of  new blood vessels, the cells 
in the hypoxic region secrete vascular endothelial growth factor (VEGF). Endothelial 
cells from the existing vasculature are attracted by and migrate towards the VEGF 
source, creating a new vessel penetrating the hypoxic area (figure 1.4B). This process 
of  angiogenesis is under tight control of  Notch signaling. Notch regulates the response 
of  the endothelial cells to VEGF and prevents that all endothelial cells collectively 
migrate towards the VEGF source. VEGF induces Dll4 expression in endothelial cells 
through its receptor VEGFR2. The Dll4 expressing cell becomes the tip cell, leading the 
new vessel formation. The tip cell signals through Dll4 to the neighboring cells. Notch 
activation in these cells leads to downregulation of  the VEGF receptors. In turn, these 
cells do not respond to VEGF. These cells are called the stalk cells. They proliferate, 
follow the tip cells eventually form a new vessel. 

1.3.3 Notch signaling in vascular disease 

As the Notch signaling plays such a prominent role in vascular development and 
homeostasis it is not surprising that dysregulation of  the pathway leads to vascular 
abnormalities or lethality. Removal of  different ligands (Dll1, Dll4, and Jagged1) in the 
endothelium or the vSMCs leads to embryonic lethality46–50. Deletion of  these ligands 
leads to embryonic lethality on a different embryonic day (E12 for Dll1, E9.5-10 for 
Dll4 and E11.5-12.0 for Jagged1), demonstrating that each ligand has a distinct role in 
the vasculature or a distinct role at different stages of  development. 

Mutations in Notch signaling most often leads to loss of  function, and disease51. One of  
these diseases is Alagille syndrome. Patients with Alagille syndrome suffer from heart 
defects ranging from pulmonary stenosis to tetralogy of  Fallot. In 94% of  the cases 
Alagille is a results of  loss of  function mutations in Jagged1, only a small part of  the  
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patient population (1%) expresses the syndrome as a result of  Notch2 mutation52. Next 
to the diagnostic hallmarks like the vascular defects, 10-25% of  all patients have vascular 
structural anomalies23. 

Another disease that is linked to Notch signaling and causes defects in the 
vasculature is cerebral autosomal dominant arteriopathy with subcortical infarcts 
and leukoencephalopathy, better known as CADASIL. This disease is caused by the 
oligomerization of  the Notch3 protein. One of  the symptoms of  CADASIL is the 
defects in the small cerebral arteries, leading to subcortical infarcts and white matter 
damage. One-third of  the patients suffers from dementia when over the age of  60. 

Notch signaling is also linked to valvular dysfunction. In physiological situations, 
Notch1 represses the osteogenic pathway in aortic valve cells, preventing calcification of  
the valve53. When Notch1 is mutated or haploinsufficient, the aortic valve calcifies54,55. 
Another common disorder that results in valvular dysfunction is the formation of  
bicuspid aortic valves instead of  the trileaflet configuration. This disorder affects 1-2% 
of  the population. The formation and calcification of  the bicuspid valves have also been 
linked to mutations in the Notch1 protein54,56,57. 
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Figure 1.4 Schematic representation of (A) lateral induction and (B) inhibition in the vasculature. 
Illustration of  lateral induction adopted with courtesy of  Shane Herbert, PhD. Lateral induction illustration 
adopted from Hoglund and Majesky, Circulation 2012
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1.4 Hemodynamic regulation of vascular development and 
homeostasis

1.4.1  Deconstructing hemodynamics

Each minute the heart ejects around five liters of  blood into the vascular system, 
creating the blood flow58. The circulation of  blood leads to hemodynamics forces on 
the vessel wall. The pulsatile ejection of  the heart induces a circumferential stretch in 
the vessel wall. The blood flow itself  generates a frictional force (shear stress) acting 
on the endothelial cells lining the vessel wall. The endothelial cells are exposed to both 
shear stress and stretch. When exposed to cyclic stretch in vitro, endothelial cells reorient 
themselves perpendicular to the strain directions, an affect that has been observed in 
many different cell types59,60. And in both in vivo and in vitro situations endothelial cells 
respond to shear stress by aligning in the flow direction61,62. As reviewed below, vascular 
function is modulated by the shear stress response of  endothelial cells3. Moreover, 
deconstruction of  the hemodynamic load into a stretch and shear stress component 
demonstrated that shear stress is the dominant factor in hemodynamics induced 
remodeling63. 

1.4.2 Endothelial mechanobiology 

The endothelium is the natural barrier between the blood flow and the underlying 
tissue. The endothelial cells are constantly exposed to shear stress exerted by the blood 
flow. The cells sense and respond to this shear stress. The shear pattern (direction and 
magnitude) is dependent on the location in the vascular tree. The mechanisms by which 
endothelial cells sense shear stress have not been completely elucidated, even though 
advancements in the field have identified many factors that contribute to flow sensing. 

One of  the protein complexes that are essential for shear stress sensing is a combination 
of  junctional proteins. Platelet endothelial cell adhesion molecule (PECAM1, also 
known as CD31) is a transmembrane protein that holds six extracellular Ig-like 
domains and a short intracellular domain, containing two inhibitory motif  domains 
that are essential in shear stress sensing. Two tyrosine residues (663 and 686) are 
rapidly phosphorylated after the onset of  flow. Afterwards PECAM1 forms a protein 
complex with VE-cadherin and VEGFR2. VE-cadherin acts as a scaffolding protein, 
facilitating Rac1 activation which in turn is required for shear induced remodeling 
and the stabilization of  endothelial junctions64–66. VE-cadherin is also required for 
the recruitment and function of  VEGFR2. Just like PECAM1, VEGFR2 is quickly 
phosphorylated after the onset of  flow. Together, the complex is required for many 
of  the responses to shear stress, including EC alignment, NF-κb and AKT activation. 
These are in turn required for the transduction to other signaling pathways. 
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The ion channels are among the earliest responders to shear stress. Almost directly 
after the onset of  shear stress the cell membrane hyperpolarizes as a result of  a K+ 
flux67. Afterwards Ca2+ channels open, depolarizing the plasma membrane. The influx 
of  Ca2+ scales with the shear magnitude68. Several ion channels have been identified 
to be sensitive to shear stress. Transient receptor potential vanilloid 4 (TRPV4) has 
been proposed as a mechanosensor, as it is sensitive to various stimuli including shear 
stress61. This ion channel has been shown to regulate vasodilation69. More recently 
two other ion channels, Piezo1 and Piezo2, have been identified70. Deletion of  Piezo1 
leads to embryonic lethality as a result of  vascular defects71,72. The introduction of  
these channels induces shear stress sensitivity in cells that are otherwise unaffected by 
shear stress70. Other methods for shear stress sensing that have been describes involve 
transmembrane proteins or membrane structures. In addition to ion channels and the 
PECAM1/VE-cadherin/VEGFR2 complex, integrins or G-proteins are proposed  
in-membrane responders. The role of  integrins as shear receptors is questionable 
however, as the force on the integrins by shear stress is 1000-5000 lower than that 
of  traction forces73. Therefore, it is more likely that the integrins are among the first 
responders to actual shear stress sensors instead of  being a shear stress sensor itself. The 
family of  G-proteins and G-protein-coupled receptors (GPCR) are also reported to be 
shear sensors and mediators. Shear stress was demonstrated to induce conformational 
changes in G-proteins and GPCRs, independent of  their ligands. Membrane responders 
are primary cilia, 3-5 μm protrusions of  the cell membrane, and caveolae, protein-rich 
invaginations of  the plasma membrane. Cilia disassemble directly after the exposure 
of  shear stress and are linked to calcium signaling and nitric oxide (NO) production. 
Endothelial specific removal of  CAV1, the major structural protein of  caveolae, leads 
to impaired vascular function74. The caveolae are thought to not be a shear sensor 
themselves, but to provide a scaffolding environment for other shear sensitive proteins. 
As it is also an important regulator in other cellular mechanisms it is likely that the 
caveolae are no direct shear sensors. The glycocalyx, an extracellular network of  
membrane-bound proteoglycan and glycoproteins75, was found to be important in the 
shear stress response. The glycocalyx is suggested to have a dampening effect of  shear 
stress on the cell surface, transducing forces to the cell membrane. This hypothesis 
is supported by the fact that the ablation of  syndecan, a transmembrane protein in 
the glycocalyx, leads to an upregulation of  proinflammatory genes under a high 
unidirectional flow profile61,76. It should be noted that syndecan acts as a coreceptor for 
G protein-coupled receptors and integrins, complicating the sensory system. 

1.4.3 Shear stress in vascular morphogenesis and homeostasis

Over the last decades it has become evident that shear stress plays an important role in 
the development and homeostasis of  the vasculature. A study by Lucitti and coworkers 
nicely shows this77. By injecting polyacrylamide, they prevented the erythroblasts from 
entering the blood stream, lowering the hematocrit and in turn reducing blood viscosity. 
This led to an arrested remodeling of  the vascular plexus. To confirm that this is indeed 
a shear stress effect, shear stress was increased by increasing the blood viscosity with a 
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hetastarch solution. This rescued the remodeling deficiency of  low-hematocrit embryos, 
demonstrating that shear stress plays a prominent role in vascular development. 

The vascular identity of  the blood vessels is partially genetically preprogrammed, but 
shear stress plays a key role at a later stage during development. Before the onset of  
blood flow in zebrafish embryos EfnB2a is expressed in the dorsal aorta, and EphB4 
in the posterior cardinal vein78,79. Also in chick embryos part of  the vascular plexus is 
positive for EfnB2 prior to blood flow, but other regions that are part of  the arterial 
system are negative for the arterial marker80. At later stages, when blood flow is initiated, 
this preprogrammed specification appears to be dynamic. Ligation of  the vitelline 
artery leads to the downregulation of  arterial markers in the artery, and upregulation 
of  venous markers. Vice versa, when venous grafts are placed in an arterial setting the 
EfnB2 expression was increased80. This shear stress driven endothelial plasticity suggests 
that although endothelial identity is partially genetically determined, shear stress plays 
an important role in development of  the vasculature81. 

Although it is clear that shear stress plays an important role in arteriovenous specification 
in vivo, conflicting in vitro data still exists, hampering our understanding of  the role of  
shear stress. Endothelial cells derived from induced pluripotent or embryonic stem cells 
show increased levels of  EfnB2 expression in response to shear stress82,83. On the other 
hand, arterial shear levels downregulated EfnB2 levels in coronary endothelial cells and 
endothelial cells from the umbilical vein84. This suggests, together with the previous 
data that EfnB2/EphB4 expression is genetically preprogrammed, that arterial identity 
in vitro is highly context dependent, and care should be taken with in vitro studies on 
arteriovenous specification. 

After the development of  the vasculature, shear stress remains an important 
regulator of  vascular homeostasis. For example, shear stress regulates vasodilation 
and vasoconstriction11. During vasodilation, the widening of  the vessel, endothelial 
cells instruct the underlying smooth muscle cell layer to relax. Nitric oxide (NO), an 
important vasodilator, is produced by endothelial nitric oxide synthase (eNOS) by the 
conversion of  L-arginine into NO. Inactive eNOS is attached to the caveolae and is 
activated after the detachment from the caveolae when intracellular Ca2+ levels increase. 
As a long-term response, eNOS phosphorylation is an additional mechanism to regulate 
eNOS activity. One of  the shear dependent kinases to phosphorylate eNOS is Akt, a 
kinase that is activated by the VEGFR2/VE-Cadherin/PECAM1 complex. Other shear 
dependent vasodilators include prostacyclin, adrenomedulin and endothelium derived 
hyperpolarizing factor (EDHF).

Vessels reduce or increase their radial size to control the blood supply. Reduction is 
achieved through vasoconstriction, a process that instructs the smooth muscle cells 
to contract. Vasoconstriction is a process that is under control of  shear stress. When 
shear stress levels are too high the vessel is instructed to dilate, and when it is too low 
the smooth muscle cells are instructed to contract. An important vasoconstrictor is 
endothelin 1 (ET-1). ET-1 levels are under the control of  NO and prostacyclin levels. 
Binding of  ET-1 to the ET-1 receptors on the smooth muscle cells leads to opening 
of  Ca2+ channels, inducing contraction of  the smooth muscle cell. Another potent 
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vasoconstrictor is angiotension II. Interestingly, angiotension II is an enhancer of  
the γ-secretase complex85. The fact that shear stress controls both vasoconstrictors  
and -dilators suggests that endothelial cells have an optimal shear stress window.

Different flow patterns and shear levels are found throughout the vascular system. 
Both flow patterns and shear magnitudes have distinct effect on physiology. One of  the  
best-known examples is atherosclerosis. A high unidirectional laminar shear is 
considered atheroprotective whereas oscillatory or low laminar shear stress are found to 
be atheroprone86–88. Oscillatory shear stress induces an upregulation of  proinflammatory 
genes, such as IL-8 89–91. Under atheroprotective shear stress the expression of  junctional 
proteins like connexins is not detected whereas they are expressed in an atheroprone 
environment90,92. An atheroprotective shear stress induces the expression of  genes, 
such as KLF2 or eNOS, that are important in vascular development and endothelial 
function90,93,94. Moreover, it suppresses genes related to the osteogenic and inflammatory 
network, both well-known drivers of  atherosclerosis95,96.

1.5  Interplay between Notch signaling and shear stress in the 
endothelium 

Shear stress and Notch signaling both play an important role in morphogenesis and 
homeostasis. Therefore, the interplay between these two processes is a very interesting 
field of  research. Only recently this interplay has received attention in the field. 
Nowadays, a direct link between Notch signaling and shear stress is emerging. 

The Notch pathway itself  is mechanosensitive. The Notch ligand exerts a pulling force 
on the receptor, inducing a conformational change of  the NRR and enabling cleavage 
by ADAM metalloproteases18. The pulling force required to induce the conformational 
change is between 3.5 and 5.4 pN18. Interestingly a similar mechanisms regulates the 
von Willebrand factor (vWF), an endothelial marker97. Under shear stress vWF changes 
its conformation, unfolding a domain that enables cleavage by another metalloprotease 
ADAMTS1397. The force required to induce this conformational change is 8 pN, 
suggesting that shear stress theoretically should be able to activate Notch signaling98. 

Indirect evidence that Notch is responsive to hemodynamic forces comes from in vivo 
studies. Pestel and colleagues controlled hemodynamic forces in inhibiting heart beat in 
a zebrafish model with a Notch reporter99. Loss of  heartbeat resulted in a loss of  signal 
from the Notch reporter, demonstrating that hemodynamics, either shear stress, strain or 
a combination of  both, is essential for Notch signaling. Lee et al. in turn demonstrated 
that lowering shear stress levels in the zebrafish resulted in reduced Notch signaling. 
This was also confirmed on a global gene expression level by downregulation of  Dll4, 
Jag1, Jag2 and Notch1b. To confirm that this is an endothelial specific response, the 
researchers demonstrated that removal of  the endothelial lining had the same effect as 
reducing blood viscosity i.e. shear stress100. In the same model system, it was shown 
that Notch signaling acts downstream of  shear stress to recruit mural cells, exclusively 
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to the arteries. Notch activation for mural cell recruitment was observed after deletion 
of  Dll4, suggesting that other ligands play a role or that there is a direct shear inducible 
activation mechanism of  Notch33. 

Other studies have shown that there is a response in Notch1 signaling to shear stress101,102. 
In mouse, the expression of  Notch1 coincides with the onset of  flow. After remodeling 
of  the vasculature, Notch1 expression becomes restricted to the arterial system101. Mack 
and colleagues showed that shear stress induces the activation of  the Notch pathway 
by introducing a GFP-RBP-Jκ reporter construct into endothelial cells. This activation 
is dose dependent as higher shear levels resulted in more nuclear localization of  the 
N1ICD. They further show that a knockdown of  Notch1 in endothelial cells leads to 
gaps in the junctions between endothelial cells, and reduced cell alignment. Stabilization 
of  cell-cell junctions required Ca2+ signaling, which was increased as a results of  shear 
stress. Furthermore, endothelial Notch1 knockout predisposes to atherosclerosis and 
calcific aortic valve disease55,102,103. An atheroprotective flow activates anti-osteogenic 
and anti-inflammatory networks in wild type Notch1 cells, but not in heterozygous cells 
with a deletion of  Notch1 in one of  the alleles (Notch1+/-). The haploinsufficiency leads 
to a dysregulation of  more than 1000 genes involved in osteogenesis, inflammation and 
oxidative stress. 25% of  the shear responsive genes in wild type endothelial cells are 
dysregulated in Notch1+/- cells103. 

Simultaneously, Polacheck and others demonstrated that not only the downstream 
effects of  the Notch pathway, but the protein itself  is required for the endothelial barrier 
function. The transmembrane domain (TM domain) of  the Notch protein forms a 
complex with VE-cadherin, the transmembrane protein tyrosine phosphatase LAR, and 
the Rac1 GEF Trio. As a result of  complex formation, vascular permeability is reduced. 
Inhibition of  Notch signaling by blocking γ-secretase prevents the release of  the NICD, 
and consequently also the formation of  a TM domain. In light of  these findings, previous 
work using γ-secretase inhibitors needs to be reconsidered and the non-canonical 
function of  the Notch TM domain taken into account in the interpretation of  the data. 
To confirm that this effect was non-canonical, a Mastermind knockout was created. The 
functional removal of  Mastermind, an essential co-activator of  Notch signaling, did not 
affect vascular permeability whereas canonical Notch signaling was affected104. 

Despite the advances in the field of  Notch mechanosensitivity, there are conflicting data. 
Whereas Mack et al. showed an increased NOTCH1 expression at 2 Pa, others reported 
increased expression at low shear and no changes at 2 Pa101. Studies on immortalized 
murine lung endothelial cells showed an increased expression for Dll1, Dll4, Notch1 
and HES1105,106. On the other hand, in zebrafish the absence of  blood flow upregulates 
Dll4 expression107. 
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1.6 Rationale and thesis outline

It is evident that both Notch signaling and shear stress are essential for vascular 
morphogenesis and homeostasis. The interaction between these two factors in 
endothelial cells is however a developing field of  interest. Most of  the work on Notch 
mechanosensitivity has focused on the downstream effects on Notch signaling, i.e. 
receptor and target gene expression, whereas little is known about the direct effect of  
shear stress on Notch signaling form a signaling point of  view. Therefore, the aim of  
this thesis is to provide deeper understanding of  the ligand specific behavior of  Notch 
signaling in endothelial cells under shear stress. In the first section of  the thesis, Chapter 
2-4, we focus on method development and optimization to study Notch signaling in 
endothelial cells. In the second section, Chapter 5 and 6, we investigate the effect of  
shear stress on endothelial Notch signaling. 

A variety of  systems have been used to study the endothelial shear stress response in 
vitro. One of  these systems is the orbital shaker, which has the advantage of  a high cell 
yield and throughput, but the disadvantage that both atheroprone and atheroprotective 
flow patterns are found in the same dish. Chapter 2 of  this thesis describes the numerical 
characterization and biological validation of  the dish-in-a-dish (DiaD) design, a design 
that improves the shear stress distribution on the orbital shaker by only allowing an 
atheroprotective flow pattern. Using computational fluid dynamics different DiaD 
designs are compared considering orbit, rotational speed and fluid height. 

Relevant models to study endothelial Notch mechanobiology are essential. For most 
studies researchers rely on endothelial cells of  human origin, but availability of  primary 
cells from patients with Notch mutations are limited. In the Notch field there is a large 
variety of  transgenic mouse lines, making them prime candidates for endothelial cell 
sources. Although there are many protocol papers published, the isolation of  murine 
lung endothelial cells remains challenging. In chapter 3 an optimization study for the 
isolation of  murine lung endothelial cells is described. 

The work with transgenic cells can give valuable insights in the Notch shear stress 
response. Direct isolations of  murine or human material are in most cases not an option. 
To enable molecular studies in human cells, or use a variety of  alterations in mouse 
cells, chapter 4 presents a detailed protocol for lentivirus production for users new to 
virus mediated modifications. This chapter includes detailed background, required 
safety precautions and troubleshooting. 

In chapter 5 a Jagged1 specific shear stress response is presented. It describes a unique 
reversible clustering behavior of  Jagged1 that is dependent on protein production, ER 
export and endocytosis. Furthermore, the signaling strength of  endothelial cells is 
increased when exposed to shear stress. 

Endothelial cells are exposed to different flow magnitudes and profiles, depending on 
the location in the vasculature. In chapter 6 the effects of  pulsatility and shear levels on 
signaling and clustering are described. This last research chapter also describes the effect 
of  Jagged1 levels in endothelial Notch signaling under shear stress. 



16

Chapter 1

This thesis concludes with a general discussion in chapter 7. In this chapter all findings 
are placed into context of  other recent work and working models. Thereafter it discusses 
some limitations of  the work and the implications of  this work to the field. As a final 
section future perspectives and directions are discussed. 
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Abstract

The orbital shaker is a culture platform used to apply a shear stress to a large number of  
endothelial cells. This platform gives a varied spatial distribution of  shear patterns with 
both continuous and oscillatory flow patterns in the same dish, making results difficult 
to interpret. To overcome this, we employed the dish-in-a-dish (DiaD) design. Its annular 
structure induces a unidirectional fluid flow on the cultured cells. We characterized 
variations of  the design in detail by employing computational fluid dynamics and 
experiments. We found that the DiaD outperforms conventional dishes and that the 
optimal design depends on the orbit diameter of  the orbital shaker, rotational speed 
and fluid height. For a 10 mm orbit, a DiaD with a 134/56 mm outer/inner diameter is 
optimal and for the 19 mm orbit the 134/89 DiaD. In both situations a 200-rpm orbital 
speed and 3 mm medium was found to be optimal. Experimental validation of  the 
DiaD showed that endothelial cells aligned in the shear direction and shear responsive 
genes KLF2, COX2, and eNOS were upregulated after 24 hours. Taken together our data 
show that the DiaD design offers better control over the shear stress distribution than 
the standard culture dish. 
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2.1  Introduction

Endothelial cells line the vasculature and are sensitive to fluid shear stress induced 
by the blood flow. The cells sense shear stress and convert the mechanical cues to 
biological signals to control vascular tone and structure108,109. The shear stress that acts 
on the endothelial cells is directly linked to vascular homeostasis and disease110,111. 
Oscillatory and low laminar (0.2 Pa) shear stress is considered atheroprone. Cells 
subjected to this type of  shear stress align poorly and show an increased expression of  
proinflammatory markers89,91,112. High laminar flow profiles (shear stresses > 1Pa) are 
considered atheroprotective87,89. Cells that are exposed to an atheroprotective flow align 
in the direction of  the flow, form a tight vascular barrier and express anti-inflammatory 
genes113. 

Different culture systems are used to study endothelial cell behavior under shear 
stress. The most commonly used system is the parallel plate setup104,114,115. In this 
system, medium is pumped through a rectangular or circular channel into which cells 
are seeded. The shear stress acting on the cells is determined by the flow speed and 
channel dimensions. However, the number of  cells that can be exposed to shear stress 
simultaneously is limited in this system. Another frequently used approach is the cone 
and plate apparatus where cells are seeded in a medium-filled dish and a cone is placed 
in the medium114. By rotating the cone a fluid flow is created, exerting a shear stress on 
the cells. The acting shear stress can be calculated from the viscosity of  the medium, 
the cone angle and the rotational speed of  the cone. In this system only a single 
dish of  cells can be exposed to shear stress at once. When larger number of  cells are 
needed, an orbital shaker can be used114. By placing a culture dish or plate on a shaker, 
a frictional drag force is created on the cells. As a result, a non-uniform shear stress 
field is created that depends on the angular velocity and the radius of  the shaker. This 
approach increases the throughput significantly, but the distribution of  the shear stress is 
inhomogeneous and can include both atheroprone and atheroprotective regions116. 

It is important to know to which shear stress distribution the cells are exposed to when 
the orbital shaker is used. A commonly used approach to estimate the maximum 
shear stress values is the extended solution of  Stokes’ second problem117,118. The 
resulting shear stress values are based on the orbit size of  the orbital shaker and the 
angular velocity. This analytical approach assumes unperturbed fluid in the far field, 
neglecting the side walls and initial fluid height119–121. Moreover, it ignores the size of  
the dish. Computational fluid dynamics (CFD) has shown to be a more precise method 
to characterize flow and shear stress patterns in dishes on the orbital shaker116,122–124. 
Simulations by various groups have shown that the shear stress distribution is non-
uniform, confirming that the analytical approach cannot be used. 

When using the orbital shaker platform, care should be taken since both atheroprone 
(center) and atheroprotective (periphery) shear stress distributions are present in the 
same dish. This evidently leads to opposing cell phenotypes in the same dish. As a 
consequence, incorrect conclusions may be drawn from experiments using an orbital 
shaker. To overcome this issue, an annular dish culture setup has been implemented125,126. 
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This is an easy-to-build platform in which a smaller standard culture dish is mounted 
into a larger standard dish. In this dish-in-a-dish (DiaD), fluid travels around in the 
donut-like shaped culture vessel, promoting unidirectional fluid flow at all time. This 
design has been reported in literature before, but the shear distribution attributed to the 
DiaD has been based on the analytical approach125,126. This approach is however not 
valid since incorrect assumptions (unperturbed flow field, ignoring side walls and fluid 
height) have been made. Moreover, others have already shown that this approach cannot 
be used in regular culture dishes. In this work shear stress distributions in the DiaD are 
calculated using CFD. The influence of  orbit size, orbital speed and fluid height on the 
shear stress distribution across the DiaD is characterized. Based on these parameters, 
different dishes are recommended for different experimental conditions. Finally, the 
endothelial shear stress response in the DiaD is validated experimentally by microscopy 
and gene expression analysis to confirm that the DiaD enables controlled shear stress 
studies on endothelial cells with high yield. 

2.2 Methods

2.2.1 Computational approach
A computational fluid dynamics (CFD) model was developed to model the shear 
stress in a dish on the orbital shaker. The shaker used in the experiments had an orbital 
diameter (d

ob
) of  10, 19 or 25 mm. Unless stated otherwise an orbital speed of  200 rpm 

and medium height of  3 mm was used. The medium was modelled as an incompressible 
and Newtonian fluid with a dynamic viscosity (µ) of  0.7 mPa·s at 37°C 127. To determine 
whether the flow was laminar or turbulent we first roughly estimated the Reynolds 
number (Re) using

  (1)

where, ρ is the medium density (ρ = 1000 kg/m3) and ω is the orbital speed  
(ω = 20.94 rad/s)128. Afterwards the exact Re number was calculated from the CFD 
pre-computation. Based on the first approximation, the Re of  the dishes on a 10 mm 
orbit was in the transition zone between laminar and turbulent flow with a Re of  
approximately 3000. The other orbit diameters resulted in an approximated Re of  
11000 and 18500 (19 and 25 mm respectively), indicating turbulent flow. Therefore, we 
first simulated both laminar and turbulent flow. For the turbulence model a κ-epsilon 
turbulence model was incorporated into the Navier-Stokes equation124. Both approaches 
yielded high Re numbers in the turbulence range (9000-55000). Therefore, the turbulence 
model was used in all simulations.
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The pressure drop across the medium-air interface was expressed by the radius and the 
surface tension was calculated as 

 (2)

where pM and pA are the pressures measured by the surface curvature in the normal 
direction to the interface in liquid (medium) and gas (air) phases, respectively; γ is the 
surface tension of  the medium (γ = 0.072 N/m)124 r

M
 and r

A
 are the radius measured by 

the surface curvature in the normal direction to the interface in liquid (medium) and gas 
(air) phases, respectively.

The volume of  fluid (VOF) technique, which has been introduced in previous 
studies, was used for tracking the medium-air interface during shaking122,123. In each 
computational finite volume at the interface, the continuity and momentum equations 
were solved based on the modified definition of  the fluid properties P: 

 (3)

where PM and PA are the properties of  medium and air (i.e. density and dynamic 
viscosity), αM and α A are the volume fraction of  medium and air, respectively 123,124.

Figure 2.1. Design of  the DiaD and the computational mesh. A 3D representation of  the computational 
mesh used to model the different geometries, varying the inner (d) and outer (D) diameter. The coordinate 
system denotes the reference frame of  the mesh.
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The dish wall was rigid with a no-slip boundary condition. The WSS τ on substrate of  
the dish was calculated by 

 (4)

where, u is the fluid velocity parallel to the substrate and z is the distance to the substrate 
in coordinate O’ (fig. 1). 

The fluid domain was meshed by hexahedral elements with a size of  1500 μm, with D 
the outer diameter and d the inner diameter of  the DiaD (figure 2.1). When modeling 
dishes without an inner dish d was set to 0. As dish dimensions standard culture dishes 
were used. In contrast to what the product name suggests (35, 60, 100 or 150 mm), 
the actual diameters of  these dishes (35, 56, 89 and 134 mm respectively) were used 
for the mesh. Transient analysis was used in the simulation with a time step of  0.01 
second for a whole-time length of  4.0 seconds. Finally, the CFD model was solved by 
a finite volume method (FVM) using ANSYS CFX (ANSYS Inc., PA, USA) under the 
convergence criteria of  root-mean-square residual of  the mass and momentum < 10-4. 

For each dish the radial shear stress distribution was normalized between d and D. All 
elements were divided into 20 groups based on their radial position, resulting in a time 
averaged shear stress distribution for each radial position. From this the maximum (τ

max
) 

and average (τ
mean

) shear stress were analyzed. Next the oscillatory shear index (OSI) in 
the main shear direction was determined for each radial position using 

 (5)

The main shear direction was defined by the sum of  all shear stress vectors at each 
radial position. For this all vectors were first translated based on their radial coordinates. 

2.2.2 Experimental approach
DiaD fabrication
To make the dish-in-a-dish system a small culture dish was mounted in a larger dish 
using polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) using standard culture 
dishes of  60- and 150-mm diameter. The rim of  inner dish was dipped in PDMS  
pre-polymer (10:1 w/w ratio of  PDMS to curing agent) and placed in the center of  the 
large culture dish. The PDMS was cured overnight at 65°C. Afterwards the DiaD was 
stored until further use. 

Cell culture
Pooled human umbilical vein endothelial cells (HUVEC, Lonza) were cultured in 
endothelial growth medium, supplemented with growth factors (EGM-2 bulletkit, 
Lonza). The cells were subcultured upon 80% confluence and medium was changed 
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every 2-3 days. The cells were used until passage 5. All cell cultures and experiments 
were performed at 37°C and 5% CO

2
 in a humidified incubator. 

Shear stress experiments
The DiaD was sterilized with 70% ethanol for 30 minutes under UV light. Afterwards 
the dish was rinsed twice with phosphate buffered saline (PBS, Sigma Aldrich). 
After sterilization the DiaD was coated with collagen IV in PBS (0.85 μg/cm2) for 1 
hour at 37°C and afterwards washed with PBS once. HUVEC were seeded at 25,000  
cells/cm2 density in the DiaD and grown to a monolayer. Upon confluence the medium 
was replaced with 35 ml (corresponding with 3 mm) medium and the DiaDs were fixed 
on a horizontal orbital shaker (Yellowline OS 10 Basic, IKA GmbH) in the incubator. 
Shear stress was generated by shaking the DiaD at 200 rpm for 24 hours. The static 
controls were cultured in the same incubator. 

After 24 hours the mechanically loaded cells and their respective static controls were 
imaged using an EVOS system (Thermo-Fisher). Afterwards the cells were washed 
twice with PBS and removed from the dish by scraping. The cells were collected in 
PBS and spun down at 150g for 5 minutes. The pellet was lysed in RLT buffer (RNeasy 
kit, Qiagen) and stored at -80°C for gene expression analysis. All experiments were 
performed in three experimental replicates. 

Gene expression analysis
RNA was isolated using the Qiagen RNeasy kit according to manufacturer’s instructions 
and as previously described129. For each sample 250 ng of  RNA was synthesized to 
cDNA by using M-MLV reverse transcriptase (Invitrogen). Reference gene stability was 
tested for six different genes, analyzed by GeNorm130, and GAPDH was selected as the 
most stable reference gene. The PCR protocol consisted of  a 3 min 95°C incubation, 
followed by  40 cycles of  20 s at 95°C, 20 s at 60°C and 30 s at 72°C. Data were analyzed 
using the ΔΔCt method. The primer sequences can be found in supplemental table 2.1. 
The GAPDH primer was purchased from PrimerDesign. 

Statistical analysis
All experiments were performed in triplicates as three independent experiments. Data 
is presented as the mean +/- standard deviation. Statistical significance between the 
static and flow conditions was evaluated with a student t-test using GraphPad Prism 6 
software, p<0.05 was considered significant. 

2.3 Results

To compare DiaD to the single dish on an orbital shaker setup, we first modeled the 
most commonly used 6-well plate (35 mm), the largest dish available (134 mm) and a 
DiaD design of  a 134 mm dish with a 56 mm dish as insert (134/56) (figure 2.2, see 
supplemental table 2 for all dimensions and surface area). For the 35 mm wells of  the 
6-well plates the highest shear stress value at any point in an orbit was τ

max
 = 0.81 Pa, 
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found at the edge of  the dish. The τ
max

 of  the 134 mm was lower (0.31 Pa), but the 
134/56 dish yielded equally a high τ

max
 (0.85 Pa) (figure 2.2B). The oscillatory shear 

index (OSI) in the large dish without insert was around 0.35 on average. Largest OSI 
values for the 35 mm dish were found at the inner edge, together with a low τ

max
 and a 

net shear stress (τ
mean

) that was close to 0 (supplemental figure 2.1). The combination of  
τ

max
, τ

mean
 and OSI in the center of  the 35 mm dish indicates a turbulent flow pattern. 

This combination of  turbulent flow parameters was not found in the 134/56 DiaD 
design. Taken together these data support the notion that it is preferable to use a DiaD 
platform over a 6-well plate in order to avoid a turbulent flow profile. 

Next, we analyzed the shear stress distributions in other DiaD designs that can be made 
out of  standard culture dishes (figure 2.3). The resulting DiaD designs were divided into 
three groups: narrow (134/89 and 89/56), intermediate (134/56 and 89/35) and wide 
(134/35) sized designs (figure 2.3).The τ

max
 of  the narrow DiaDs is 0.40 and 0.28 Pa, 

with low variation across the DiaD (figure 2.3B). The intermediate sized DiaDs both 
had a high τ

max
 (0.85 Pa) at the inner edge, but this decreased towards the outer edge. 

Figure 2.2. Comparison of  shear stress distribution in different dishes and the DiaD. (A) Heat map of  the 
shear stress distribution in a six well plate (35 mm), a 15 cm dish (134 mm) and a DiaD (134/56). The dishes 
are scaled to equal size for shear stress comparison between dishes and the colored shear stress scale ranges 
from 0 to 0.6 Pa to display all shear stress distributions. For all situations a 3 mm fluid height, 200 rpm 
rotational speed and a 10 mm orbit was used. (B) Maximum shear stress levels as a function of  the radial 
position in the dish or DiaD. (C) Oscillatory shear index (OSI) as a function of  the radial position in the dish 
or DiaD. 
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The largest design, the 134/35 DiaD, yielded a maximum τ
max

 of  0.53 Pa. The OSI of  
all designs with a 134 outer dish reached 0.35 as a maximum (figure 2.3C). When the 
outer dish was smaller, a lower OSI was found (0.19 and 0.11 for 89/35 and 89/56 
respectively). For further analysis we tested the narrow and intermediate sized DiaDs. 
This selection was based on the large τ

max
 that could be reached in the intermediate 

sized DiaD and the low variation in τ
max

 in the narrow dishes. In both cases the largest 
dish was used (134/56 and 134/89) since these offer the largest culture area. 

The most commonly used orbital shakers have an orbit diameter of  10, 19 or 25 mm. 
Therefore, we characterized the shear stress distribution in the DiaD on these orbital 
shakers. In general, the τ

max
 increased with increasing orbit size (figure 2.4A). The 

variation in τ
max

 is lowest when the DiaD was placed on an orbit of  10 mm. For the 
25 mm situation the variation of  the τ

max
 throughout the dish was high, with low shear 

stress values close to zero at the inner dish and up to 2.5 Pa in the center of  the culture 
area. A similar distribution in τ

max
 was found for the 134/56 dish on a 19 mm orbit. 

Figure 2.3. The effect of  DiaD design on the distribution of  wall shear stress. (A) Graphical representation of  
the shear stress distribution of  different DiaD designs. The dish size is scaled to actual size. Dish dimensions 
are written as outer/inner dish diameter in millimeters. The graphical shear stress distribution scales to 
maximal 0.6 Pa to display the distributions in all designs. For the calculations a 3 mm fluid height, 200 rpm 
rotational speed and a 10 mm orbit was used. (B) Maximum shear stress levels as a function of  the radial 
position in the DiaDs. (C) OSI as a function of  the radial position in the DiaDs.
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The 134/89 design displayed lower variation in τ
max

 and comparable values with the 
results on the 10 mm orbital shaker. The heat map of  the shear stress distribution of  the 
134/56 and 134/89 designs at different orbit sizes can be found in supplemental figure 
2.2. The OSI in the dishes on a 10 mm orbit was comparable, with a maximum of  0.35 
(figure 2.4B). For the other orbit sizes, the OSI differed between the dishes. The 25 mm 
orbit resulted in 0.45 and 0.56 indexes for the 134/56 and 134/89 dishes. The variation 
in shear stress direction on the 19 mm shaker was lowest for the 134/89 design. Taken 
together, on the 10 mm orbital shaker the 134/56 outperformed the 134/89 design based 
on shear stress magnitude. On the 19 mm orbital shaker the 134/89 dish outperformed 
the 134/56 dish, based on the τ

max
 distribution and OSI. For that reason, these two 

dishes were further characterized on a 10 mm and 19 mm orbit respectively. Because of  
the high variation in τ

max
 and OSI, the 25 mm orbit was not further characterized. 

Next, we tested the effect of  orbital speed on the shear stress distributions. For both 
dishes τ

max
 increased when the orbital speed increased stepwise from 100 to 200 rpm 

(figure 2.5). The shear stress distribution heat map in the DiaD of  different orbital speeds 
can be found in supplemental figure 2.3. Interestingly, the OSI peaked at 125 rpm for 
both dishes. The OSI distribution for the 134/56 dish on a 10 mm orbit was similar for 
the 150 and 200 rpm situation. When rotated at 100 rpm the OSI was lowest, coinciding 
with the lowest τ

max
. For the 134/89 dish on the 19 mm orbital shaker presented low 

OSI values (up to 0.25), with the exception of  the 125 rpm situation. From these data 
was concluded that 200 rpm is the most appropriate orbital speed for both dishes. 

Figure 2.4. The effect of  orbit size on shear stress distribution in the 134/56 and 134/89 design. (A) 
Maximum shear stress level at each radial position for the 134/56 and 134/89 DiaD on an orbital shaker with 
an orbit diameter of  10, 19 or 25 mm. For the calculations a 3 mm fluid height and 200 rpm rotational speed 
was used. (B) OSI as a function of  the radial position. 
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Figure 2.5. The influence of  rotational speed on shear stress distribution. (A) Maximum shear stress level 
at each radial position for different orbital velocities in the 134/56 (10 mm orbit) and 134/89 (19 mm orbit) 
DiaD on an orbital shaker. For the calculations a 3 mm fluid height was used. (B) OSI as a function of  the 
radial position. 

Figure 2.6. The influence of  fluid levels in the DiaD on shear stress distribution. (A) Maximum shear stress 
level at each radial position with different starting fluid heights in the 134/56 (10 mm orbit) and 134/89 (19 
mm orbit) DiaD on an orbital shaker. For the calculations a 200 rpm orbital speed was used. (B) OSI as a 
function of  the radial position.
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The last parameter we tested was the effect of  fluid height on the shear stress distribution. 
In both dishes we characterized the shear stress distribution for a fluid height of  2, 3 and 
4 mm. In general, more fluid lead to a higher shear stress magnitude (figure 2.6). In the 
134/56 dish the 2 mm situation lead to a τ

max
 of  0.34 Pa with little variation across the 

DiaD. Both 3- and 4-mm height displayed higher shear stress values of  0.85 and 1.07 

Figure 2.7. Endothelial cell response to shear stress experienced in the DiaD system. (A) Graphical 
representation of  the net shear stress vector in a 134/56 DiaD at 200 rpm, 10 mm orbit, and 3 mm fluid 
level. (B) Representative widefield images of  ECs at different positions in a 134/56 DiaD after a 24-hour 
culture period under flow. The ECs align in the direction of  the net flow direction. (C) Quantification 
of  the cellular alignment using the ImageJ directionality plugin. (D) Gene expression levels of  shear 
stress responsive genes eNOS, COX2, and KLF2 in endothelial cells under static and flow conditions. All  
shear-sensitive genes demonstrate a significant increase in gene expression in response to shear stress 
compared to the static controls. Error bars are defined as the standard deviation. Significance is indicated at 
*p<0.05 and *** p<0.001.
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Pa respectively. The τ
max

 distribution across the dish was similar for the 3- and 4-mm 
situation. The heat maps of  the shear stress distribution in the DiaD with different fluid 
heights can be found in supplemental figure 2.4. The OSI distributions of  the 3- and 
4-mm situation were almost identical. When 2 mm of  fluid was used the variation in 
shear stress direction increased across the DiaD. The effect of  fluid height was similar 
for the 134/89 dish on the 19 mm orbit. There was little difference between 3 and 4 mm 
of  fluid, but the 2 mm situation lead to a shifted variation in τ

max
 and increased OSI 

values up to 0.69. The increase from 3 to 4 mm of  fluid lowered the OSI distribution 
from a maximum of  0.25 to 0.10. Taken together, the 3 mm fluid height is the best 
candidate for both dishes, based on τ

max
 and OSI distributions and considering the 

amount of  medium required. 

To verify the biological response in the DiaD, endothelial cells were exposed to shear 
stress in the DiaD. Since our lab was equipped with a 10 mm orbital shaker, the 
134/56 DiaD was used. Endothelial cells were seeded in the DiaD at 25.000 cells/
cm2 and grown to confluency. As a control endothelial cells were also seeded in a 134 
mm dish, characterized in figure 2.2. Next, the cells were subjected to shear stress on 
the orbital shaker for 24 hours at an orbital speed of  200 rpm and a medium height 
of  3 mm. The cells aligned in response to shear stress all across the DiaD (figure  
2.7A-C). The alignment of  the cells was in agreement with the main shear stress direction 
(supplemental figure 2.5). Despite the lower τ

max
, the cells located at the edge of  the 

dish without insert (134 mm) aligned in the main shear stress direction (supplemental 
figure 2.6). The cells did not align in the center of  the dish. To verify the cellular shear 
stress response in the DiaD, the expression of  known shear stress responsive genes was 
analyzed by qPCR. A significant upregulation of  eNOS (1.7-fold) and COX2 (1.6-fold), 
and a strong upregulation of  KLF2 (7.8-fold) were found (figure 2.7D), compared to the 
static controls.

2.4 Discussion

In this work we characterize different DiaD designs. These platforms can subject high 
number of  cells to shear stress, enabling cell studies that require high cell yield. First, we 
demonstrate that the DiaD can reach equally high shear stress levels as the conventional 
culture dishes. Moreover, the shear stress distribution is improved in the DiaD by 
eliminating the atheroprone shear stress distribution. Analysis of  different DiaD designs 
shows that the narrow and intermediate sized DiaDs outperform the wide DiaD design. 
On the orbital shaker with a 10 mm orbit the 134/56 dish is the best option whereas 
the 134/89 dish is the best candidate for a shaker with a 19 mm orbit. The 25 mm 
orbit shaker is not recommended for further studies with the DiaD because of  the high 
variations in shear stress levels and directions. Further analysis shows that the τ

max
 is 

dependent on the orbital speed and fluid height. In these cases, the 200 rpm and 3 mm 
fluid height are considered the optimal parameters for shear stress studies with the 
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DiaD. The endothelial shear stress response in the DiaD on a 10 mm orbital shaker was 
experimentally verified, validating the DiaD for shear stress studies. 

A commonly used approximation of  the shear stress values on the orbital shaker is the 
extended solution of  Stokes’ second problem                   , where a is the orbit radius, μ  
the viscosity, ρ the medium density and ω the angular velocity117–119,125. As a consequence, 
the shear stress distribution should be uniform distributed across the DiaD and only 
depend on the orbit size and orbital speed. For example, a DiaD on an orbital shaker 
with an orbit diameter of  10 mm and a rotational speed should display a uniform 
shear stress distribution of  0.4 Pa, independent of  fluid height and DiaD geometry. 
The results in our studies argue against this assumption. Our study has shown that 
the shear stress distribution is not only dependent on orbit size and orbital speed, but 
also influenced by geometry and fluid height. The analytical approach is based on the 
assumption that the fluid is unperturbed in the far field, which did not fully consider the 
reality. As a result, the approximation is not valid for the situation where a culture dish 
is placed on the orbital shaker. Moreover, Dardik and colleagues measured the shear 
stress values in a cell culture close to the culture surface dish with ultrasound using 
Doppler velocimetry117. They found that the actual shear stress levels do not match the 
shear stress values estimated by Stokes’ approximation. Later, Thomas et al. used CFD 
modeling to verified these data, but showed that the low shear stress values in a pulsatile 
flow pattern were not captured in the measurement122. 

The DiaD design has been described in literature before, but the shear stresses were 
only described using the analytical solution described above and other parameters like 
geometry and fluid height were ignored125,126. Here, we used a CFD model to simulate 
the fluidic environment within different DiaD designs and calculated the resultant shear 
stress on the substrates of  the devices. This approach is an efficient and accurate method 
for predicting fluid dynamics within orbital shaking devices131. 

A limitation of  the regular culture dishes is that there are areas of  both atheroprone 
and atheroprotective shear stress distributions present in one dish. The atheroprone 
area is at the center of  the dish, where the net shear stress is theoretically zero and 
there is no preferred shear stress direction. In the dishes without an insert we found 
low τ

mean
, τ

max
 and elevated OSI values, indicating the presence of  atheroprone shear 

stress distributions. This is in agreement with what has been reported previously116. 
The introduction of  an inner dish induces the fluid to travel around in an annular dish, 
without inducting an atheroprone zero net shear stress. 

The shear stress response of  ECs in DiaD was verified by gene expression and cell 
alignment in the main shear stress direction. Since we used an orbital shaker with a 
10 mm orbit, the 134/56 design was used. Dekker and others identified and reviewed 
a set of  genes that is upregulated in response to shear stress, specific for human 
vascular ECs. Kruppel-like factor 2 (KLF2), endothelial nitric oxide synthase (eNOS) 
and cyclooxygenase 2 (COX2) are some of  these well-established shear stress responsive 
genes93. All these genes were upregulated, and the cells oriented in the main shear stress 
direction, confirming the DiaD design as a relevant shear stress platform.
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2One parameter that could be considered in future studies is the viscosity of  the medium 
since the shear stress scales directly with the viscosity of  the medium (equation 4). The 
viscosity can be changed when the medium is supplemented with other factors like 
methyl cellulose or xanthan gum132. These polysaccharides can increase the dynamic 
viscosity 4-5 times, leading to higher shear stress levels. This could be of  use when a 
similar distribution but higher shear stress levels are desired. No further simulations 
would be required in this situation since the shear stress scales linearly with the viscosity.

Although the shear stress distributions in the DiaD are improved compared to 
conventional dishes, the orbital shaker still holds some limitations. In the parallel plate 
setup or cone and plate apparatus the shear stress level is very well controlled and both 
steady (atheroprotective) and oscillatory (atheroprone) flow can be imposed to the cells 
at each desired magnitude. With the orbital shaker it is more complicated to control. 
Although improved by the DiaD, all cells are still not exposed to the same flow pattern. 
Shear stress distribution can be controlled by varying the orbital speed and fluid height, 
but to a lower extend than in the other systems. On the other hand, the DiaD enables 
studies that require high number of  cells that are not possible with the conventional 
systems. 

In conclusion, this study characterizes the shear stress distributions in different designs 
of  the DiaD. We demonstrated that the DiaD is an accessible shear stress platform for 
high cellular yield shear stress experiments. We used CFD modeling to determine the 
optimal conditions for orbital shakers with an orbit size of  10 or 19 mm (table 1). This 
DiaD characterization will aid to improve  of  our knowledge of  vascular biology and 
expand our mechanistic knowledge of  shear stress induced response by enabling new 
molecular techniques in endothelial mechanobiology. 
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Table 1. Optimal experimental conditions for a 10 and 19 mm orbital shaker

DiaD design
Orbital speed
Medium

10 mm
134/56
200 rpm
35 ml

Orbit size
19 mm

23,6 ml
200 rpm
134/89
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2.6 Supplementary Information

Supplemental figure 2.1. Net shear stress in the dish and DiaD. Average shear stress value as a function of  
the radial position for the 35 mm dish, 134 mm dish and the 134/56 DiaD. 

Supplemental figure 2.2. Shear distribution controlled by orbit size. Shear stress distribution heat maps 
in the 134/56 and 134/89 DiaD on orbital shakers with an orbit size of  10, 19 or 25 mm. The graphical 
representation scales from 0 to 2.0 Pa to cover shear stress distributions for both high and low rotational 
speeds.
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Supplemental figure 2.3. Shear distribution in the 134/56 and 134/89 DiaD in response to orbital speed. 
Heat maps of  the shear stress distribution in the 134/56 (10 mm orbit) and 134/89 (19 mm orbit) DiaD on 
orbital shakers, swirreled at an orbital speed of  100, 125, 150 and 200 rpm. The graphical representation 
scales from 0 to 1.0 Pa to cover shear stress distributions for both high and low rotational speeds.
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Supplemental figure 2.5. Distribution of  the main shear direction in the 134/56 DiaD on a 10 mm orbital 
shaker at 200 rpm and 3 mm medium. Graphical illustration of  the reference frame of  the main shear stress 
direction. The main shear stress direction is shown as a function of  the radial position in the DiaD. The 
dashed line indicates the orbital direction. 

Supplemental figure 2.4. Shear distribution in the 134/56 and 134/89 DiaD in response to fluid height. 
Shear stress distribution heat maps in the 134/56 (10 mm orbit) and 134/89 (19 mm orbit) DiaD on the 
orbital shaker with a starting medium heigth of  2, 3 or 4 mm culture medium. The graphical representation 
scales from 0 to 1.0 Pa to cover shear stress distributions for both high and low rotational speeds.
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Supplemental figure 2.6. Endothelial cell orientation in the dish or DiaD in response to shear stress. 
Representative images of  endothelial cells in a 134 dish or 134/56 DiaD when exposed to shear stress for 24 
hours. Both dishes were positioned on a orbital shaker with an orbit diameter of  10 mm. The orbital speed 
was 200 rpm and the starting medium height 3 mm. The C and E in the illustration indicate the center (C) and 
edge (E) of  the dish. The scale bar represents 200 μm. 
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Supplemental table 2.1. Primers used in gene expression analysis.

Supplemental table 2. Dish name, measured sizes and surface area. 

Forward
CATCTGAAGGCGCATCTG
CAGCACAAGAGTTATAAGATCCGC
GCACGTCCAGGAACTCCTCA

Reverse
CGTGTGCTTTCGGTAGTGG
GCACTGTCTGTGTTACTGGACT
GGGGTAGGCTTTGCTGTCTG

Gene
KLF2
eNOS
COX2

Dish name dish size [mm] Surface area [cm2]

60 56 24.6
100 89 62.2
150 134 141.0

150/35 134/35 131.4
150/60 134/56 116.4
150/100 134/89 78.8
100/35 89/35 52.6
100/60 89/56 37.6

35 35 9.6
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Abstract

The isolation of  primary endothelial cells from transgenic mice is an invaluable 
procedure to obtain material to study the effect of  disease mutations, cell physiology or 
protein functions in vitro. Several protocols have been described to achieve this from the 
lung, an organ rich in endothelial cells, but cell viability and purity remain an issue to 
improve upon. In this chapter we present the optimization of  a high yield endothelial 
cell isolation protocol for lung tissue. We compared different mixes of  dissociation 
protocols and found that a mix of  0.3 mg/ml collagenase I, II and IV, 1.5 U/ml dispase, 
and 200 U/ml DNase resulted in highest tissue dissociation efficiency (50% after two 
weeks of  culture). We further observed that incomplete dissociation correlated with 
contaminations after isolations with magnetic beads. FACS sorting demonstrated to be 
a more efficient sorting procedure as endothelial cells could be separated from other 
cells at high resolution. We found that reduced handling time is essential for endothelial 
cell survival after FACS sorting. Although current results did not allow prolonged 
culture time due to impurities and limited survival after FACS sorting, the presented 
work provides important insight in tissue dissociation and cell sorting for future in 
endothelial cell isolation. 
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3.1  Introduction

Endothelial dysfunction is associated with dysregulated tissue development40,50,133,134 
and plays an important role in both congenital and acquired diseases110,135,136 or hampers 
development. Various knockout mouse models have been developed to study the effect 
of  (endothelium-associated) genetic mutations on endothelium (dys)function. For 
instance, apolipoprotein E knockout mice to model atherosclerosis, or Jagged1 knockout 
mice to study the role of  Jagged1 signaling in vascular development40,137. 

The most important method to study genetic dysfunction in endothelial cells in vivo 
is through post-mortem histology. Another readout that is commonly used is gene 
expression analysis. Initially, researchers concentrated on global gene expression, but 
nowadays single cell sequencing has emerged. This is a valuable tool to study gene 
expression on a single cell level and can reveal regulatory relations between genes138,139. 
Nevertheless, in vivo experiments limit experimental control at the cellular level and 
preclude several additional analyses. When studying subcellular protein localization or 
protein interactions, in vitro studies are required. To study and manipulate endothelial 
cells with great detail, it is essential that they are isolated and taken into culture. The in 
vitro setting allows for cocultures or functional studies that are not possible in vivo. 

A common source of  mouse endothelial cells is lung tissue, as this is the organ containing 
the largest number of  endothelial cells. For lung endothelial cell isolations, the cells 
need to be liberated from the tissue and purified. The gold standard is to first mince 
the tissue manually followed by an enzymatic digestion to release the cells from the 
extracellular matrix140,141. The most commonly used dissociation method is collagenase 
digestion142–148, for which different concentrations (0.1-1.0 mg/ml) and digestion times 
(30-75 min) have been reported. This digestion solution is occasionally supplemented 
with dispase and/or DNase149–152. Afterwards, the endothelial cells are further purified 
from the cell suspension using magnetic beads that are coated with antibodies against 
endothelial markers such as CD31 (PECAM1) and CD102 (ICAM2) 141,153,154. 

Many different groups have studied primary lung endothelial cells. The cells are often 
analyzed immediately after isolation or kept in culture for a limited time as isolation 
of  a pure cell population is challenging142. Each isolation holds the risk of  introducing 
contaminations by other cell types, depending on the efficiency of  the isolation. Once 
in culture, contaminations can quickly overgrow the endothelial cell population, 
resulting in an impure population. This is especially troublesome when large numbers 
of  endothelial cells are required. The goal of  this chapter is to optimize murine lung 
endothelial cell isolation such that it leads in a pure cell population that can be expanded 
for multiple passages without risking overgrowth by undesirable cell types. 
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3.2 Methods

Mouse maintenance
All animal experiments were approved by Stockholms Norra Djurförsöksetiska 
nämnd (Stockholm animal research ethics board, ethics approval numbers: N149/14 
and N60/16) and carried out in accordance with local rules and regulations. Mouse 
lines (mixed C3H/C57bl6 background) with a loxP-flanked tdTomato in combination 
with a VE-cadherin driven Cre-recombinase were a kind gift from the Göritz lab at the 
Karolinska Institute. 

Bead preparation
Prior to the isolation, antibodies were coupled to magnetic beads. For this, 200 μl of  
Dynabeads sheep anti-rat IgG (cat. no. 11035, ThermoFisher Scientific) were washed 
three times in 0.1% bovine serum albumin (BSA, Roche) in phosphate buffered saline 
(PBS, ThermoFisher) and resuspended again in 200 μl 0.1% BSA in PBS. Each washing 
step included placing the tube on the magnet, removal of  the liquid without disturbing 
the beads and resuspending the beads when taken off  the magnet. Afterwards 10 μl 
of  rat anti-mouse CD31 (cat. no. 553370; BD PharMingen) or rat anti-mouse CD102 
antibody (cat. no. 553326; BD PharMingen) was added and incubated overnight at 4°C 
under constant rotation. The next day the beads were washed again with 0.1% BSA in 
PBS and stored in 200 μl 0.1% BSA in PBS at 4°C until use. Antibody coupled beads 
were kept in storage for a maximum of  14 days. 

Lung isolation and dissociation
Mice were euthanized between 5 and 7 days after birth by decapitation. Afterwards, the 
lungs were dissected from the mouse, stored in ice-cold Hank’s balanced salt solution 
(HBSS, ThermoFisher Scientific), and transported from the animal facility for isolation. 
The lungs were first minced into small pieces (< 1 mm2) with ethanol-sterilized scissors. 
For each pair of  lungs, a clean pair of  scissors was used. The minced lung tissue 
was collected in HBSS and digested for 45 minutes at 37°C. For tissue dissociation, 
the enzymes collagenase I (cat. no. LS004194, Worthington), collagenase II (cat. no. 
LS004174, Worthington), collagenase IV (cat. no. LS004186, Worthington), dispase 
(cat. no. LS02100, Worthington) and DNase I (cat. no. LS002004; Worthington) were 
used in HBSS. Unless stated otherwise, the tissue was digested using a 0.2 mg/ml 
collagenase II in HBSS (dissociation medium) for 30 minutes under constant agitation 
at 37°C. To break down the tissue further, the lung pieces in dissociation medium 
were triturated through a 21G needle for at least 10 times. Afterwards, the suspension 
was passed through a 70 μm cell strainer. Subsequently, the cells were spun down at 
150g for 5 minutes. The cells were resuspended in base medium (Dulbecco’s modified 
eagle medium (DMEM) high glucose (cat. no. 11965-092; ThermoFisher Scientific), 
supplemented with 1% penicillin/streptomycin (Lonza)). 
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Endothelial cell isolation and culture
The endothelial cells in base medium were collected in Eppendorf  tubes and mixed 
with 20 μl of  CD31-coated Dynabeads. This mixture was incubated at 4°C under 
constant rotation for 30 minutes. Meanwhile, for cell seeding a 6-well plate was coated 
with gelatin (Sigma-Aldrich) by incubating each well with 2 ml of  0.1% gelatin in 
demiwater for 15 minutes at room temperature. After incubation the tubes were placed 
in the magnetic separator, leading to accumulation of  bead-coated cells on the magnet 
side of  the tube. The supernatant was removed and bead-coated cells were collected 
in base medium. This washing procedure was repeated twice. When sorting, the cells 
were resuspended in 2% FBS in HBSS and transported directly to the FACS facility. For 
culture the cells were resuspended in endothelial growth medium (cat. no. CC-3162, 
Lonza) and plated in gelatin-coated 6-well plates, one well per animal. The cells were 
cultured in a humidified incubator at 37°C and 5% CO

2
 gas pressure. Medium was 

changed every 2-3 days. 

Endothelial cell purification 
To further purify the isolated endothelial cells with an additional sorting step, confluent 
cells were detached using trypsin–EDTA (ThermoFisher Scientific). The cells were then 
spun down at 150g for 5 minutes and resuspended in 1 ml of  base medium. Next, 20 μl 
of  CD102 coated beads was added mixed in and the cells were incubated with the beads 
for 15 minutes at 4°C under constant rotation. Afterwards the cells were purified using 
a magnetic separator as described before and seeded in gelatin coated 6-well plates. The 
cells were cultured in a humidified incubator at 37°C and 5% CO

2
 gas pressure. 

Immunohistochemistry
Mouse aorta and lungs were fixed overnight in 4% formaldehyde (Merck) at 4°C. The 
next day, the tissue was washed in PBS and incubated in 30% sucrose until it was fully 
perfused. Afterwards the tissues were embedded in Tissue-Tek (cat. no. 4583, Sakura), 
frozen on dry ice and sectioned in 10 μm sections. Tissue sections were permeabilized 
with 0.1% Triton X-100 for 15 minutes and blocked with 4% donkey serum (cat. no. 
D9663; Sigma-Aldrich). The sections were stained for CD31 overnight at 4°C using a 
rat anti-mouse antibody (cat. no. 550274; BD PharMingen), 1:100 dilution. The next 
day the sections were washed three times with 0.1% BSA in PBS and stained with an 
Aledxa488 conjugated donkey anti-rat antibody (cat. no. A-21208, ThermoFisher), 
1:500 dilution. Next the sections were washed three times with 0.1% BSA in PBS 
and the nuclei were stained with DAPI (ThermoFisher), 1:1000 dilution. Finally, the 
sections were washed three times with 0.1% BSA in PBS and mounted with Vectashield 
(cat. no. H-1000; Vector Laboratories). 
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Microscopy
Live cell imaging with brightfield was performed using an EVOS Imaging System (Life 
Technologies). All fluorescent images were acquired with a Zeiss Axiovert, equipped 
with a Hamamatsu camera (C11440-22CU, Hamamatsu). 

FACS sorting
All cells in this study were sorted using the FACS Aria III (BD Sciences). When sorted 
directly after dissociation the cells were resuspended in 2% FBS in HBSS. In the first 
sorting procedures a 100 μm nozzle was used, matching a 20 PSI sheath pressure. The 
cells were collected in 2% FBS in HBSS at 4°C. When the digestion and sorting protocol 
was improved the cells were first enriched for CD31 positive cells and expanded. Upon 
confluence in a T75 flask the cells trypsinized and resuspended in 2% FBS in HBSS. 
The cells were subsequently sorted using a 130 μm nozzle, matching a sheath pressure 
of  10 PSI. The cells were collected in 2% FBS in HBSS at 4°C. After sorting all cells 
were seeded in gelatin coated 12-well plates. 

3.3 Results

Endothelial cells are inducibly fluorescent using Cre-recombinase 

A mouse model was established with endothelial specific, inducible expression 
of  tdTomato, a red fluorescent protein. To achieve this, we used mice that had a  
tamoxifen-inducible Cre-recombinase (CreERT2) under regulation of  the promotor of  
the Cdh5 gene, also known as VE-cadherin, in its genome155,156. These mice were then bred 
with mice containing a loxP-flanked tdTomato to establish a Cdh5-CreER tdTomatolox/lox 
mouse line. After injecting the mice with tamoxifen, the CreERT2 was only activated in 
VE-cadherin expressing cells, resulting in endothelial specific recombination. This was 

Figure 3.1. The recombination of  tdTomato is endothelial specific. Staining of  tissue sections of   
Cdh5-CreER tdTomatolox/lox mice of  (A) aorta and (B) lung for CD31 in green and nuclei in blue. The 
tdTomato expression in red is endothelial specific. Scale bar represents 100 μm.
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confirmed by staining mouse lung and aorta for CD31, demonstrating colocalization with 
the tdTomato (figure 3.1 and supplemental figure 3.1). The high number of  tdTomato 
positive cells in demonstrates the high degree of  vascularization in the lung tissue  
(figure 3.1). 

Magnetic bead sorting does not result in pure endothelial cell populations

In this work we isolated endothelial cells from lungs of  5-7-day old mice. The cells 
were liberated from the tissue using collagenase II. Collagenase II was used since it 
is a commonly used enzyme for lung dissociation. After dissociation the cells passed 
a 70 μm cell strainer to remove remaining tissue fragments. When collected after 
isolation, we sorted the endothelial cells from the cell suspension using CD31 coated 
magnetic beads. One day after isolation, a subpopulation of  the cells colocalized with 
high number of  beads (supplemental figure 3.2, white arrows), whereas other cells had 
little to no beads covering the cells (supplemental figure 3.2, black arrows), possibly 
indicating non-specific labeling. 

Expanding the cells in culture generally led to overgrowth of  the endothelial cell 
populations by other cells, mainly fibroblasts based on their morphology (figure 
3.2A). Therefore, upon confluence, the cells were further purified using CD102 coated 
magnetic beads. This initially increased the number of  cells that exhibited cobblestone 
morphology. However, the portion of  these cells dropped again after four days of  culture 

Figure 3.2. Magnetic bead isolation does not result in pure endothelial cell population. (A) Representative 
combined phase-contrast and fluorescent image of  endothelial cells isolated using CD31 coated magnetic 
beads. All cells are visible by widefield, only the endothelial cells are shown in red. (B) Representative  
phase-contrast image of  an endothelial cell population purified for CD102 positive cells. The magnetic beads 
are visible in dark brown. Scale bars represents 100 μm.
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(figure 3.2B). These data demonstrate that the isolation protocol using magnetic beads, 
does not result in a pure endothelial cell population. 

FACS sorting is valuable for sorting endothelial cells, but timing and 
dissociation are important factors to optimize

As the endothelial cells express tdTomato, we next explored sorting the cells based 
on fluorescent intensity. FACS analysis showed that the endothelial cell population 

Figure 3.3. FACS can sort the endothelial cell population, but it is harmful for the cells. (A-B) FACS scatter 
plot of  cells liberated from lung tissue. Non-injected control cells are shown in (A), tamoxifen treated cells in 
(B). (C) Representative fluorescent image of  the cells dissociated from lung tissue. Endothelial cells are shown 
in red and all nuclei are shown in blue. Scale bars represents 200 μm.
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could easily be discriminated from the non-recombined controls (figure 3.3A-B). 
FACS gating strategy is shown in supplemental figure 3.3. Cell suspensions that were 
sorted directly after tissue dissociation yield between 15-20% of  endothelial cells. 
However, when cells were kept on ice for a short period of  time (15-30 minutes), the 
population of  live tdTomato positive cells rapidly reduced to levels below 5-10% of  
all live cells. Independent of  the time on ice, almost no cells that were sorted directly 
after dissociation survived the procedure (figure 3.3C). In contrast, the cells plated from 
the pre-sort cell suspension did survive, indicating that cell death was a result of  the 
sorting procedure. Notably, the endothelial cells in the unsorted cell population one day 
after plating appeared in cell patches, and not as single cells. This indicates that the 
dissociation of  the lung tissue did not result in a single cell suspension, despite making 
use of  a cell strainer. 

Figure 3.4. DNase I improves tissue dissociation. (A) Cell pellet after dissociation with collagenase or 
collagenase supplemented with DNase I. The addition of  DNase I prevents the formation of  a viscous 
substance, indicated by the red arrow. (B) Representative image of  endothelial cells isolated with CD31 
coated magnetic beads in the presence or absence of  DNase I. Cell patches of  endothelial cells are smaller 
when DNase I was added. The recombined endothelial cells are shown in red, the nuclei in blue. Scale bars 
represent 200 μm.
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Combining collagenases, dispase and DNase improves dissociation efficiency

To further optimize the FACS sorting, different variables were investigated in the 
bead isolation. First the tissue dissociation was optimized in three stages, to reduce 
the number of  non-dissociated tissue fragments and/or cells. To improve liberation, 
DNase (200 U/ml) was added to the collagenase II dissociation medium. The DNase 
supplement led to a better tissue dissociation (figure 3.4), although the isolated, unsorted 
cell population still contained (non-dissociated) patches of  endothelial cells. To further 
increase the isolation efficiency, the collagenase II dissociation medium was additionally 
supplemented with dispase (5 U/ml), a protease cleaving fibronectin, collagenase I 
(1 mg/ml), and collagenase IV (1 mg/ml). Different enzyme concentrations (100%, 
30% and 10%) were compared to determine the optimal conditions. The cell yield of  
the collagenase II-only group was highest, but the percentage of  endothelial cells was 
lowest in this group. Combining the different dissociation enzymes with a lower enzyme 
concentration (10% and 30%) led to improved endothelial cell purity, demonstrated by 
both microscopy (figure 3.5) and FACS (supplemental figure 3.4). As a third step, the 
optimal dissociation time was determined. The lung tissue was digested for 15, 30, 45 
and 60 minutes in the optimized dissociation mixture. Based on microscopy images it 
was concluded that a minimal digestion time of  30 minutes is required (figure 3.6). In 
these situations, the number of  positive cells is higher and number of  cell connected 
in endothelial patches (white arrow) is lower. Longer digestion times did not greatly 
improve the dissociation. The number of  cells isolated from lung a single animal using 
the 30% enzyme mixture for minimal 30 minutes was found to vary between 5·105 and 
106 cells after two weeks of  culture.  

Figure 3.5. Tissue dissociation is most efficient with a 0.3% collagenase and 1.5 U/ml dispase dissociation 
solution. (A) Representative images of  recombined endothelial cells isolated with CD31 coated magnetic 
beads in different dissociation solutions. As a dissociation solution a combination of  collagenases and dispase 
at different concentrations or only collagenase II was used. The concentration of  collagenases was 1 mg/ml 
and for dispase 5 U/ml for the highest concentration (100%) or a fraction of  the highest concentration was 
used. The recombined endothelial cells are shown in red, the nuclei in blue. (E) Quantification of  the number 
of  tdTomato positive cells per field of  view (n=15). Scale bars represent 200 μm.
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Timing is crucial when sorting endothelial cells by FACS

In order to have sufficient endothelial cell yield, the time the cells are in suspension has 
to be limited. Although others have reported successful isolations of  endothelial cells by 
FACS141,142,157, including prolonged incubation on ice, we were unable to collect viable 
cells after FACS sorting when the cells were kept on ice. Lowering potential cell stress 
by reducing flow speed, nozzle size/sheath pressure or changing collection medium did 
not result in a live endothelial cell culture. 

To improve the initial endothelial cell concentration, and reduce sorting time, the 
cells were first isolated with CD31 coated magnetic beads. Afterwards the cells 
were expanded in 6-well plates and later subcultured to larger culture vessels. When 
confluent sufficiently large numbers of  endothelial cells were available for sorting as 
the number of  cells is too low for FACS sorting directly after isolation. For sorting the 
flow speed and sheath pressure were as low as possible, minimizing potential cell death 
by the sorter. The FACS analysis showed two distinct cell populations with different 

Figure 3.6. Tissue dissociation requires at least 30 minutes. (A-D) Representative images of  recombined 
endothelial cells isolated with CD31 coated magnetic beads. Lung tissue was dissociated with collagenase II 
for 15, 30, 45 or 60 minutes respectively. The recombined endothelial cells are shown in red, the nuclei in blue. 
The white arrows indicate endothelial cells that were not fully dissociated and formed endothelial patches. 
Scale bars represent 200 μm. 
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red fluorescent intensity, again indicating that the recombination was successful in 
a subpopulation (figure 3.7A). Also, under these conditions timing was crucial for 
success. Cells that were plated directly after sorting survived (figure 3.7B), whereas 
cells that were plated 15 minutes later did not survive (figure 3.7D). The combined data 
from different procedures all indicated that endothelial cells in suspension are extremely  
delicate/short-lived.

Figure 3.7. Timing is crucial for FACS sorting of  endothelial cells. (A,C) Representative FACS plots of  
recombined endothelial cells that have been expanded in culture after isolation with CD31 coated magnetic 
beads. Cells were directly sorted (A) after trypsinization or (C) 15 minutes later. (B,D) Widefield image of  
endothelial cells plated (B) directly after sorting or (D) 15 minutes after sorting. 
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3.4 Discussion and recommendations

Our results showed that a pure isolation of  murine lung tdTomato expressing endothelial 
cells can be achieved by FACS sorting. Tissue dissociation did not lead to a single cell 
suspension. Consequently, isolation by magnetic beads (MACS) led to contaminations 
by other cell types. Since endothelial cells are fragile in suspension, an endothelial rich 
cell population was isolated by MACS. After expansion of  the mixed population the 
endothelial cells were sorted by FACS. Sorting by FACS required immediate plating 
of  the cells after sorting. Too long in suspension after sorting is harmful for the cells. 
Sorting of  the endothelial cells by magnetic beads did not result in a pure population 
of  endothelial cells. As we found that tissue dissociation did not result in a full single 
cell suspension, this likely plays a role in the impurities. Another factor involved is the 
binding of  the beads to the cells. Some cells showed complete coverage of  the beads, 
whereas other cells were sparsely covered. This could either mean that some cells 
display low CD31 levels, or that the beads bind in a non-specific manner to these cells. 
For magnetic bead sorting non-specific binding is a potential source of  contaminations. 
When cells are sorted based on their fluorescence, this issue can be circumvented by 
selecting only cells with high fluorescent intensities. 

Seeding of  the pre-sort cell suspension demonstrated that the dissociation of  lung tissue 
and liberation of  individual cells was not complete. Next to single cell endothelial 
cells, patches of  endothelial cells were found one day after isolation. From this was 
concluded that the tissue dissociation should be improved. Alternatively, one could 
argue that endothelial cells proliferated. Although endothelial cells grow collectively as 
they need cell-cell contact, these cells do not have the potential to grow that fast to 
monolayer as big as tens of  cells. By combining collagenases, dispase and DNase the 
tissue dissociation was improved. The addition of  DNase prevents the formation of  
a viscous network, most likely caused by the entanglement of  DNA dead cells. The 
dispase is a protease that cleaves fibronectin and collagen IV, both components of  the 
basal lamina. It is reasonable to assume that disruption of  the basal lamina by dispase 
aids in dissociation. 

From live cell imaging we found that the total number of  cells isolated was reduced, 
but the concentration of  endothelial cells was increased. This is likely caused by the 
depletion of  many non-specific isolated cells. Optimization of  enzyme concentrations 
and digestion times led to a protocol that yielded a sufficiently high concentration of  
endothelial cells to accelerate FACS sorting, reducing their time in suspension. 

To further enhance the purity of  the endothelial cell population one could aim to 
remove fibroblasts from the culture. By differential seeding or trypsinization one uses 
the difference in adhesion speed and strength to purify the cell populations. This 
approach was tested, but found to be ineffective for our cells. Alternatively, one could 
try to lyse the fibroblasts. For red blood cells this is a commonly used approach when 
isolating from vascular tissue and blood72,158. There is a commercial product available 
that should specifically prevent overgrowth of  fibroblast-like cells. In this work fibroblast 
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lysis was not considered since endothelial cells are fragile cells and tampering with the 
cell suspension like leads to reduced numbers of  endothelial cells. 

During FACS sorting endothelial cells are introduced into a fluid sheath that in turn 
results in droplets for sorting. The sorting speed is dependent on the sheath pressure, a 
high pressure enables a higher sorting speed. To lower the cell stress, the sheath pressure 
was set to a minimum. As a result, the sorting procedure took longer, in turn leading to 
a longer period in suspension. To reduce the damaging passage through the FACS sorter 
alternative methods can be used. A prime candidate for this is the use of  microfluidic 
techniques. In microfluidic chips the cells are sorted using disturbance of  flow patterns. 
This prevents introducing them in a flow sheath and the subsequent stress the cells are 
exposed to. These chips are able to sort the cells at kHz frequencies159–161, matching 
FACS sorters at high speed162. 

Taken together this chapter shows that the isolation of  viable and pure murine 
lung endothelial cells is not as straightforward as presented in literature163. Tissue 
dissociation with only collagenase II, as presented throughout literature140,143,145,154,164, 
was unsuccessful in our hands. For the isolation of  endothelial cells with magnetic 
beads it is crucial to start with a single cell suspension. Incomplete dissociation leads 
to contamination with non-EC cells that rapidly overgrow the desired endothelial 
population. Supplementing the dissociation mixture with other enzymes did improve 
purity by 2-3-fold, based on microscopy and FACS data (purity up to 50% after 
two weeks of  culture). This purity is however still insufficient when cells need to be 
expanded. One could of  course sacrifice more animals, and use the cells directly after 
isolation when the purity is highest. However, the goal of  any researcher involved in 
animal work should be to reduce the number of  animals. Moreover, a pure population 
can be used in experiments in facilities without access to primary animal tissue. 

In the light of  the reduction of  the number of  animals used, reproducibility should be 
discussed. To reduce the numbers of  animals used, we did not repeat every optimization 
step in triplicates when the outcome was already known from other experiments. For 
example, the tissue dissociation was significantly improved the purity of  the isolations 
following the identification of  the digestion mixture, compared to previous isolations. 
The other digestion mixtures were not tested further. The work presented in this chapter 
has been very reproducible in all different experiments performed. 

We consider sorting based on fluorescent intensity superior over bead isolation as 
we demonstrate here that tissue dissociation into a single cell suspension remains 
challenging. Moreover, antibody labeling could lead to aspecific or incomplete labeling. 
Therefore, it is advisable to use endogenous or inducible cell specific expression of  
fluorescent proteins as was used in this study. Up to now, FACS sorting has only been 
reported by a few research groups, for both murine and human cells141–143. Although 
we have not been able to collect large numbers of  live proliferative ECs from FACS, 
important steps forward have been made. Additional work needs to be performed to 
establish a robust and reproducible isolation method. 
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3.5 Supplementary Information

Supplemental figure 3.1. Tamoxifen injection leads to a successful recombination of  tdTomato. 
Representative images of  endothelial cells, three days after isolation with CD31 coated magnetic beads. 
Endothelial cells were isolated from both tamoxifen injected mice (B) and their littermate controls (A). Nuclei 
are stained in blue, recombined endothelial cells are shown in red. Scale bars represent 200 μm.

Supplemental figure 3.2. Magnetic bead coverage is not uniform after isolation. Representative widefield 
image of  endothelial cells isolated from murine lung, 1 day after isolation. White arrow indicates a cell with 
full coverage with magnetic beads, the black arrow indicates a cell with little coverage. Scale bars represent 
200 μm.

Control Tamoxifen injected
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Supplemental figure 3.3. Selective gating for red fluorescent endothelial cells. Pseudocolored FACS plots 
of  murine lung cells. (A) Gating of  cells, excluding cell debris. (B-C) Selection of  single cell population. (D) 
Selection of  endothelial cells by gating for red fluorescent cells. 
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Supplemental figure 3.4. Tissue dissociation is most efficient with a 0.3% collagenase and 1.5 U/ml dispase 
dissociation solution. FACS analysis of  recombined endothelial cell liberated from lung tissue with different 
dissociation solutions. Percentages indicate the number of  tdTomato positive cells. 
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and transduction
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Abstract

To understand cellular mechanisms, development and disease, there is a necessity 
for organisms or cells with molecular modifications and/or defecys. The technology 
of  induced pluripotent stem cells enables us to generate the affected cell types from 
a patient. An alternative, more straightforward route is to genetically engineer the 
cellular genome or introduce genetic elements carrying disease specific mutations into 
the cell. These methods allow us to obtain cells with the molecular defect found in 
the patient and to modulate at will the specific function or presence of  any protein of  
interest. A very efficient way to generate these models is by making use of  lentivirus. 
Lentivirus enables the stable introduction of  genetic modifications in primary cells. 
This technique is an invaluable asset in any lab interested in molecular biology. Working 
with lentivirus requires particular expertise. This chapter presents the background and a 
detailed protocol of  lentivirus utilization. It describes the production of  viral particles, 
the concentration by ultracentrifugation, and titration of  the production yield, up to 
transduction of  the model of  choice. It aims to provide a guide to established novel 
cellular engineering strategies, such as the generation of  cells overexpressing a specific, 
shRNA-mediated knockdowns, CRISPR mediated knockouts, or the introduction of  
engineered constructs, such as reporters or fluorescently labeled cells or proteins. Except 
from advancing work of  cellular and molecular biologists, these tools can also greatly 
advance the work in the fields like mechanobiology and tissue engineering. 
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4.1  Introduction

Over the past decades genetic engineering has been an essential tool for biologists. The 
ability to engineer cells by introducing or taking away genetic functionality has been 
the basis of  breakthroughs in understanding molecular mechanisms of  development, 
tissue homeostasis and disease. The introduction of  exogenous designed sequences of  
nucleic acid into the cell enables researchers to study a protein of  interest by modifying 
the expression levels, introducing specific mutations or expressing a molecular sensor. 

The main barrier for introducing nucleic acids into a cell is the cell membrane. There 
are different ways for nucleic acids to cross this cell membrane, each with their own 
advantages and disadvantages. Here, we focus on the lentiviral system. Lentiviral 
transduction enables a stable integration of  a transgene in the host genome and has 
proven to be a valuable tool in basic research in the life sciences. Lentiviral transduction 
is common practice for the introduction of  shRNAs to generate knockdown cells65,165. 
Next to knockdown, overexpressing cells can be produced, with or without tags 
(e.g. FLAG or HA) to track protein localization166. Alternatively, one could generate 
reporter cells. These can be used to measure gene expression or protein activity, or 
just act as a marker to localize cells or cell populations. Other examples of  the use of  
lentivirus is the production of  induced pluripotent stem cells (iPSCs) or modifications 
using Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) by 
introducing Cas9167–169. 

Genetic engineering has also found its way to the clinic. Different clinical trials 
are ongoing that used lentiviral vectors to modify cellular processes for disease 
treatment170,171. These therapies hold great potential as they can possibly restore 
the function of  diseased cells. For example, the group of  Brad Hoffman recently 
demonstrated that virus mediated gene delivery could protect mice from developing 
multiple sclerosis, and reverse clinical symptoms in mice that had multiple sclerosis172. 

To enable lentivirus research in a bioengineering lab at TU/e we started a virus facility 
for the production, purification and titration of  lentivirus. This chapter provides 
a background on transfections and transductions. This is followed by a detailed 
protocol from lentivirus production up to the infection of  cells, with special focus on 
safety precautions and troubleshooting by providing background for the experiment 
throughout the protocol. 

4.2  Background

Transfection is the process of  artificially introducing nucleic acids into the cell, utilizing 
means others than virally. Transfection can be categorized into physical and chemical 
methods. Physical transfection methods include microinjection173, optical transfection174, 
biolistic gene delivery175 and electroporation176,177. All these approaches create a pore 
in the cell membrane by which the nucleic acids can enter. The first two methods are 
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based on a single cell transfection. By microinjection nucleic acids are injected into 
the cytoplasm or nucleus. During optical transfection, also called phototransfection 
or optoporation, a pulsed laser creates a pore in the cell membrane. Via this pore the 
nucleic acids in the culture medium enter the cell. Both methods offer high control 
of  efficiency of  the transfection, but the number of  cells transfected is very low. To 
increase the numbers of  transfected cells, biolistic gene delivery and electroporation 
can be applied. The biolistic gene delivery shoots nucleic acid coated nanoparticles at 
high velocity into the cells. Electroporation is comparable with optical transfection, but 
instead of  using a pulsed laser, short electrical pulses create pores in the cell membrane. 

Chemical transfections catalyze transport of  nucleic acids cross the membrane. The 
principle of  most chemical methods is similar: positively charged chemicals form 
complexes with negatively charged nucleic acids. These complexes are attracted to 
the negatively charged cell membrane. After endocytosis, the nucleic acids are either 
transported to the nucleus or directly translated within the cytoplasm. The exact 
mechanism of  internalization is not known, but endocytosis and phagocytosis are 
involved in the process. Popular chemical approaches for transfection are calcium 
phosphate, polycations and dendrimers. Another chemical approach is lipofection. This 
technique is based on cationic lipids. These form together with neutral lipids liposomal 
structures. The nucleic acid particles bind to the positively charged exterior of  the 
liposome. The nucleic acids enter the cell upon fusion of  the liposome with the cell 
membrane. 

Another method to introduce nucleic acids into the cells is via viral transduction178. 
Viral transductions generally introduce genetic material in an efficient way. There 
are different types of  viruses available, like adenovirus (AV), adeno-associated virus 
(AAV) and lentivirus (LV). The type of  virus used depends on several properties of  
the transduction, e.g. packaging capacity, the type of  cells targeted (tropism) and 
whether a transduction is stable or transient. The packaging capacity of  the AV and 
LV is comparable, around 7-8 kb. The capacity of  AAVs is lower, around 3.5-4.0 kb. 
Especially for the introduction of  large proteins can be troublesome for AVVs. Both 
AVs and AAVs transiently transduce cells whereas the LV stably integrates their genetic 
information into the host genome. All three viruses have a broad tropism, enabling 
transduction in almost all cell types. For in vivo applications it is important to consider 
that LVs and AAVs evoke a low immune response whereas AVs induce a strong immune 
response179,180. 

Both physical and chemical transfections, and some viral transductions, are examples of  
transient transfections. There are limitations to transient transfections. First, the nucleic 
acids are only present in the cell for a limited period of  time. Over time the nucleic 
acid sequences are diluted during cell division or degraded by nucleases. For short term 
experiments this holds no problem, but it can be an issue for experiments that require 
long culture periods. Second, the transfection is greatly dependent on the cell type and 
method of  choice. Most primary cells are very difficult to transfect, making it almost 
impossible to work with transfected cells when large numbers of  genetically manipulated 
cells are needed. Lentiviral transduction can be a solution for these situations because 



59

Lentivirus production, concentration and transduction

4

of/due to their high transduction efficiency and stable integration.

In this chapter we focus on the lentivirus system because of  its high transduction 
efficiency, broad tropism, stable integration and the ease of  vector manipulation and 
production181. There are different lentivirus species found in nature. The majority of  all 
lentiviral vectors used in research are based on the human immunodeficiency virus 1 
(HIV-1)181,182. Therefore, we will focus on this specific virus. The original HIV-1 contains 
genetic information for cis-acting elements and nine viral proteins (figure 4.1A). The cis-
acting elements are needed for expression of  the other viral proteins182,183. The core viral 
proteins are encoded by the gag and pol genes184. By a ribosomal frameshift, different 
proteins are produced from these same gene transcript185–187. The specific role of  each 
viral protein is listed in table 4.1. In nature the HIV-1 virus infects cells that express 
the CD4 receptor, such as T-lymphocytes, monocytes, macrophages and dendritic cells. 
The viral particle (virion) attaches to the CD4 receptor and the co-receptor CXCR4 or 
CCR5 by the surface subunit (SU/Gp120). Upon binding, the transmembrane protein 
(TM/Gp41) changes conformation. This facilitates membrane fusion of  HIV with the 
host cell188. After host entry the viral RNA genome is released, converted into double 
stranded DNA and integrated into the host genome. 

To make the HIV-1 virion applicable for a broad range of  cell types its genome has 
been modified. The HIV-1 Env glycoprotein, which recognizes CD4, is replaced by the 
vesicular stomatitis virus G (VSV-G) glycoprotein. Altering the viral envelope is called 
pseudotyping189. This VSV-G utilizes the widespread LDL receptor as the main entry 
port instead of  the CD4 receptor190, leading to a broad tropism. Moreover, the VSV-G 
increases the stability of  the virion, enabling the concentration of  the virion particles by 
ultracentrifugation. 

Table 4.1. Viral proteins and their function

Structural proteins
Gag

Pol

Env

Regulatory proteins
Rev
Tat

accessory proteins
Vpu
Vif
Vpr
Nef

Trans ac�ng elements

Gene name
LTR
psi
RRE

Cis ac�ng elements

NC
CA
MA
PR
RT
IN
SU / Gp120
TM / Gp41

Nucleocapsid
Capsid
Matrix protein
Protease
Reverse transcriptase
Integrase
Surface subunit
Transmembrane subunit

Promotes the expression of unspliced and single-spliced mRNA
RNA-binding protein that enhances transcrip�on of the LTR

Enhances viral release from the cell surface into the cytoplasm during entry
Assists the virion assembly, preven�ng host cell inhibi�on
assists infec�on of non-dividing cells
Inhibits T-cell ac�va�on

Function
contain sequences required for viral gene expression, reverse transcriptase and integra�on
required for packaging of the genomic transfer RNA
Required for processing and transport of viral RNAs

Cleavage of Gag and the Gag-Pol polyproteins
RNA to cDNA, RNase H ac�vity, DNA-dependent DNA polymerase
integra�on of viral cDNA into the host genome
Binding to cellular receptors
facilitates membrane fusion

structural proteins

Gene name FunctionProtein name
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Figure 4.1. Schematic representation the HIV and lentiviral vectors. (A) The HIV genome, each blue bar 
represents a gene. As a result of  ribosomal frameshifts, different genes can overlap. (B) In the first- and  
second-generation lentiviral vectors the viral genome split into a transfer, packaging and envelope plasmid. 
The non-essential accessory proteins Vif, Vpu, Vpr and Nef  are only present in the first-generation packaging 
vector, indicated in light blue. (C). In the third-generation vectors the rev gene is removed from the packaging 
vector and placed into a separate regulatory plasmid. In the transfer vector is the U3 region removed. 
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The lentiviral system uses the basics of  the HIV-1 virus. All genetic material encoding 
for natural HIV is deleted to reduce the risk for researchers. To further reduce the risk 
of  infection, the lentivirus has been made unable to replicate. To do so the genome 
has been split over different plasmids. In the first systems the env gene is removed from 
the lentiviral genome and placed in a separate plasmid. Only cells transfected with 
both plasmids are able to produce lentivirus. These viruses can in turn not replicate 
themselves as they lack the env gene. Splitting the genome over two plasmids holds a 
risk of  generating replication competent lentivirus (RCL) as a result of  recombination. 
Therefore, more sophisticated systems have been developed in the next generation viral 
transduction technologies. 

In the so-called first-generation lentiviral vectors the viral genome is split over three 
plasmids: the packaging, envelope and transfer constructs181,183 (figure 4.1B). Splitting 
the genome over three different plasmids requires at least two recombinations to yield 
an RCL. The packaging plasmid contains the information for the Gag, Pol and the 
regulatory/accessory proteins, all required for vector packaging. The envelope plasmid 
encodes for the glycoprotein, here the VSV-G. The last vector, the transfer vector, 
contains the transgene and the cis-acting elements (LTR, ψ and RRE). These elements 
are essential for packaging, reverse transcription and integration of  the virus. In this 
way the genetic components of  the viral packaging are separated from the components 
activating them, further reducing the risk of  RCL generation. 

In the second-generation lentivirus systems, the safety level of  the lentivirus is further 
increased. In this generation the accessory proteins (Vif, Vpu, Vpr and Nef) are 
removed from the packaging vector191. These accessory proteins are important for viral 
propagation, but they are not essential for the lentiviral function181. 

The second-generation lentivirus system still holds some safety concerns. This is mainly 
due to the transgene being flanked by two LTRs after integration in the host genome, 
leading to three risks. First, if  a replication competent lentivirus would be produced 
by recombination, these may replicate just like the wild-type virus does. Second, 
transduced cells could be infected by a wild-type virus. This can act as a helper virus, 
placing the integrated vector in its new viral particles for replication. Finally, these 
LTRs can activate adjacent cellular genes as the LTRs have an enhancer and promotor 
region. Integration near an oncogene this potentially leads to oncogenesis. To tackle 
these concerns, the U3 region in the 3’-LTR, an enhancer/promotor region, is deleted 
in the third-generation system. This results in a self-inactivating (SIN) lentivirus. One 
extra safety precaution has been incorporated in this system. Tat and Rev are removed 
from the packaging vector. The function of  Tat is taken over by replacing the promotor 
U3 promotor region in the LTR by a strong viral promotor like CMV or RSV. The other 
regulatory protein Rev is provided in another plasmid, resulting in four plasmids to 
be simultaneously transfected into HEK293T cells. A combination of  2nd generation 
packaging and envelope plasmids with a 3rd generation SIN-transfer plasmid is an 
intermediate option. 

The above described background explains the advantages of  the lentivirus system, the 
function of  all components and the most important viral design measures taken to 
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enable researchers to work safely with lentivirus. In the following sections we describe 
a detailed protocol for the production, concentration and titration of  second- or  
third-generation lentiviral particles. 

4.3  Protocol

4.3.1 Safety precautions

The work with lentivirus is classified at ML-II level, with extra requirements192. This 
entails that all actions involving lentivirus should be conducted in a dedicated biosafety 
cabinet. Moreover, special procedures have to be followed when working with lentivirus 
to prevent contamination of  the researcher by lentivirus. One of  the most important 
things is the reduction of  aerosol formation as much as possible. When aerosols are 
formed from liquids containing lentiviral particles, the lentivirus can become airborne 
and contaminate other material in the biosafety cabinet. To minimize the possibility of  
aerosol formation, serological pipet tips can only be emptied by gravity dispensing via a 
solid surface and pouring of  liquids is not allowed. Combined with the vertical laminar 
air flow in the biosafety cabinet reduces the chance of  contaminating other material. 

Even though precautions are taken, everything in the biosafety cabinet is considered 
contaminated. As a consequence, everything exiting the cabinet (including hands) 
has to be wiped with a tissue soaked with 70% ethanol for disinfection. To protect the 
researcher, the glove-wrist area has to be covered at all time. To do so, disposable sleeves 
that cover the glove-wrist area have to be worn when working with the biosafety cabinet. 
Moreover, all tubes/flasks/bottles opened in the biosafety cabinet, can afterwards only 
be opened in this cabinet.

All liquid waste is collected in an Erlenmeyer and disinfected with hypochlorite. For 
this a chlorine tab (SUMA tablet) is place in the Erlenmeyer. The chlorine solution has 
to be replaced every four hours, due to the reduced activity of  the hypochlorite over 
time. When finished, a waiting time of  at least 15 minutes after the last waste disposal 
is needed before waste transfer. This ensures total inactivation of  the lentivirus. Small 
volumes (<35 ml) can be collected in a 50 ml falcon tube, preloaded with 5 ml of  10M 
NaOH to kill of  any lentiviral particles. 

All solid waste is collected in red double autoclavable biohazard bags. All material that 
has been inside the cabinet is considered contaminated and should therefore be disposed 
of  in the virus solid waste. The material that has been in direct contact with lentivirus 
(e.g. pipet tips, tubes and cell cultures) must be inactivated separately. Serological pipets 
have to be rinsed with 70% ethanol and small pipet tips can be collected in a sealable 
container, for example an empty medium bottle. Alternatively, all material that has been 
in contact with high concentration virus can be autoclaved. Afterwards all solid waste is 
discarded in the dedicated biological waste bins. 
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After work in the biosafety cabinet, the air flow must run for an additional 15 minutes 
to ensure that all aerosols have settled. The cabinet must be disinfected with 1% SDS, 
followed by 70% ethanol. 

In case of  a spill, immediately absorb all liquid with paper towels or tissues. Subsequently 
cover the spill with ethanol-soaked tissues for disinfection. Clean everything up with 
ethanol-soaked tissues and discard the tissues in red autoclavable biohazard bags. 
Afterwards wait for 15 minutes to let all aerosols settle and disinfect the area with 1% 
SD and 70% ethanol. Discard the bags with tissues in the dedicated biological waste 
bins. 

4.3.2 Materials

Equipment

 - Incubator
 - T150 culture flask
 - 15 cm culture dish
 - 6-well plate
 - 1.5 ml microcentrifuge tubes
 - 15 ml centrifuge tubes
 - 50 ml centrifuge tubes
 - 50 syringe with Luer lock
 - Luer lock caps
 - Plastic tweezers, used for snap-freezing in liquid nitrogen
 - Vortex

Reagents

 - DMEM high glucose, pyruvate 
 - Fetal Bovine Serum (FBS) 
 - Penicillin-streptomycin 
 - Trypsin/EDTA
 - Plasmids

For the second-generation system
 Packaging plasmid pCMV8.74
 Envelope encoding plasmid pMD2.G
 Transfer plasmid pLenti / pLKO.1 / pRRL
For the third-generation system
 Packaging plasmid pMDLg/pRRE
 Rev plasmid pRSV-REV
 Envelope plasmid pMD2.G
 Transfer plasmid pRRLSIN

 - Polyethylenimine (PEI) in PBS at 1 mg/ml. 
 - Sterile PBS
 - Dry ice
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 - Liquid nitrogen
 - Polybrene (1 mg/ml)
 - DNaseI (Worthington, cat. no. LS006330)
 - QIAamp DNA Mini Kit

4.3.3 Virus production

The generation of  genetically modified cells using lentivirus can be separated in 
four stages: the transfection, lentivirus production, transduction by the virus and the 
transcription (and translation) of  the inserted genome (figure 4.2). The production of  
lentiviral particles takes four to five days, depending on optional virus concentration. 

Experimental planning:

Day 1 – Seeding cells
Day 2 – Transfection
Day 3 – Virus harvest
Day 4 – Virus harvest
Day 5 – Virus concentration (optional)

4.3.3.1 Culture of HEK293T cells and preparation for transfection

The following procedures can be performed in a standard biosafety cabinet since no 
lentiviral particles are produced yet. When already performing the work in the dedicated 
virus cabinet, one should comply with the extra safety precautions in place.

HEK293T cells are human embryonic kidney cells that express the SV40 large T 
antigen. The HEK293 cells are used because of  their high growth rate and ease of  
transfection. The T antigen in the HEK293T cells ensures high copy numbers of  all 
plasmids encoding the SV40 sequence. 

1. Prepare standard cell culture medium by supplementing DMEM with 10% FBS. 

No penicillin-streptomycin should be added. Possible infections will be detected directly, preventing 
possible slumbering infections in the virus titer. 

2. Seed HEK293T cells in a T150 culture flask with standard culture medium and 
grow them in a humidified incubator at 5% CO

2
 and 37°C. 

3. HEK293T cells are rapidly growing cells and should be subcultured twice a week 
at a ratio of  1/10 to 1/20. 

One full T150 flask yields around 50 million cells. 

4. Seed the cells on day 1 in 15 cm culture dishes at 11·106 cells. To ensure an 
even distribution of  the cells, first make a cell suspension of  11·106 in 20 ml. 
Subsequently seed the cells into the culture dish. When a GFP control virus is 
not included in the virus production, always seed HEK293T cells in a 6-well dish 
for the transfection control, 650,000 cells/well. 
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Alternatively, 2.5·106 cells can be seeded in a 15 cm dish, three days prior to 
transfection. For the 6-well plate 150,000 cells/well can be seeded. Preferably 
the cells are seeded one day prior to transfection since this results in a more even 
distribution of  cells throughout the dish. 

The HEK293T cells are a cell line, so passage number should not be an issue. What should be 
taken into account however, are the culturing conditions. Make sure to split the cells on a regular 
basis. When HEK293T cells overgrow in culture their ability to produce virus reduces. As a rule of  
thumb, don’t use cells over passage 30. 

4.3.3.2 Transfection of HEK293T cells (stage 1)

5. Prepare cell culture medium for transfection and virus production. This 
production medium is supplemented with 10% heat-inactivated FBS (30 minutes 
at 56°C). 

Heating the FBS to 56°C for 30 minutes degrades complement proteins. This should improve the 
transfection efficiency and prevent degradation of  the VSV-G lentivirus193. 

6. Prepare a mixture of  22.5 μg transfer plasmid, 7.9 μg envelope plasmid and 14.6 
μg packaging plasmid in plain DMEM with a total volume of  1382 μl. 

7. Prepare a PEI – DMEM mixture by adding 90 μl of  PEI solution (1 mg/ml) to 
1292 μl of  DMEM. 

8. Add the PEI and plasmid mixtures well and incubate for at least 5 minutes.

Figure 4.2. Illustration of  the different stages in lentivirus mediated genetic engineering. Image adopted from 
and with permission of  Mirus Bio. 
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The positively charged PEI interacts with the negatively charged DNA, forming PEI-DNA 
complexes that will be taken up by the cell. Note that the DNA:PEI mass ratio is 1:2. Alternatively, 
one can also use other transfection reagents, like Fugene or lipofectamine. 

9. Add the DNA-PEI mixture to 22.5 ml of  production medium, preheated to 37°C. 

10. Replace the medium of  the HEK293T cells with the medium containing the 
DNA-PEI complexes. Take extra care when replacing medium, HEK293T cells 
adhere poorly and detach easily from the culture dish. 

11. Label the dish with an ethanol-resistant marker and log the genetic modification 
according to local legislation. 

12. Incubate overnight. 

From this moment lentiviral particles are produced. All following steps in this protocol must be 
performed in a dedicated lentivirus cabinet in compliance with the additional safety precautions. 

4.3.3.3 Virus production and harvest (stage 2)

13. Early morning of  day three, carefully remove the medium of  the transfected, 
do not create any bubbles. Aspirate the medium in a vessel containing chlorine 
to inactivate viral particles in the medium. Add 13 ml of  fresh prewarmed 
production medium to the cells and incubate for 8 hours. 

Discard the first medium change as this can contain PEI-DNA complexes which can transfect 
other cells at a later time point. 

14. Harvest the virus medium after a subsequent 8 hours of  incubation and store 
it in a sterile 50 ml centrifuge tube. Save the virus medium at 4°C until further 
use. Again, add 13 ml of  fresh prewarmed production medium to the cells and 
incubate overnight. 

15. Repeat the harvest of  step 14 the next morning and pool the harvest with the 
previously harvested virus medium. For the last time, add 13 ml of  fresh 
prewarmed production medium to the cells and incubate for 8 hours. 

16. Collect the virus medium and pool with the previously harvested medium. 

17. Place the culture plates containing the HEK293T cells in a new biohazard bag, 
close the bag with tape and discard. 

18. Log the end of  the GMO culture according to local legislation. 

Before storage, the supernatant has to be centrifuged and filtered to remove cell debris and detached 
cells. Take extra care when filtering the supernatant as this will lead to aerosol formation. 

19. Centrifuge the pooled supernatant at 500g for 5 minutes to remove cell debris. 

20. Remove the plunger of  a 50 ml syringe with Luer lock. 

21. Place a Luer lock cap on the syringe and fill the barrel with the supernatant. 



67

Lentivirus production, concentration and transduction

4

22. Place the plunger back into the syringe and move it over the plunger resistance. 

23. Carefully remove the Luer lock cap. Be aware that the syringe is pressurized and 
aerosols will be produced.

24. Eject all remaining air in the syringe and place a 0.45 μm filter on the syringe. 

The air removal helps the ease of  filtering. The more air is trapped in the syringe, the more pressure 
has to be applied to the plunger. 

25. Filter the supernatant into a 50 ml tube.

When concentrating the virus, the supernatant can be directly filtered into the centrifuge tubes 
compatible with the high-speed centrifuge. 

The filtered supernatant can be aliquoted in single use aliquots and stored at 
-80°C. Refreezing is not recommended as virus stability is reduced by 16.7% every  
freeze-thaw cycle194. Alternatively, the supernatant can be concentrated via 
centrifugation. The filtered supernatant can be kept at 4°C a couple of  days prior 
to centrifugation. Please note that the half-life of  lentivirus at 4°C is 200 hours, so 
prolonged storage in the fridge reduces the virus titer194. An overview of  the half-lives of  
lentivirus at different temperatures with their associated relative titer reduction can be 
found in table 4.2. 

4.3.3.4 Concentrating lentiviral particles

26. Precool the high-speed centrifuge and the rotor to 4°C. 

Precool the centrifuge a couple of  hours prior to use. Overnight cooling is recommended. 

27. Fill the centrifuge tubes with max 40 ml. A single dish should fill one centrifuge 
tube. The minimal tube volume is 30 ml, so add sterile PBS if  needed

28. Place a lab scale in the virus cabinet and balance all centrifuge tubes, including 
the lids, to a maximum different of  0.020 gram with sterile PBS. Dry all tubes 
before weighing. 

It is recommended to take a lab scale that can easily be wiped off  with an ethanol-soaked tissue. 

29. Place the centrifuge tubes in the rotor and mark the outside position of  the tube 
with an ethanol removal marker. This will help identifying the virus pellet later. 

30. Spin the lentiviral particles down at 50,000 g for 120 minutes at 4°C. 

Table 4.2. Lentivirus half-lives at different temperatures and their respective reduction ratios over time

Temp t1/2

(°C) (h) 1 2 3 4 5 6 7
4 200 8,0 15,3 22,1 28,3 34,0 39,3 44,1
20 50 28,3 48,6 63,1 73,6 81,1 86,4 90,3
37 10,4 79,8 95,9 99,2 99,8 100,0 100,0 100,0

Days
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To verify that the tubes are properly balanced, first shortly spin the tubes at 1000 g for 1 minute.  

31. When finished centrifuging, remove the rotor from the centrifuge and place the 
rotor in the viral cabinet. Only open the rotor in the cabinet, in case of  a leakage. 
Take out the centrifuge tubes and check for possible leakage. Clean the rotor with 
an ethanol-soaked tissue and remove it from the cabinet. 

Make sure to clean the entire rotor, also the interior of  the rotor. 

32. Mark the position of  the pellet with lentiviral particles. 

33. Discard the supernatant by gently pouring the supernatant into the chlorine. This 
is the only time when pouring of  lentivirus is allowed. Now consider everything 
in the virus cabinet aerosol contaminated. 

34. Place a folded tissue under tube rack and place the centrifuge inverted onto the 
tissue to remove leftover medium. Gently tap the centrifuge tube onto the tissue. 
Do not let the pellet dry, up to 5 minutes is sufficient to remove the remaining 
medium. 

35. Now close the centrifuge tubes, wipe them with an ethanol-soaked tissue and 
spin the remaining liquid in the tubes down at 1000 g for 1 minute at 4°C. 

36. Repeat step 29 and resuspend the pellet in the remaining medium. Normally this 
is around 50 μl. If  there is almost no medium remaining, resuspend the pellet in 
PBS. 

There will always be some medium remaining. Proteins in the medium can act as a stabilizer for 
the viral particles. 

37. When producing the same virus in multiple dishes, pool the resuspended virus 
into a single centrifuge tube. 

38.  Spin the concentrated virus down once more at 1000 g for 1 minute at 4°C to 
remove air bubbles. 

39. Aliquot the virus stock into 5 or 10 μl aliquots and snap-freeze them on crushed 
dry ice or liquid nitrogen. Store the virus aliquots at -80°C and log the location 
of  the aliquots. 

40. Clean all surfaces with ethanol. 

4.3.4 Titration of the virus production

4.3.4.1 Background

To determine the efficiency of  the virus production, the concentration of  transducing 
units has to be measured. There are different methods available to determine the 
number of  transducing units in the virus titer. These can be divided into functional and 
non-functional titrations. Non-functional titrations determine the theoretical titer by 
measuring the concentration of  viral protein or RNA. This indirect method is quick, but 
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it can overestimate the number of  transducing units. In case of  the functional titrations, 
cells are transduced with a dilution series of  lentiviral particles. From there, the virus 
titer is determined by measuring the number of  viral transductions per cell. The most 
common techniques for that are FACS and qPCR. FACS is only possible when the viral 
vector encodes for a fluorescent transgene, and cannot be used when no fluorophore is 
produced. For that reason, this protocol focuses on the titration through qPCR. 

Therefore, DNA is isolated from transduced cells. The number of  transductions is 
determined by measuring the number of  transductions (viral DNA copies) and the 
number of  cells (genomic DNA copies) using standard curves. For the standard curves 
of  the viral DNA the transfer plasmid is used. For the genomic DNA albumin is used as 
a target. The amplicon of  albumin is diluted for the standard curves. 

4.3.4.2. Transduction and DNA isolation

Experimental planning:

Day 1 – Seeding cells
Day 2 – Transduction of  the cells
Day 3 – Medium change and DNaseI treatment

Day 5 – DNA isolation

41. On day 1, seed the cells in two 6-well plates at 10.000 cells/cm2. One plate is for 
the dilution series, the other for cell count

It is recommended to use the cell type that will also be used in the future applications. The VSV-G 
lentiviruses are able to transduce almost all cell types, but the efficiency differs between cell 
types195,196

42. On day 2, count the number of  cells in one of  the 6-well plates. Take the average 
to calculate the number of  cells present during transduction. 

By qPCR the ratio of  viral DNA over genomic DNA is determined. By multiplying this with the 
number of  transduced cells the titer is calculated.

Form this point all work should be performed in a dedicated virus biosafety cabinet. 

43. Prepare a vector stock by diluting the concentrated virus aliquots 200 times in 
cell culture medium. Alternatively, the unconcentrated virus can be used as 
vector stock. 

44. Add polybrene to fresh culture medium to a final concentration of  8 μg/ml.

1250x dilution from the 1 mg/ml stock solution.

Polybrene increases the transduction efficiency of  lentivirus197. For future transductions a similar 
transduction procedure should be followed, including polybrene treatment. 

45. Mix 200 μl of  the vector stock to 4.8 ml of  medium containing polybrene 
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46. Make a serial dilution for 20 and 2 μl vector stock by mixing 500 μl with 4.5 ml 
medium containing polybrene

Using a serial dilution reduces the chance of  pipetting errors using different pipettes. 

47. For transduction, replace the medium of  the cell in the remaining 6-well plate 
with the serial dilutions, 2 ml per well. Each virus dilution is transduced in duplo. 

Theoretically one transduction is sufficient for titer determination. By using three different 
concentrations the precision of  the titer determination is increased. 

48. On day 3, prepare 3 ml of  fresh transduction medium with DNaseI at 10 U/ml. 

49. Replace the culture medium with DNaseI supplemented medium and incubate at 
37°C for 15 minutes. 

Theoretically, the virus stock can contain DNA plasmids from the transfection. The DNaseI 
degrades all extracellular DNA prevent interference of  plasmids in the qPCR analysis. 

50. Replace the DNaseI supplemented culture medium with fresh culture medium 
and culture the cells for an additional two days. 

51. On day 5, wash the cells with PBS

52. Add 250 μl of  trypsin-EDTA to each well and incubate at 37°C until all cells are 
detached 

53. Add 750 μl of  cell culture medium to each well, collect the cells in a 1.5 ml 
microcentrifuge tube and spin them down at 300g for 5 minutes. 

54. Carefully remove the supernatant, not disturbing the cell pellet. 

55. Resuspend the cells in 200 μl PBS and add 20 μl Qiagen Protease to each sample

Note that this part of  the DNA isolation is performed in the dedicated virus cabinet as the sample 
still can contain active virus particles.

Label the Qiagen Protease solution that has been opened in the virus cabinet, only allowing it to be 
opened again in the virus cabinet.  

56. Add 200 μl of  AL buffer to each sample and vortex for 15 seconds. 

Label the AL Buffer that has been opened in the virus cabinet, only allowing it to be opened again 
in the virus cabinet.  

57. Incubate at 56°C for 10 minutes. 

Longer incubation times have no effect on the yield or quality of  the purified DNA.

58. Remove drops from the lid by briefly centrifuging the microcentrifuge tube. 

59. Add 200 μl of  100% ethanol and vortex the tube for 15 seconds

From this point all virus should be inactivated. All next steps can be performed on the bench.

60. Remove drops from the lid by briefly centrifuging the microcentrifuge tube. 
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61. Add each sample to a QIAamp Mini spin column and centrifuge at 6000g for 1 
minute. Discard the flow-through.

62. Add 500 μl of  AW1 buffer of  the kit to each column and centrifuge at 6000g for 1 
minute. Discard the flow-through. 

63. Add 500 μl of  AW2 buffer of  the kit to each column and centrifuge at full speed 
for 3 minutes. Discard the flow-through. 

64. To prevent AW2 buffer contamination, place the column in a new collection tube 
and centrifuge at full speed for 1 minute. 

65. Place the column in an autoclaved 1.5 ml microcentrifuge tube and add 200 μl 
of  the AE buffer. Incubate for 1 minute at room temperature and centrifuge at 
6000g for 5 minutes. 

Alternatively, (autoclaved) water or TE buffer can be used to elute the DNA. 

66. Determine the DNA concentration with the Nanodrop. 

67. Dilute the DNA to equal concentrations, not lower than 1 ng/μl. 

This dilution is not essential, but reduces work for future applications. 

68. Store the DNA at -20°C until further use. 

4.3.4.3 Titer measurement with qPCR

To measure the viral incorporation, sequences of  the transfer plasmid that are 
incorporated into the host genome are amplified. Dependent on the plasmid of  choice 
one can use the LTR or WPRE sequence. For the standard curves the transfer plasmid 
itself  is used. When measuring the number of  cells, a sequence in the human genome is 
amplified, in this case part of  the albumin sequence. For the standard curve the albumin 
amplicon is diluted to calculate the number of  cells present. Primer and amplicon 
sequences can be found in table 4.3. 

Note that the qPCR measurement is extremely sensitive to contaminations. Extra care 
should be taken when measuring genomic DNA by qPCR. 

69. Prepare a dilution series of  the transfer plasmid, 1:10 dilutions

Dilute the transfer plasmid until the last dilution contains less than 100 plasmids per reaction 
volume (10 µl for a 384-plate). Lower numbers are not detected. 

Prepare a dilution series of  the albumin amplicon. Take extreme care when preparing 
this dilution series. Aerosols are easily generated, contaminating the dilution series. 

Reconstitution of  the genomic DNA amplicon (albumin) should be performed in an area that is 
physically separated from the rest of  the qPCR work station. The reconstitution of  the amplicon 
results in a high-concentrated solution which easily contaminates other solutions via aerosols. 
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Prepare a solution of  1010 copies per ml and start the dilution series from there. 

The dilution series can be stored at -20°C, but avoid frequent freezing and thawing. Prepare new 
standard curves when the efficiency is no longer in the 90-110% range. 

70. Prepare the primer mastermix, containing SYBR green, water and the primer 
(0.5 μM)

For a 384-well plate use 5 µl SYBR green, 0.5 µl of  primer stock and 2 µl water. 

71. Load the plate with the primer mastermix, 7.5 μl per well.

72. Load the plate with the dilution series and the isolated DNA, 2.5 μl per well

73. Run the PCR plate according to the following PCR protocol

 - 95°C for 3 minutes
 - 40 cycles 
 - 95°C for 20 seconds

60°C for 20 seconds
72°C for 30 seconds
95°C for 1 minute

 - 65°C for 1 minute
 - Melt cure from 65 to 95°C with a 0.5°C resolution

74. Determine the equation describing the dilution curves

The equation describing the amplicon dilution series, fitted as y=ax+b, should have a curve fit of  
minimal R2 = 0.985. 

Ensure that the Ct values of  the targets (albumin and gene of  interest) are within the dilution 
range! The high concentration samples in the dilution curves can contaminate the target sample or 
the lower concentrated, so care should be taken.

75. Calculate the number of  viral copies per genome. 

Table 4.3. Primer and amplicon sequences

Forwardprimers Reverse
LTR TGTGTGCCCGTCTGTTGTGT GAGTCCTGCGTCGAGAGAGC
WPRE GTCCTTTCCATGGCTGCTC GTCCTTTCCATGGCTGCTC
Albumin TTTGCAGATGTCAGTGAAAGAGA TGGGGAGGCTATAGAAAATAAGG

amplicon

Albumin
TTTGCAGATGTCAGTGAAAGAGAACCAGCAGCTCCC
ATGAGTTTGGATAGCCTTATTTTCTATAGCCTCCCCA

TGGGGAGGCTATAGAAAATAAGGCTATCCAAACTCA
TGGGAGCTGCTGGTTCTCTTTCACTGACATCTGCAAA
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76. Determine the number of  transducing units (TU) in the virus titer via the 
following equation.

With C = number of  viral copies per genome (step 75), N = number of  cells 
transduced (step 42), D = dilution of  the vector (200 times for concentrated 
stocks, 1 for unconcentrated virus) and V = volume of  diluted vector added for 
transduction in ml (step 47). 

Typically, the titer of  unconcentrated virus stock is around 107 TU/ml. After concentration the 
virus titer should be in the order of  1010 TU/ml. 

4.3.4.4 Transduction of cultured cells (stage 3)

Once the concentration of  transducing units in the virus titer is known, the cell type 
of  choice can be transduced. The number of  lentiviral particles used during the 
transduction depends on the desired multiplicity of  infection (MOI). Typically, the 
MOI ranges between 1 and 10, but this number is highly dependent on the transgene 
(knockdown, overexpression or reporter protein) and the cell type. Therefore the MOI 
should be optimized per cell type and transgene195. After transduction, only the cells 
that have incorporated the transgene are of  interest. To remove all non-transduced cells 
from the culture, most transgenes also have an antibiotic resistance incorporated. By 
culturing in the presence of  antibiotics one can positively select the transduced cell since 
the non-transduced cells do not survive the antibiotic treatment. The most commonly 
used antibiotic is puromycin, an inhibitor of  protein synthesis. 

77. Seed 106 cells in a t75 culture flask 

The cells seeded for transduction can of  course be scaled to different culture vessels or cell numbers. 

78. After 4-6 hours, dilute the polybrene in 10 ml of  fresh culture medium to final 
concentration of  8 μg/ml.

79. Add the desired number of  lentiviral particles to the polybrene-medium mixture.

80. Replace the culture medium of  the cells with the medium containing lentivirus 
and incubate overnight. 

The time between cell seeding and transduction could be optimized. The cells should have adhered, 
but not expanded. When proliferating, the cells the number of  cells is not known anymore, 
resulting in an unknown MOI. Alternatively, one could seed two flasks with cells and count the 
number of  cells upon transduction, similar to the titer measurement. 

81. Replace the medium of  the transduced cells on the next day.

82. Start the puromycin selection two days after transduction of  the cells. For 
puromycin selection, culture the cells in 1 μg/ml puromycin for at least one week. 
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It is advised to keep puromycin in the culture medium during all experiments to ensure that only 
transduced cells are in the culture. 

83. The culture is considered virus-free when there is less than 0.01 viral  
particle / ml present in the culture medium. To calculate this reduction ratio the 
following equation is used:

With W = number of  washing steps, I = number of  trypsin treatments, t = number 
of  days, v = volume of  virus titer used in ml, and N = number of  transducing 
units in the virus titer. When the reduction ratio is over 100, the transduced cells 
are allowed to be cultured in a standard biosafety cabinet192. 

Each washing step diluted the virus in the medium at least 20 times. The trypsinization reduced 
the virus concentration at least 200-fold. The virus half-life at 37°C is 10 hours192,198.

4.4  Discussion

The viral system is a powerful tool for genetic engineering. There is a variety of  viruses 
available, each with its own advantages and disadvantages. The lentiviral system 
presented here can integrate its genomic information in many cell types, due to its broad 
tropism. The quick and stable integration leads to constant expression levels in cells. 
Whenever possible, stable integration of  genetic sequence is preferable over transient 
transfections as this enables more reproducible experimentation, avoiding transfection 
efficiency variations. Moreover, the use of  stable (transduced) cell lines removes the 
need of  transfecting cells for each experiment. 

Stable cell lines can be generated for various applications. A commonly used approach 
in manipulating cell behavior is the overexpression or knockdown of  a protein of  
interest. Cells overexpressing a specific protein can be easily generated by transducing 
the cells with the gene encoding for the protein of  interest. We utilized the system to 
generate endothelial cells that overexpress the Notch ligand Jagged1, since Jagged1 is an 
important regulator of  the vasculature40. When a lentivirus encoding for the Jagged1 was 
introduced in endothelial cells protein levels were increased, demonstrating a successful 
generation of  an overexpression cell line (Figure 4.3A). For a knockdown, cells are 
transduced with e.g. short interference (siRNA) or short hairpin RNA (shRNA)199. For 
example, the introduction of  a short hairpin RNA for vimentin in vascular smooth 
muscle cells results in a reduction of  vimentin expression by 80-90% (Figure 4.3B). It 
should be noted that not different shRNAs have different efficiencies, so it is important 
to screen for the best knockdown. 
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Another application is the generation of  reporter cell lines. Reporter cells either 
continuously express fluorescent proteins or express fluorescent proteins as a response 
to a specific stimulus or as a consequence of  activation of  a specific protein200. Recently 
our group studied the migratory behavior of  normal breast cancer cells and the cancer 
stem cell subpopulation by transducing them with either GFP or RFP201. For studies 
on gene transcription, a gene encoding for a reporter protein is attached to a regulatory 
sequence of  the gene of  interest. The more a gene of  interest is transcriptionally 
activated, the more reporter proteins will be produced. Dependent on the application 
one can either use enzymatic (β-galactosidase202/luciferase203) or fluorescent reporters 
(GFP/RFP)204. Next to a single reporter system more sophisticated systems have 
been developed. By advanced transfer plasmid design one can even combine different  
overexpression/knockdown/reporters in a single lentiviral system205. 

A third application is the immortalization of  cells and generation of  cell lines from 
primary cells. Primary cells often have a limited lifespan and rapidly become senescent206. 
To prevent re-establishing new cultures of  primary cells from tissue explants every 
time cells can be immortalized, acquiring the ability to proliferate indefinitely. This is 
achieved by introducing genetic information for telomere maintenance or regulators of  
cell cycle207,208. 

A commonly used transfer vector for shRNA is the pLKO.1 vector. This vector uses a U6 
promoter for the shRNA ensuring stable expression of  the shRNA when incorporated in 
the cell genome. Moreover, this vector contains a gene coding for puromycin resistance. 
When cells are treated with puromycin after transduction, only the cells containing the 
shRNA will survive. The cells that don’t stably express the transgene, and the resistance 
gene, will not survive the treatment. In this way the transduced cells are selected. This 
selection does not distinguish between high or low expression levels / multiplicity of  

Figure 4.3. Western blot analysis of  lentivirus mediated overexpression and knockdown. (A). Western blot for 
Jagged1 with HSC70 as a loading control. Blot of  cell lysate from endothelial cells that have been transduced 
by a Jagged1 overexpression (J1OE) lentivirus or a non-targeting control virus (NTC). Jagged1 expression is 
increased compared to control situation. (B) Western blot for vimentin with β-actin as a loading control. Blot 
of  cell lysate from wild type smooth muscle cells, or smooth muscle cells that have been transduced with a 
vimentin knockdown (vimKD) lentivirus, a control virus. 
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infection. When a selection for high versus low expression of  the vector is desired, 
analyzing expression levels by FACS is an option. For this setup a fluorescent protein 
for selection encoded in the vector is needed. 

Although lentiviral transductions offer high efficiency integrations, there are also 
drawbacks with this system. First, the process of  producing the lentivirus is time 
consuming. The production, purification and titration require at least two weeks, 
followed by the reduction of  lentiviral particles for standard use. Afterwards the 
functionality and optimal MOI has to be determined. Secondly, the number of  passages 
the cells to be transduced should be carefully considered as the number of  passages 
for primary cells can be limited. The duration of  the transduction protocol implies at 
least two passages, i.e. transduction of  the cells and the expansion of  the cells. For 
immortalized cell lines this is not a problem, but for primary cells this should be taken 
into consideration when designing the experiments. 

An important aspect of  genetic engineering of  cells, is that the introduction of  genetic 
information into a cell can lead to off-target effects209. It was been reported that different 
transfection reagents can result in different cellular responses210,211. For example, Jacobsen 
et al. tested four commonly used transfection reagents and found by transcriptome 
profiling that all reagents lead to transcriptional off-targets effects211. Moreover, others 
have found that transfection of  empty plasmids led to gene and protein upregulation 
of  at least 11 different genes HeLa cells212. Similar off-target effects are found in stable 
lentivirus transduced cells. Lentiviruses integrate their genomic information at random 
locations in the genome, with the risk of  affecting regulatory genes. Xu et al. found 
for example that only an empty vector can increase the rate of  apoptosis 213. For this 
reason, it is important to always include a non-targeting or scrambled control in the 
experimental design. 

Taken together this chapter presents a detailed protocol for lentivirus production, 
concentration, titration and transduction for researchers new to virus-mediated 
genetic modification. It includes safety precautions as well as present a background 
on lentivirus transduction and troubleshooting. This work expands the experimental 
toolbox available at the TU/e. This new toolbox enables stable fluorescent labeling of  
cell and proteins and the manipulation of  cellular processes. These experiments would 
otherwise not have been possible. 

4.5  Acknowledgements 

We thank Rob Hoeben and Martijn Rabelink from Leiden University Medical Center 
for providing us with the Jagged1 shRNA plasmid.



This chapter is based on:

R.C.H. Driessen, O.M.J.A. Stassen, M. Sjöqvist, F. Suarez Rodriguez, J. Grolleman, 
C.V.C. Bouten, C.M. Sahlgren, Shear stress induces expression, intracellular reorganization 
and enhanced Notch activation potential of  Jagged1, Integrative Biology, 719-726, 2018

5

Shear stress induces expression, 
intracellular reorganization and 
enhanced Notch activation potential 
of  Jagged1



78

Chapter 5

Abstract

Notch signaling and blood flow regulate vascular formation and maturation, but how 
shear stress affects the different components of  the Notch pathway in endothelial cells 
is poorly understood. We show that laminar shear stress results in a ligand specific gene 
expression profile in endothelial cells (HUVEC). JAG1 expression increases while DLL4 
expression decreases. Jagged1 shows a unique response by clustering intracellularly six 
to nine hours after the onset of  flow. The formation of  the Jagged1 clusters requires 
protein production, ER export and endocytosis. Clustering is associated with reduced 
membrane levels but is not affected by Notch signaling activity. Jagged1 relocalization 
is reversible and membrane levels increase upon removal of  shear stress. We further 
demonstrate that the signaling potential of  endothelial cells is enhanced after exposure 
to shear stress. Together we demonstrate a Jagged1 specific shear stress response for 
Notch signaling in endothelial cells. 
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5.1  Introduction

Fluid shear stress, the frictional force acting on the vessel wall by blood flow, plays a key 
role in the development of  the vascular system62. The onset of  shear stress is essential 
for correct vascular remodeling. Reducing fluid shear stress by either reducing flow or 
viscosity leads to an underdeveloped vascular tree77. The cells sensing and responding 
to shear stress are the endothelial cells (ECs), forming the contact layer between the 
blood flow and the vessel wall. Shear stress regulates various processes in ECs, such as 
alignment of  ECs with flow direction, vasoconstriction or induction of  arteriovenous 
specification83,137,214–216. The molecular mechanisms by which ECs sense fluid shear 
stress have long been subject of  investigation217,218.

The Notch pathway is of  key importance for cardiovascular development and 
homeostasis13,219. Notch is a cell contact dependent signaling pathway where Notch 
receptors (Notch 1-4) are activated by binding to Notch ligands (Jagged 1,2 and Delta 
1,3,4) on neighboring cells. Systemic removal of  ligands Dll1, Dll4 and Jagged1 in 
mice results in embryonic lethality at E12, E9.5-10 and E11.5-12.0 respectively, as a 
result of  vascular defects46–48. Mutations and deregulation of  Notch lead to vascular 
malformations and cardiovascular diseases, like Alagille syndrome or CADASIL, 
related to mechanical dysfunction of  the vasculature, that in many cases can be 
aggravated by changes in blood flow49,220–222. These findings demonstrate the relevance 
of  Notch signaling in vascular development. 

Recent data show that Notch signaling and hemodynamics are coupled. In zebrafish 
endocardial cells Notch signaling is lost upon inhibition of  the heartbeat, showing that 
Notch is strain and/or shear responsive99. Specifically, the Notch signaling pathway 
is responsive to shear stress. Reduction of  shear stress and the removal of  endothelial 
lining both lead to reduced expression of  Dll4, Jagged1 and Notch1 in zebrafish heart100. 
Notch1 expression is required for endothelial alignment and the onset of  shear stress 
activates Notch signaling102. The transmembrane domain of  Notch1, which remains in 
the membrane after receptor cleavage and activation in response to flow, is required to 
establish endothelial barrier function via an interaction with VE-cadherin, LAR and 
Trio104. Most studies that analyze the effect of  hemodynamic forces on Notch signaling 
in ECs focus on the effect on Notch receptors and Notch signal activation, whereas the 
effect of  shear stress on ligands in ECs is unexplored. 

In this study, we investigate the shear stress response of  Notch signaling in ECs with 
a special focus on the Notch ligands. The gene expression and protein localization of  
both ligands and receptors were analyzed. We elucidated the ligand specific response on 
gene expression and protein localization in more detail with pharmacological inhibition 
of  protein production, ER export and endocytosis. Finally, we analyzed the functional 
effect of  shear stress on ECs by culturing them together with Notch activity reporter 
cells and assessed the signal sending potential of  different ECs exposed to shear stress. 
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5.2 Methods

Cell culture
All chemicals and cells were purchased at Sigma Aldrich/Merck unless stated otherwise. 
Pooled human umbilical vein endothelial cells (HUVEC, cat. no. C2519A, Lonza) 
and human arterial endothelial cells (HAEC, cat. no. CC-2535, Lonza) were cultured 
in endothelial growth medium with growth supplements (EGM-2 bulletkit, cat. no.  
CC-3162, Lonza). Medium was changed every 2-3 days. Cells were seeded into collagen 
IV coated 1-channel or 6-channel slides (ibidi GmbH), 106 cells/ml, for gene expression 
analysis or immunocytochemistry respectively. After one day of  culture the ECs were 
subjected to shear stress using the ibidi pump system (ibidi GmbH) or kept in culture 
as a static control. All experiments were performed on a confluent monolayer of  ECs 
between passage 2 and 5 for HUVEC and passage 4 and 7 for HAEC. Human embryonic 
kidney 293T (HEK293T) cells were cultured in DMEM (Gibco) supplemented with 
10% FBS (Greiner Bio One) and 1% penicillin/streptomycin (Lonza). For transfection 
HEK293T cells were seeded in 6-well plates at 650.000 cells/well. All cultures were 
maintained at 37°C and 5% CO

2
 in a humidified incubator. 

Shear stress experiments
For the shear stress experiments the standard perfusion sets were adjusted to gain a stable 
flow speed and pressure. Resistance tubing (0.5 mm inner diameter) was added after the 
channel slides to stabilize the fluctuations in flow speed. The cells were exposed to 1 
Pa shear stress for 24 hours at 80 mmHg pressure. Pressure and flow were constantly 
measured to ensure correct flow speed and pressure (ME2PXL flow sensor, Transonic 
Systems Inc. and P10EZ pressure sensor, BD). For immunoprecipitation HUVEC were 
seeded in 6-well plates. The next day upon confluency they were subjected to shear 
stress by placing the plates on an orbital shaker, 100 rpm, for 24 hours. For the recovery 
experiments the cells were cultured for an additional 24 hours statically. 

Pharmacological inhibitions
ECs were treated with 5 μg/ml N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester (DAPT) to inhibit Notch signaling activity. To inhibit 
protein production the cell culture medium was supplemented with cycloheximide 
at 0.5 μg/ml. Dynamin was inhibited by tetradecyl trimethylammonium bromide  
(MiTMAB) at 10 μM. 1,4,5,6,7,8-Hexahydro-2,7,7-trimethyl-4-(4-nitrophenyl)-5-
oxo-3-quinolinecarboxylic acid cyclohexyl ester, also known as FLI-06, was used at 
10 μM to inhibit ER export. Proteasome activity was blocked with MG132 at 20 μM 
concentration. All small molecule inhibitors were dissolved in DMSO. All control 
experiments were performed in the presence of  the same amount of  DMSO as vehicle 
control. In all experiments a 0.2 (v/v)% DMSO concentration was used. 
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Immunocytochemistry
After the flow experiments ECs were washed twice with PBS and fixed with 4% 
formaldehyde for 15 minutes. Cells were washed 3 times with PBS and permeabilized 
with 0.1% triton x-100 in PBS for 15 minutes. Samples were blocked with 4% horse 
serum in NET-gel buffer (50 mM Tris pH=7.5, 150 mM NaCl, 0.1% nonidet P-40 
(Fluka), 1 mM EDTA and 0.25% gelatin) for 15 min. The cells were stained with 
primary antibodies in NET-gel buffer for 1.5 hours at RT. Cells were stained for Jagged1 
(H-66), Delta1 (H-265), Delta4 (C-20), Notch1 (C-20), Notch3 (M-20), Notch4 (N-17) 
and integrin β1 (TS2/16; Santa Cruz Biotechnology), all 1:50 dilutions. Afterwards the 
cells were washed with NET-gel buffer and incubated with donkey/rabbit/goat-anti-
rabbit or donkey/rabbit-anti-goat Alexa488 conjugated secondary antibodies (A21206 
and A11055; Invitrogen) for 45 minutes, all 1:200 dilutions. Cell nuclei were stained 
with DAPI for 5 minutes. After a final washing step with NET-gel buffer Mowiol was 
injected into the channels. Stained cells were observed with a Zeiss Axiovert 200M 
fluorescent microscope, using a 40x/0.95 or 63x/1.4 objective. 

Western blots
Proteins were separated by SDS-PAGE and transferred to a Protran nitrocellulose 
membrane (GE Healthcare Life Sciences) using a wet transfer apparatus (Amersham 
Bioscience). The membranes were blocked for unspecific binding with 5% nonfat dry 
milk at RT for 1 hour. Primary antibody incubation was performed for 1 hour at RT, 
followed by a secondary antibody incubation for 1 hour at RT (1:4000). Proteins were 
detected using SuperSignal West Pico PLUS Enhanced chemiluminescence substrate 
(ThermoFisher) following the manufacturer’s instructions. The following antibodies 
were used for western blot: β-actin (Cell Signaling Technology), Notch1 (C20, Santa 
Cruz), Jagged1 (28H8, Cell Signaling Technology), both 1:1000 dilution.

Biotinylation experiments
Protein surface levels were detected as reported previously. Briefly, cells on ice were 
washed three times with cold PBS, followed by surface labeling with 0.5 mg/ml  
EZ-link sulfoNHS-SS-biotin (ThermoFisher) in PBS for 30 min at 4°C. Afterwards the 
cells were washed three times with 0.1 M glycine in PBS and three times with PBS. The 
cells were lysed in immunoprecipitation (IP) buffer (50 mM Tris pH 8.0, 150 mM NaCl, 
1% Nonidet P-40, 0.5% deoxycholic acid, 0.05% SDS, 5 mM EDTA, 5 mM EGTA and 
protease inhibitor (Complete protease inhibitor mixture, Roche)) for 30 minutes on ice. 
The samples were subsequently spun down at 15000g for 10 min at 4°C, the pellet was 
discarded. Immunoprecipitation was performed with agarose beads for 4 hours at 4°C. 
Finally, the pellet was washed three times with IP buffer and resuspended in Laemmli 
sample buffer for analysis.
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Gene expression
RNA was isolated with the Qiagen RNeasy kit. The β-mercaptoethanol – RLT buffer 
mixture was directly added to the cells in the 1-channel slides. The synthesis of  cDNA 
was performed with M-MLV reverse transcriptase (Invitrogen). For each experiment 
(n=3) 3 were slides used and pooled for PCR. For six reference genes tested GAPDH 
was the most stably expressed, as analyzed with GeNorm130. The PCR protocol 
consisted of  3 min at 95°C, followed by 40 cycles of  20 s at 95°C, 20 s at 60°C and 30 
s at 72°C. Data were analyzed using the ΔΔCt method. Primers used can be found in 
supplemental data table 5.1. The GAPDH primer was purchased from PrimerDesign. 

Jagged1 knockdown and overexpression
For the production of  Jagged1 knockdown (KD) and overexpression (OE) cells the 
lentivirus system was employed. HEK293T cells were transfected with pCMVR8.74, 
pMD2.g and Jagged1-shRNA or Jagged1 coding cDNA (NM_000214.2 cloned into 
a pLenti-PGK-Puro backbone) for overexpression as described above. Medium was 
replaced the next morning, followed by 3 viral particle harvests at 8-12 hours interval. 
The collected medium was stored at 4°C. Afterwards the viral particles were spun down 
at 50.000g for 2 hours. Afterwards the pellet was resuspended in PBS and stored at 
-80°C until use. After transduction the transduced HUVEC were selected by culturing 
in the presence of  puromycin (1 μg/ml). Transduction efficiency was determined 
by PCR and western blot. pCMVR8.74 and pMD2.g were a gift from Didier Trono 
(Addgene plasmid #12259 & 22036). pLenti PGK Puro DEST (w529-2) was a gift from 
Eric Campeau & Paul Kaufman (Addgene plasmid # 19068). 

Notch reporter cell assay
HEK293T cells were transfected with 12xCSL-luciferase223 or GFP as a transfection 
control using polyethylenimine (PEI), 1 mg/ml. For transfection DNA and PEI were 
mixed at 1:2 in medium. After 5-minute incubation the DNA-PEI mixture was added to 
the HEK293T cell culture. After overnight incubation the cells were washed with PBS 
and used for the reporter assay. 

After flow experiments ECs were washed twice with PBS. Transfected HEK293T 
cells were seeded directly on top of  ECs and cultured in EGM2 medium for 24 hours. 
Afterwards the cells were lysed and luciferase reporter activity was measured with a 
Biotek Synergy plate reader using a luciferase Assay (Promega).

Statistical analysis
All experiments were performed at n=3, the gene expression experiments were also 
performed in technical triplicates. Data is represented as the mean +/- standard 
deviation. To test for significant differences between static and flow conditions a 
student-test was performed using GraphPad Prism 6 software, p<0.05 was considered 
to be significant. 
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5.3 Results

Shear stress alters the subcellular localization of Jagged1 

The localization of  Notch receptors and ligands is tightly regulated to control Notch 
activation through the levels of  active proteins on the plasma membrane224–226. To study 
the influence of  shear stress on ligand and receptor localization, ECs exposed to 1 Pa 
shear stress for 24 hours were fixed and stained for different Notch receptors and ligands 
(figure 5.1). All detected receptors (Notch1, 3 and 4) exhibited a diffuse or perinuclear 
localization that was similar under both static and flow conditions. Under static 
conditions all detected ligands displayed a diffuse distribution. A similar distribution of  
ligands was found in cells subjected to shear stress, with the exception of  the Jagged1 
ligand. Interestingly, a distinct relocalization of  Jagged1 into subcellular clusters was 
observed in ECs under flow conditions (figure 5.1L). A similar clustering effect was 
found in arterial EC (supplemental figure 5.1). To study if  Notch receptor cleavage and 
activation are important for the response of  Jagged1 to shear stress, we inhibited Notch 
activity by the γ-secretase inhibitor DAPT. The relocalization of  Jagged1 under shear 
stress was not affected by DAPT (supplemental figure 5.2). 
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Figure 5.1. Receptor and ligand localization under static and flow conditions. Representative fluorescence 
microscopy images of  Notch1 (A, D), Notch3 (B, E), Notch4 (C, F), Delta1 (G, J), Delta4 (H, K) and Jagged1 
(I, L) in endothelial cells that have been cultured under static or flow conditions. The Notch receptors and 
ligands are shown in green and the nuclei in blue. Only the Jagged1 ligand localized in clusters under flow 
conditions. Scale bar represents 10 μm.
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We next studied the position of  these clusters in the cell by immunostaining 
permeabilized and non-permeabilized cells with an antibody recognizing the 
extracellular domain of  Jagged1. Permeabilization allows penetration of  the antibody 
into the cell and staining of  intracellular Jagged1, whereas in non-permeabilized cells 
the antibody only detects Jagged1 presented on the cell surface. Permeabilized and  
non-permeabilized cells were stained for Jagged1 and integrin β1 and analyzed with 
confocal microscopy to distinguish between the total cellular and the membrane-only-
fraction of  Jagged1 (figure 5.2). The integrins could be visualized in both conditions 
(figure 5.2C). However, the large Jagged1 clusters were only detected in the ECs that were 
permeabilized (figure 5.2D), demonstrating that the shear stress induced large Jagged1 
clusters are intracellular close to the plasma membrane. Sectioning (surface rendered) 
confocal data from the basal membrane upwards further demonstrates that the integrins 
are located more basally than the Jagged1 clusters (figure 5.2E-G and supplemental  
figure 5.3). 

Figure 5.2. Localization analysis of  the Jagged1 clusters. A-D; Representative fluorescence microscopy images 
of  integrin β1 (A-B) and Jagged1 (C-D) in non-permeabilized and permeabilized cells. Jagged1 clustering was 
only detected in permeabilized cells. Scale bar represents 10 μm. E-G; Surface rendered confocal images of  
Jagged1 (green) and integrin β1 (red). Slicing performed at different confocal sections with Δz = 500 nm and 
E most basal/closest to coverslip/at membrane, G most intracellular. Only the basal side is visualized. Scale 
bar represents 2.5 μm.
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Shear stress affects expression of Notch receptors and ligands in a ligand-
specific manner

To gain a more detailed understanding of  the shear stress response of  ECs we analyzed 
the gene expression profile in ECs exposed to 1 Pa shear stress for 24 hrs. We observed 
that the expression levels of  both NOTCH1 and NOTCH3 were downregulated, 1.8 and 
13.7 times respectively (figure 5.3). No difference in the expression of  NOTCH4 was 
observed between static and flow conditions. In contrast to the Notch receptors, the 
ligands demonstrated distinct responses (figure 5.3). Expression of  DLL4 was decreased 
8.1-fold while the expression of  JAG1 was increased 3.3-fold. There was no difference 
in DLL1 expression. Blocking Notch activity with DAPT did not affect the shear stress 
response of  the Notch receptors and ligands (supplemental figure 5.4). We observed 
similar gene expression profiles in response to shear stress (1Pa, 24h) in arterial EC 
(supplemental figure 5.5). 

As expression of  NOTCH1 and JAG1 was also changed in response to flow, we analyzed 
the levels of  these proteins by western blotting (figure 5.3B-C). Notch1 protein levels 
were decreased under shear stress in line with the reduced gene expression. Jagged1 
protein levels showed an increasing trend.

Jagged1 clustering is a reversible process

To gain more insight into the kinetics of  the formation of  the Jagged1 clusters, ECs 
were subjected to shear stress for different periods of  time (figure 5.4). After three hours 
no clustering was visible, but after six hours a small population of  the cells started to 
display distinct clustering of  Jagged1. From nine hours after the onset of  shear stress 
most cells showed clear Jagged1 clusters. To verify if  clustering is solely a shear stress 
response the flow was stopped after 24 hours and the cells were cultured statically for a 
subsequent six or 24 hours. Directly after the flow stopped clear clustering was observed. 

Figure 5.3. Notch gene expression profile and protein levels in ECs in response to shear stress. A; Gene 
expression profile of  endothelial cells under shear stress. The expression of  NOTCH1 and NOTCH3 were 
downregulated. DLL4 expression was downregulated whereas JAG1 expression was upregulated. Gene 
expression levels under static conditions (black bars) are normalized to 1. B; Western blot for Notch1, Jagged1 
and Dll4 with β-actin as loading control. C; Quantification of  Notch1, Jagged1 and Dll4 levels normalized 
to β-actin. Significance is indicated as * = p<0.05, ** = p<0.01, *** = p<0.001. Error bars are defined as the 
standard deviation.
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When the cells were cultured for an additional six hours less prominent clustering was 
found and at 24-hour static culture post-flow clustering was clearly reduced. These data 
indicate that clustering is a reversible process and dependent on shear stress. 

Protein production and transport are required for Jagged1 clustering

Since clusters of  Jagged1 were observed after six to nine hours after the onset of  flow 
we hypothesized that protein production and transport may play an important role 

Figure 5.4. Dynamics of  Jagged1 clustering. Representative images of  Jagged1 (green) and nuclei (blue) in 
HUVEC that have been cultured for different periods of  time under static and flow conditions. A-F; HUVEC 
were subjected to shear stress for 0, 3, 6, 9, 12, or 24 hours. Jagged1 clusters appear between 6 and 9 hours 
after the onset of  flow. G-H; HUVEC were subjected to shear stress for 24 hours and cultured for a subsequent 
6 hours (G) or 24 hours (H). I; 48 hours static HUVEC culture for end point control. Scale bar represents 10 
μm.
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in this process. To test this hypothesis, we used pharmacological inhibitors of  protein 
production and ER export. Protein production was inhibited with cycloheximide. 
When cycloheximide was added to the culture medium during the flow experiments no 
clustering of  Jagged1 could be observed (figure 5.5B and F), demonstrating that protein 
production is essential for Jagged1 clustering. Inhibition of  ER export by FLI-06 also 
blocked the formation of  intracellular Jagged1 clusters (figure 5.5C and G)227, indicating 
that trafficking from the ER is required for the Jagged1 clusters to form.

Next, we asked if  Jagged1 clustering could be an effect of  protein accumulation. By 
blocking the proteasome with MG132 for 24 hours we tested if  Jagged1 accumulation 
resulted in clusters. Staining for Jagged1 showed accumulation of  Jagged1 in small 
vesicles, but not to a degree nor with a similar pattern that was observed in response to 
shear stress (supplemental figure 5.6). 

Notch ligands have been shown to be trafficked through the endocytotic pathway to 
gain signaling activity228 and to provide the pulling force on the receptor necessary for 
receptor activation229. To assess if  endocytosis contributed to Jagged1 clustering under 
shear stress we inhibited dynamin, a key protein in endocytosis, during shear stress230,231. 
No clusters could be detected in the ECs cultured under flow with MiTMAB, a 
dynamin inhibitor (figure 5.5D and H), indicating that dynamin-dependent endocytosis 
is required for the intracellular clustering of  Jagged1.

We next analyzed Jagged1 surface levels under shear by a biotinylation assay. Jagged1 
membrane levels were lower when ECs were exposed to shear stress (figure 5.6 A-B). 

Figure 5.5. Pharmacological inhibition of  protein production, ER export and endocytosis. Representative 
fluorescence microscopy images of  Jagged1 (green) and nuclei (blue) in ECs that have been treated with 
pharmacological inhibitors in static (A-D) and flow (E-H) conditions. Cycloheximide inhibits protein 
production (B, F), FLI-06 inhibits ER export (C, G) and MiTMAB inhibits dynamin dependent endocytosis 
D, H). Jagged1 clustering was detected only in the untreated control conditions (E). Scale bar represents 10 
μm.
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Jagged1 membrane levels increased when ECs were cultured for a subsequent 24 hours 
in static conditions corresponding to the disappearance of  the clusters (figure 5.4G-H 
and figure 5.6B). These data indicate that Jagged1 subcellular localization is regulated 
by shear stress. 

Shear stress increases the signaling potential of endothelial cells

To study the functional effect of  shear stress on ECs we used a Notch reporter cell assay 
to measure the signal sending potential of  the ECs. For the reporter assay HEK293T 
cells were transfected with a 12xCSL luciferase reporter construct232,233. To measure the 
signal sending potential of  the ECs, transfected HEK293T were seeded on top of  ECs 
that have been subjected to shear stress for 24 hours or on the respective static controls. 
After a subsequent 24-hour co-culture, the luciferase levels in cells on top of  sheared 
ECs were 1.7-fold higher than the static controls (figure 5.6C). 

We next tested whether the signaling capacity of  the cells was affected by inhibition of  
protein production, ER export or dynamin with the reporter cell assay. Inhibition of  
protein production and ER export ablated the shear induced increase in signal sending 
potential, indicating that protein production and ER export are required. Inhibition of  
dynamin with MiTMAB reduced the reporter cell signal 5.5-fold as compared to the 
static control (figure 5.6C). Of  note, MiTMAB affected the adherence of  cells upon 
shear and the reduced number of  adhering cells might have added to the effect. 

We then asked if  Jagged1 contributes to the increased signaling response after exposure 
to shear stress by knockdown and overexpression of  Jagged. Overexpression of  Jagged1 
(3-fold increase, supplemental figure 5.7) in ECs led to a further increase in the signal 
sending potential in response to shear stress of  2.6-fold compared to the 1.7-fold increase 
for control ECs. (figure 5.6D). Reducing Jagged1 levels by 42% did not affect the shear 
stress response and EC cells with reduced Jagged1 levels still demonstrated enhanced 
signal sending potential upon shear stress. The data demonstrate that Jagged1 levels can 
have an in impact on signaling, but also suggests that other mechanisms such as protein 
trafficking may play a significant role, in line with previous data decoupling Jagged1 
membrane levels from signal activation potential232,234 

5.4 Discussion 

In this work, we show that Notch is mechanoresponsive in ECs and that Notch ligands 
show distinct responses to shear stress. Expression of  JAG1 increases, whereas DLL4 
expression decreases in response to shear stress in both HUVECs and arterial ECs. 
However, on the protein levels the changes are not significant although there is a trend 
towards increased Jagged1 levels under shear stress. In terms of  ligand distribution, 
Jagged1 relocalizes into intracellular assemblies (clusters). This relocalization is 
reversible and requires protein production, ER transport and endocytosis, suggesting 
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that both Jagged1 production and recycling from the membrane contribute to the cluster 
formation. Both shear induced transcriptional changes and Jagged1 distribution are 
independent of  receptor cleavage and Notch activity. Functionally the Notch signal 
sending potential of  ECs is increased after shear stress. This effect is enhanced by 
Jagged1 overexpression, but not affected by a 42% reduction in Jagged1 levels. The 
inhibition of  protein production and ER transport and dynamin dependent endocytosis 
prevents shear response of  Jagged1. 

We observed a decrease in NOTCH1 and NOTCH3 expression, in contrast to others 
that have reported no changes or an increase in NOTCH1 expression in response to 
shear stress101,102,105,106. In their studies, different ECs, different shear stress magnitudes 
and exposure times were used. We exposed both HUVECs and arterial ECs to shear 
stress. NOTCH1 expression did not change in response to shear stress in arterial ECs 
(supplemental figure 5.5). The gene expression profiles for the other Notch components, 
including the ligands, were consistent in both cell types. When HUVEC are exposed 
to shear stress for three hours, NOTCH3 and HES1 demonstrated a reversed response. 

Figure 5.6. Jagged1 membrane levels and signaling potential of  endothelial cells. A; Immunoblot of  Jagged1 
on streptavidin immunoprecipitates of  biotin-labelled surface protein under shear stress, β-actin as loading 
control. Membrane levels of  Jagged1 are decreased after shear stress. B; Quantification of  Jagged1 membrane 
levels. Shear stress significantly reduces Jagged1 in the membrane. C; Quantification of  Notch activity in 
Notch reporter cells cultured on HUVECs under shear and treated with specific inhibitors. Increased Notch 
activation in reporter cells seeded on sheared ECs. No increase when ECs were treated with cycloheximide 
or FLI-06. MiTMAB reduced shear effect. D; Quantification of  Notch activity in reporter cells onto Jagged1 
overexpressing and Jagged1 knockdown HUVEC. Significance is indicated as * = p<0.05. Error bars are 
defined as the standard deviation.
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These genes were upregulated after three hours, but downregulated after 24 hours of  
shear stress exposure. (supplemental figure 5.8). This further demonstrates the temporal 
regulation of  the shear stress response that was recently reported by Ajami and 
colleagues235. Cells adapt to the new environment after the onset of  flow, and to study 
the effect of  flow in a native-like environment during cellular homeostasis a prolonged 
period of  shear stress application is needed. 

Whereas most Notch proteins display a diffuse distribution under both static and flow 
conditions, Jagged1 clusters in response to flow. Jagged1 clusters appear at six hours 
after the onset of  flow and the clustering is reversible and disappear by stopping the 
flow. Relocalization of  proteins in response to shear stress has been observed by others 
as well, suggesting that protein trafficking and relocalization are part of  the cellular 
responses to shear stress102,236. One of  the most well-known effects of  shear stress is 
cytoskeletal remodeling237,238. Boycott and colleagues also showed that arterial myocytes 
increase their membrane concentration of  potassium channels from a cytoplasmic 
pool in response to shear stress239. Mack et al. recently showed that Notch1 clusters are 
formed downstream of  the nucleus when exposed to high shear stress levels. However, 
for the 1 Pa shear stress levels, used in our study, they did not observe Notch1 clustering. 
In our study, there was no preferred cellular localization of  the Jagged1 clusters. 

Exposure to shear stress increased the signaling potential of  ECs, an effect that requires 
protein production, ER transport and dynamin dependent endocytosis. The shear stress 
induced signal sending potential of  ECs was further elevated in cell overexpressing 
Jagged, however a reduction of  Jagged1 levels by 42 % did not reduce the shear stress 
response suggesting that not only Jagged1 levels but also other mechanisms contributes 
to the signal sending potential. Intriguingly, shear stress reduced Jagged1 membrane 
levels, in line with the formation of  intracellular Jagged1 clusters, and relieving the cells 
from shear stress increased membrane levels (supplemental figure 5.9). This indicates 
that shear stress affects Jagged1 trafficking. Considering the importance of  protein 
trafficking in Notch regulation this hypothesis warrants further investigation. 

Notch signaling is dose-sensitive and Notch activity needs to be tightly regulated. 
Overexpression of  Jagged1 in mice with induced diabetes leads to microvasculopathy240. 
The upregulation of  Jagged1 in ECs promotes cancer cell survival and metastasis of  
breast cancer cells241. Loss of  endothelial Jagged1 leads to embryonic lethality and 
Jagged1 deregulation causes vascular defects. The most well-known example of  
Jagged1 mutations is linked to vascular defects in the multisystem disorder Alagille 
syndrome23,222. These examples emphasize the importance of  tight control of  Jagged1 
signaling. Assembly of  Jagged1 into intracellular clusters may be a mechanism to 
balance gene expression, protein production, endocytosis and degradation to tightly 
control Jagged1-mediated Notch activation under shear stress. Ligand endocytosis is 
also required for signaling activity and shear induced endocytosis may contribute to 
receptor activation. Notch mechanobiology is an emerging but rapidly developing field. 
In light of  our data, further studies on the regulation and function of  the different ligands 
under hemodynamic conditions would extend our knowledge in this field significantly. 
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Supplemental figure 5.1. Jagged1 clusters in human arterial endothelial cells. Representative fluorescence 
microscopy images of  Jagged1 (green) and nuclei (blue) in HAEC that have been cultured under 1 Pa shear 
stress for 24 hours. Jagged1 clustering was found in HAEC under flow, but not in static conditions. Scale bar 
represents 10 μm.

5.6 Supplementary Information

Supplemental figure 5.2. Jagged1 localization in gamma-secretase inhibited ECs. Representative fluorescence 
microscopy images of  Jagged1 (green) and nuclei (blue) in ECs that have been treated with DAPT to inhibit 
Notch signaling activity. Jagged1 clustered both in DAPT and control conditions. Scale bar represents 10 μm.
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Supplemental figure 5.3. Confocal analysis of  Jagged1 clustering. A-D; Representative confocal sections 
with side view of  Jagged1 (green) and integrin β1 (red) in ECs. Confocal sections from basal (A) to apical (D) 
side at 500 nm increments. Imaging direction is shown by arrows in (A). Scale bar represents 2.5 μm 

Supplemental figure 5.4. Gene expression of  ECs with and without DAPT under flow and static conditions. 
Inhibition of  Notch activity did not affect the shear stress response of  endothelial cells. Similar relative 
responses to shear stress are found in controls and Notch activity inhibited cells. Gene expression levels 
under static conditions (black bars) are normalized to 1. Significance is indicated as * = p<0.05, ** = p<0.01,  
*** = p<0.001. Error bars are defined as the standard deviation.
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MG132Control

Supplemental figure 5.6. No Jagged1 clustering after proteasome inhibition. Representative fluorescence 
microscopy images of  Jagged1 (green) and nuclei (blue) in HUVEC cultured statically that have been treated 
with the proteasome inhibitor MG132. No clustering could be observed in treated cells. Scale bar represents 
10 μm. 

Supplemental figure 5.5. Notch gene expression profile in human arterial endothelial cells in response to 
shear stress. Gene expression profile of  HAEC under shear stress. NOTCH1 showed no change. NOTCH3, 
DLL4 and HES1 were downregulated, JAG1 and HEY1 were upregulated. Significance is indicated as  
* = p<0.05, ** = p<0.01,  *** = p<0.001. Error bars are defined as the standard deviation.
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Supplemental figure 5.8. Notch gene expression profile in HUVEC in response to 3 hour shear stress 
exposure. Gene expression profile of  HUVEC under shear stress after 3 hours. NOTCH3, JAG1, HES1 and 
HEY1 were upregulated, DLL4 was downregulated. Significance is indicated as * = p<0.05, ** = p<0.01,  
*** = p<0.001. Error bars are defined as the standard deviation.
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Supplemental figure 5.7. Quantification of  Jagged1 knockdown and overexpression. Gene expression 
analysis of  Jagged1 knockdown and overexpression. Knockdown resulted in a 42% reduction of  Jagged1 
mRNA. Overexpression increased Jagged1 mRNA levels 3-fold. Significance is indicated as * = p<0.05,  
** = p<0.01, *** = p<0.001. Error bars are defined as the standard deviation.
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Gene Forward Reverse

NOTCH1 CCTGAAGAACGGGGCTAACA GATGTCCCGGTTGGCAAAGT

NOTCH3 GCCATGCTGATGTCAATGCT CAGCCCAGTGTAAGGCTGAT

NOTCH4 TGCCAGCCCAAGCAGATATGTA CCAACCCACGTCACACACAC

DLL1 ATTGACGAGTGTGACCCCAG GCACAGGTCATGGCACTCAA

DLL4 CCTCTCCAACTGCCCTTCAAT GCGATCTTGCTGATGAGTGC

JAG1 AATGGCTACCGGTGTGTCTG CCCATGGTGATGCAAGGTCT

HES1 AGTGAAGCACCTCCGGAAC CGTTCATGCACTCGCTGA

HEY1 TGGATCACCTGAAAATGCTG CGAAATCCCAAACTCCGATA

Supplemental table 5.1. Overview of  primers used in gene expression analysis
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Supplemental figure 5.9. Jagged1 membrane levels after flow recovery. A; Immunoblot of  Jagged1 on 
streptavidin immunoprecipitates of  biotin-labelled surface protein under shear stress, β-actin as loading 
control. B; Quantification of  Jagged1 membrane levels. Jagged1 membrane levels show a decreasing trend, 
not significant. Error bars are defined as the standard deviation.
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Abstract

Notch signaling and blood flow regulate vascular tissue morphogenesis and homeostasis. 
The Notch pathway is mechanosensitive, and we previously demonstrated that shear 
stress induces expression, intracellular trafficking and enhanced signal activation of  
Jagged1. Shear stress magnitude and flow patterns affect vascular (patho)physiology 
and here we investigated the influence of  shear stress patterns and magnitude 
on endothelial Notch signaling using a microfluidic cell culture system. Jagged1 
relocalized into subcellular clusters in both continuous and pulsatile flow conditions. 
Changes in flow patterns did not affect the expression of  Notch components, with 
the exception of  HEY1, and both continuous and pulsatile flow reduced expression 
of  DLL4, NOTCH3, NOTCH4 and HES1 and increased JAG1 expression. Changes in 
shear magnitude between 0.5, 1 and 2 Pa had distinct effects on the expression of  Notch 
components, but not on Jagged1 relocalization. JAG1 and HEY1 expression peaked at 
1 Pa, whereas NOTCH1 expression was decreased at 1 Pa. DLL4 expression increased 
and NOTCH4 decreased at 2 Pa. Jagged levels were shown to be important for Notch 
mechanosensitivity, and the transcriptional response to shear stress was attenuated 
in endothelial cells where Jagged1 was either overexpressed or knocked down. 
Shear stress magnitude did not affect Jagged1 cluster formation nor EC signaling to  
co-cultured reporter cells. Jagged1 is important for shear stress induced signal activation 
as inhibition of  Delta signaling did not affect Notch activity. The data demonstrate that 
shear stress regulates Notch signaling both at the transcriptional and posttranslational 
level, and suggest that Jagged1 functions as a mechanoregulator of  Notch signaling in 
endothelial cells. 
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6.1 Introduction

Fluid shear stress is the frictional force that acts on the vessel wall caused by blood 
flow and is an important regulator of  the development and the integrity of  the vascular 
system62,77. The cells that sense and respond to shear stress are the endothelial cells 
(ECs), which line the vessel lumen. ECs use a variety of  shear sensors to translate the 
physical shear stress into a biochemical signal242. In turn, these signals regulate various 
downstream processes in the cells. For example, shear stress is used as an adaptive 
mechanism to refine the genetically preprogrammed arteriovenous specification81. 
Moreover, shear stress is an important factor in the remodeling of  the vasculature236,243. 
And in a fully developed vascular tree, shear stress remains an important regulator of  
vascular tone by instructing endothelial control over vasoconstriction or dilation of  the 
vessel9. 

The shear stress imposed by the blood flow can vary over time. Due to the pulsatile nature 
of  the heart and branching of  the vascular tree, blood flows at different flow velocities, 
resulting in variations in shear stress levels in space and time. Flow pulsatility can have 
significant effects on vascular remodeling. By comparing pulsatile with continuous flow, 
Buschmann and colleagues showed that arterial marker expression is increased under 
pulsatile conditions244. Interestingly, venous markers were downregulated. Moreover, 
Yee et al. showed that around 200 genes are differentially expressed in pulsatile or 
continuous flow conditions245. Next to pulsatility, directionality is of  great importance 
for the way ECs respond to shear stress. Whenever blood flow is disturbed, for example 
at bifurcations or curvatures in the tissue, the flow profile can become turbulent. These 
turbulent oscillatory flow profiles have been demonstrated to upregulate inflammatory 
genes89, promoting atherosclerosis. Laminar shear profiles, on the other hand, have been 
demonstrated to induce expression of  genes that are atheroprotective246. 

Notch signalling plays important roles in vascular development and 
homeostasis13,41,102,129,219. Moreover, Notch is an important player in vascular 
inflammation and atherosclerosis102,247. The pathway is activated when a Notch receptor 
(Notch1-4) binds to a Notch ligand (Jagged1,2 or Dll1,3,4) on neighboring cells. After 
two cleavages triggered by ligand binding, the intracellular domain (NICD) translocates 
to the nucleus where it binds the DNA binding protein RBP-J and activate expression 
of  target genes. The removal of  different receptors (Notch1 and Notch2), ligands (Dll1, 
Dll4 and Jagged1) and downstream regulators (RBP-J) in the developing embryo leads 
to loss of  arterial marker expression and/or embryonic lethality29,40,50,221. 

Notch signaling has been shown to be regulated by hemodynamics. In vivo data in 
zebrafish showed that a reduction of  shear stress reduces expression of  DLL4, JAG1 
and NOTCH1 in the heart100. Furthermore, Pestel et al. showed that when heartbeat 
was inhibited, no Notch activity could be detected in the endocardial cells99. In vitro 
shear stress experiments demonstrate that shear stress increases both Notch target 
gene expression in ECs as well as increases Notch signaling strength of  the ECs to 
reporter cells102,129. Moreover, shear stress induced Notch1 activity is required for 
arterial specification and to maintain an arterial phenotype83,102,248. Mack et al. showed 
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that Notch1 is required for the endothelial response to flow, such as cell alignment and 
the establishment of  cell-cell junctions102. Polacheck and colleagues demonstrated that 
the transmembrane domain of  Notch1 plays a non-canonical role in vascular barrier 
formation104. 

Notch mechanosensitivity is a rapidly developing field. Many processes, such as 
vascular barrier function or Ca2+ signaling, respond in a shear magnitude sensitive 
manner and further, respond differently to pulsatile flow compared to continuous steady 
flow244,249,250. With respect to Notch signaling, Mack et al. and Fang et al. demonstrated 
that the nuclear localization of  the NICD is dose dependent by staining cells that had 
been exposed to different shear magnitudes102,248. The majority of  the work performed 
on hemodynamics and Notch signaling has focused on the effect on Notch receptors 
in ECs and the downstream effects of  Notch signaling102,104. The effect of  shear stress 
on the Notch ligands in ECs however is largely unexplored. We recently identified a  
ligand-specific response to shear stress in ECs and demonstrated that shear stress 
induces expression and intracellular reorganization of  Jagged1 in these cells129. In this 
study, we further investigate the identified Notch shear response by analyzing the impact 
of  pulsatility and shear magnitudes on the Notch pathway, as well as the importance of  
Jagged for the mechanosensitivity of  the pathway. 

6.2 Methods

Cell culture
All chemicals and cells were purchased at Sigma Aldrich/Merck unless stated otherwise. 
Pooled human umbilical vein endothelial cells (HUVEC, cat. no. C2519A, Lonza) 
were cultured in endothelial growth medium 2 with growth supplements (PromoCell). 
Medium was changed every 2-3 days. Cells were seeded at 106 cells/ml into collagen 
IV coated 1-channel slides for gene expression analysis and 6-channel slides for 
immunocytochemistry or the reporter cell assay (ibidi GmbH). After one day of  culture 
the ECs were subjected to shear stress using the ibidi pump system (ibidi GmbH) or 
kept in culture as a static control. All experiments were performed on a confluent 
monolayer of  ECs between passage 2 and 5 for HUVEC. Human Embryonic Kidney 
293T (HEK293T) cells (Sigma-Aldrich) and HEK293-FLN1 (HEK293 cells with stable  
full-length Notch1 expression) were cultured in high glucose DMEM (Gibco) 
supplemented with 10% FBS (Greiner Bio One) and 1% penicillin/streptomycin 
(Lonza). For transfection HEK293T cells were seeded in 6-well plates at 650.000  
cells/well. CHO N1G4- citrine UAS-H2B-mcherry cells (gift from David 
Sprinzak)251,252 were cultured in α-MEM supplemented with 1% L-glutamine, 1%  
penicillin/streptomycin, 10 μg/ml blasticidine, 625 μg/ml geneticin and 400 μg/ml 
zeocin. All cultures were maintained at 37°C and 5% CO

2
 in a humidified incubator. 
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Shear stress experiments
For the shear stress experiments the standard perfusion sets were adjusted to gain a 
stable flow speed and pressure. Resistance tubing (0.5 mm inner diameter) was added 
after the channel slides to stabilize the fluctuations in flow speed. The cells were exposed 
to 0.5, 1 or 2 Pa shear stress for 24 hours. Flow speeds was constantly measured to 
ensure correct flow speed (ME2PXL flow sensor, Transonic Systems Inc.). 

Immunocytochemistry
After the flow experiments ECs were washed twice with PBS and fixed with 4% 
formaldehyde for 15 minutes. Cells were washed 3 times with PBS and permeabilized 
with 0.1% triton x-100 in PBS for 15 minutes. Samples were blocked with 4% horse 
serum in NET-gel buffer (50 mM Tris pH=7.5, 150 mM NaCl, 0.1% nonidet P-40 
(Fluka), 1 mM EDTA and 0.25% gelatin) for 15 min. The cells were stained for Jagged1 
(H66, Santa Cruz Biotechnology) at 1:50 dilution overnight at 4°C. Afterwards the cells 
were washed with NET-gel buffer and incubated with a donkey-anti-rabbit Alexa488 
conjugated secondary antibody (A21206; Invitrogen) for 45 minutes, all 1:200 dilutions. 
Cell nuclei were stained with DAPI (Sigma-Aldrich) for 5 minutes. After a final 
washing step with NET-gel buffer Mowiol was injected into the channels. Stained cells 
were observed with a Zeiss Axiovert 200M fluorescent microscope, using a 40x/0.95 
objective. 

Western blots
Proteins were separated by SDS-PAGE and transferred to a Protran nitrocellulose 
membrane (GE Healthcare Life Sciences) using a wet transfer apparatus (Amersham 
Bioscience). The membranes were blocked for unspecific binding with 5% nonfat dry 
milk at RT for 1 hour. Primary antibody incubation was performed for 1 hour at RT, 
followed by a secondary antibody incubation for 1 hour at RT (1:4000). Proteins were 
detected using SuperSignal West Pico PLUS Enhanced chemiluminescence substrate 
(ThermoFisher) following the manufacturer’s instructions. The antibodies used were 
Jagged1 (28H8, Cell Signaling Technology) and HSC70 (ADI-SPA-815-D, Enzo), both 
at 1:1000 dilution.

Gene expression
RNA was isolated with the Qiagen RNeasy kit. The β-mercaptoethanol – RLT buffer 
mixture was directly added to the cells in the 1-channel slides. The synthesis of  cDNA 
was performed with M-MLV reverse transcriptase (Invitrogen). For six reference genes 
tested GAPDH was the most stably expressed, as analyzed with GeNorm130. The PCR 
protocol consisted of  3 min at 95°C, followed by 40 cycles of  20 s at 95°C, 20 s at 
60°C and 30 s at 72°C. Data were analyzed using the ΔΔCt method. Primers used can 
be found in supplemental data table 6.2. The GAPDH primer was purchased from 
PrimerDesign. 
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Notch reporter cell assay
HEK293T cells were transfected with 12xCSL-luciferase223 or GFP as a transfection 
control using polyethylenimine (PEI), 1 mg/ml. For transfection DNA and PEI 
were mixed at 1:2 weight ratio in plain medium. After 5-minute incubation the  
DNA-PEI mixture was added to the HEK293T cell culture. After overnight incubation 
the cells were washed with PBS and used for the reporter assay. After flow experiments 
ECs were washed twice with PBS. Transfected HEK293T cells were seeded directly 
on top of  ECs (106 cells/ml, 50 μl/channel) and cultured in EGM2 medium for 24 
hours. In half  of  the channels (3) the cells were cocultured in the presence of  50 μM  
6-alkynyl-fucose (Peptides International). In the other channels the cells were cultured 
in an equal amount of  DMSO as control. Afterwards the cells were lysed and luciferase 
reporter activity was measured with a Biotek Synergy plate reader using a luciferase 
Assay (Promega).

For the ligand activation analysis tissue culture plates were coated with different 
concentrations of  Jagged1, Dll4 or an Fc control. A 96-well plate was first coated with 
50 μg/ml Protein G in PBS overnight at room temperature. After 3 washing steps with 
PBS the plate was blocked with 1% BSA in PBS for 2 hours at room temperature. Next 
the plate was washed again trice with PBS and coated with different concentrations 
of  Jagged1-Fc, Dll4-Fc or an Fc control (R&D Systems) for 2 hours. After coating of  
the plate 40.000 cells/well were seeded and cultured overnight. Two types of  reporter 
cells were used. For a luciferase assay HEK293-FLN1 cells were transfected with 
12xCSL-luciferase. Transfection was performed using the Neon transfection system 
(ThermoFisher). Afterwards the transfected HEK293-FLN1 were lysed for luciferase 
assay. For analysis by FACS the CHO N1G4- citrine UAS-H2B-mcherry cells were used. 
The CHO cells were trypsinized and analyzed by using BD LSRfortressa Blues (BD 
Bioscience). Activated cells were measured in the PE-CF594 channel. Data analysis was 
performed using FlowJo software. 

Jagged1 knockdown and overexpression
For the production of  Jagged1 knockdown and overexpression cells the lentivirus 
system was employed. HEK293T cells were transfected with pCMV8.74, pMD2.g and 
a transfer vector as described before. The transfer vector encoded for Jagged1-shRNA 
(TRCN0000033440), non-targeting shRNA (SHC002, Sigma-Aldrich) or Jagged1 
coding cDNA (NM_000214.2 cloned into a pLenti-PGK-Puro backbone). Medium was 
replaced the next morning, followed by 3 viral particle harvests at 8-12 hours interval. 
The collected medium was stored at 4°C. Afterwards the viral particles were spun 
down at 50.000g for 2 hours 4°C. Afterwards the pellet was resuspended in medium 
and stored at -80°C until use. ECs were transduced with lentivirus in the presence of   
8 μg/ml polybrene. The knockdown cells were transduced at a multiplicity of  infection 
of  three. The virus titer was determined by PCR according to Barczak and colleagues253.
After transduction the transduced HUVEC were selected by culturing in the presence of  
puromycin (1 μg/ml). Transduction efficiency was determined by PCR and western blot. 
pCMVR8.74 and pMD2.g were a gift from Didier Trono (Addgene plasmid #12259 
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& 22036). pLenti PGK Puro DEST (w529-2) was a gift from Eric Campeau & Paul 
Kaufman (Addgene plasmid # 19068). The shRNA constructs were kindly provided by 
Rob Hoeben and Martijn Rabelink from Leiden University Medical Center.

Statistical analysis
All experiments were performed at n=3, the gene expression experiments were also 
performed in technical triplicates. Data is represented as the mean +/- standard 
deviation. To test for significant differences a student-test or ANOVA was performed 
using GraphPad Prism 6 software, p<0.05 was considered to be significant. 

6.3 Results

Pulsatility affects target gene expression, but not Jagged1 expression and 
clustering

We previously showed that a continuous shear stress of  1 Pa induces a ligand specific 
response in ECs. Shear stress enhanced Jagged1 expression and induced subcellular 
clustering of  the ligand. Since pulsatility can influence ECs we asked whether pulsatility 
affects the Notch shear response. Cells adapt to the new environment after the onset 
of  flow, and to study the effect of  flow in a native-like environment during cellular 
homeostasis we used a prolonged period of  shear stress application129,235. We exposed 
ECs to continuous and pulsatile shear stress of  1 Pa for 24 hours and analyzed the 
Notch gene expression profile in both conditions. No differences were observed in the 
expression of  Notch receptors and ligands in cells that were exposed to continuous or 
pulsatile flow. Expression of  the Notch receptors, NOTCH1, NOTCH3 and NOTCH4, 
was downregulated in both cases. The expression of  the ligands was in both flow 
situations ligand specific with a downregulation of  DLL4 and an upregulation of  JAG1. 
In both pulsatile and continuous flow conditions HES1 was downregulated. HEY1 on 
the other hand was upregulated under pulsatile flow, but downregulated in continuous 
flow conditions (figure 6.1A). We further analyzed the localization of  Jagged1. Both 
shear stress conditions induced clustering of  Jagged1 (figure 6.1B). In conclusion, 
continuous and pulsatile flow exerted the same effect on Jagged1 expression and 
subcellular localization. For the other analyzed Notch genes only HEY1 responded 
differently to continuous and pulsatile flow. 

Shear stress magnitude affects expression of Notch receptors, ligands and 
target genes in a gene-specific manner

We next analyzed the gene expression profile in ECs that were exposed to different 
magnitudes of  shear stress (0.5, 1 and 2 Pa) for 24 hours (figure 6.2A). The expression of  
JAG1 and DLL1 demonstrated a dose sensitive response. Expression of  JAG1 increased 
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in response to shear stress and JAG1 expression peaked at 1 Pa. Whereas shear stress 
of  0.5 and 1 Pa reduced DLL1 expression, expression of DLL1 was increased at 2 Pa 
compared to the static controls. Expression of  DLL4 was decreased at all shear levels. 
Expression of  all Notch receptors was downregulated under all shear magnitudes, 
with NOTCH1 and NOTCH4 displaying a dose sensitive behavior. NOTCH1 expression 
was reduced at 1 Pa as compared to 0.5 and 2 Pa, and the expression of  NOTCH4 was 
decreased at 2 Pa. For the target genes tested, HES1 was downregulated at all shear 
magnitudes. HEY1 and HEY2 on the other hand were sensitive to shear magnitude. 

Figure 6.1. Jagged1 clustering and the Notch gene expression profile in pulsatile and continuous flow 
conditions. (A) Gene expression profile of  endothelial cells exposed to pulsatile or continuous flow, 
compared to their static controls. In both flow situations NOTCH1, NOTCH3, NOTCH4, DLL4 and HES1 
are downregulated and JAG1 is upregulated. HEY1 is upregulated under continuous flow and downregulated 
under steady flow. DLL1 is downregulated under continuous flow conditions, but unaffected under pulsatile 
flow conditions. Significance is indicated as * = p<0.05, ** = p<0.01, *** = p<0.001. Error bars are defined 
as the standard deviation. (B) Representative fluorescence microscopy images of  Jagged1 (green) and the 
nucleus (blue) in endothelial cells that have been exposed to shear stress, either pulsatile or continuous flow, or 
kept in static conditions. Jagged1 relocalizes into clusters in both flow conditions. Scale bar represents 10 μm.
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HEY1 was downregulated at 0.5 and 2 Pa shear stress, but upregulated at 1 Pa. The 
expression of  HEY2 was increased at 2 Pa. Taken together, the data show that NOTCH1, 
NOTCH4, DLL1, JAG1, HEY1 and HEY2 are not only sensitive to shear stress, but also 
to the magnitude of  shear. 

Jagged1 relocalizes into subcellular clusters in response to shear stress 
independent of the shear magnitude.

Shear stress has been demonstrated to influence trafficking and subcellular localization 
of  Notch components. Shear stress induces membrane internalization and relocalization 
of  Jagged1 into subcellular clusters129 and regulates the localization of  NICD to the 
nucleus102,248. Therefore, we assessed if  the subcellular localization of  Jagged was 
dependent on shear magnitude. ECs were exposed to 0.5, 1 and 2 Pa shear stress for 24 
hours, fixed, and stained for Jagged1 (figure 6.2B). A distinct relocalization of  Jagged1 
into subcellular clusters was observed in ECs under all flow conditions, demonstrating 
that the clustering of  Jagged1 occurs independent of  shear magnitude. 

Figure 6.2. Jagged1 clustering and gene expression under different magnitudes of  shear stress. (A) The gene 
expression profile in endothelial cells that have been exposed to 0.5, 1 and 2 Pa shear stress. Expression of  
NOTCH1, NOTCH4, DLL1, JAG1 and HEY1 were sensitive to shear magnitude. All genes are presented relative 
to the static controls, indicated by the dashed line. Significance is indicated as * = p<0.05, ** = p<0.01,  
*** = p<0.001. Differences between shear levels is indicated by horizontal bars, differences with respect to 
the static controls are indicated a gray asterisk. Error bars are defined as the standard deviation, deviations 
in the controls is not shown. (B) Representative fluorescence microscopy images of  Jagged1 (green) and the 
nucleus (blue) in endothelial cells cultured in static conditions or that have been exposed to 0.5, 1 or 2 Pa 
shear stress. Jagged1 relocalization into subcellular clusters was observed at all magnitudes of  shear stress. 
Scale bar represents 10 μm.
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Figure 6.3. Notch gene expression profile of  NTC, J1KD and J1OE cells in response to 0.5 Pa shear 
stress. Gene expression profile of  non-targeting control (NTC), Jagged1 knockdown (J1KD) and Jagged1 
overexpressing (J1OE) ECs that have been exposed to 0.5 Pa shear stress. (A) In the NTC cells NOTCH1, 
NOTCH3, NOTCH4, DLL1, DLL4 and HES1 were downregulated and JAG1 and HEY1 were upregulated. (B) 
In the J1KD cells only NOTCH3, DLL4 and JAG1 are affected by shear stress. Both NOTCH3 and DLL4 were 
downregulated and JAG1 upregulated. (C) In the J1OE cells DLL4 and HES1 were downregulated and JAG1 
upregulated in response to shear stress. Significance is indicated as * = p<0.05, ** = p<0.01. Error bars are 
defined as the standard deviation.
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Jagged1 is required for altered gene expression in response to shear stress

To what degree Jagged1 plays a role in the Notch shear stress response is unclear. To 
investigate the importance of  Jagged1 in the Notch shear stress response in more detail 
we transduced ECs with lentivirus encoding for Jagged1 and Jagged1 shRNA to generate 
ECs expressing high levels of  Jagged and ECs where Jagged1 was knocked down. A 
non-targeting shRNA (NTC) was used as a control. We verified successful knock down 
of  Jagged1 by western blotting and gene expression. Jagged1 levels were reduced by 
47% on gene expression level and 65% on a protein level (supplemental figure 6.1). 
The knockdown of  Jagged1 also resulted in the downregulation of  other Notch ligands 
and receptor (NOTCH4, DLL1, DLL4, HES1 and HEY1) and upregulation of  NOTCH3. 
Jagged1 overexpression was verified by a 7.5-fold increase in JAG1 expression. Only 
DLL1 expression was affected by Jagged1 overexpression (supplemental figure 6.2). Viral 
transduction with the NTC did not influence Jagged1 protein levels, but the Notch gene 
expression profile was affected (supplemental figure 6.3). The expression of  NOTCH3 
increased and expression of  NOTCH4, DLL1, DLL4, JAG1, HES1 and HEY1 decreased. 
Despite these differences between NTC and wild type (WT) cells, the NTC cells were 
used as a control group since the shear stress response at 0.5 Pa in the NTC cells was 
comparable to the wild type (WT) shear stress response, with the exception of  the effect 
of  shear stress on DLL1 expression (figure 6.3A). DLL1 expression was downregulated 
in the NTC cells whereas it was unaffected in wild type cells at 0.5 Pa. 

The shear stress response observed in ECs with reduced Jagged1 levels (J1KD) was 
significantly different compared to the response in NTC and WT cells at a magnitude 
of  0.5 Pa (figure 6.3B). This magnitude was chosen as Jagged1 knockdown affected 
cell adhesion at flow of  higher magnitudes. The effect of  shear stress observed in the 
NTC cells on NOTCH1, NOTCH4, DLL1, HES1 and HEY1 was no longer observed in 
the J1KD cells . However, shear stress did reduce the expression of  NOTCH3 and DLL4 
and increased JAG1 levels in J1KD cells, just as in the NTC cells. Expression of  the 
target genes HES1 and HEY1 remained unaffected under shear in J1KD cells, in contrast 
to the NTC cells. Overexpression of  Jagged1 led to a similar response was found in as 
the J1KD cells (figure 6.3C). Under shear stress, JAG1 expression increased and DLL4 
expression decreased. HES1 expression was also decreased under shear stress. Adhesion 
of  Jagged1 overexpressing cells was not affected by higher shear magnitudes, and we 
observed a similar response to higher shear stress magnitudes as to 0.5 Pa in these cells 
(supplemental figure 6.4). 

Jagged drives the increased signaling potential of endothelial cells

Shear stress increased JAG1 and decreased DLL4 expression. To study the functional 
effect of  the different ligands in ECs exposed to shear stress we used a Notch reporter 
cell assay to measure the signal sending potential of  the ECs. Reporter cells (HEK293T) 
were transfected with a 12xCSL luciferase reporter construct232,233. The reporter cells 
were seeded on top of  the ECs that had been subjected to different magnitudes of  shear 
stress, or on their respective static controls. To evaluate the activation potential of  Dll4 
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versus Jagged1 we seeded the reporter cells on Dll4 and Jagged1 coated substrates 
using a concentration range of  0.1 nM up to 75 nM of  the respective ligands. Both 
ligands induced increased Notch activity in the reporter cells, although with a different 
activation pattern and with different efficacy. Jagged1 activates Notch signaling at lower 
concentrations, but Dll4 can sustain higher Notch activity (figure 6.4A-B). 

Since Dll4 and Jagged1 have different effects on Notch activity, the relative contribution 
of  the ligands to the signaling potential of  ECs under shear is difficult to dissect. L-fucose 
analogs, such as the 6-alkenyl fucose, were recently identified to specifically inhibit 
Delta signaling, but not Jagged signaling254. We used the fucose analog to discriminate 
between Delta and Jagged signaling. The signal sending potential was measured in the 
presence or absence of  6-alkenyl fucose (figure 6.4C). DMSO was used as a vehicle 
control. The signaling potential of  ECs increased after exposure to shear stress, and 
the increase was not affected by the magnitude of  shear stress. The shear stress induced 
Notch activation was not affected by Delta inhibition. 
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Figure 6.4. Notch signaling potential of  endothelial cells under shear stress. (A) FACS histograms of  
Notch reporter cells seeded on different concentrations of  recombinant ligands Jagged1-Fc or Dll4-Fc. The 
percentage of  positive cells was defined as all cells over a relative red fluorescent intensity of  105 units. (B) 
Quantification of  the relative luminescence units (RLU) in HEK293-FLN1 cells, transfected with 12xCSL 
luciferase, that were seeded on different ligand concentrations. (C) Quantification of  the Notch activity in the 
HEK293T cells, transfected with 12xCSL luciferase. These cells were cultured in the presence of  the Delta 
inhibitor 6-alkenyl-fucose or equal amounts of  DMSO as control. Shear stress increased the signaling of  
endothelial cells, independent of  shear stress magnitudes. Delta inhibition did not affect signal activation 
in response to shear stress. Significance is indicated as * = p<0.05. Error bars are defined as the standard 
deviation.
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6.4 Discussion 

In this work, we show that Notch signaling is not affected by the flow pattern. Jagged1 
relocalizes into subcellular clusters under both continuous and pulsatile flow, indicating 
that the flow pattern does not affect Jagged1 relocalization, although the dynamics of  
Jagged1 was not assessed. The gene expression profile of  endothelial cells under shear 
stress was similar between continuous and pulsatile flow with the exception of  HEY1 
expression. The magnitude of  shear stress does not affect Jagged1 relocalization, but 
relocalization dynamics were not investigated. The magnitude of  the shear stress does 
affect the expression Notch receptors, ligands and target genes, each in a gene-specific 
manner. We further show that the Notch gene expression response requires controlled 
Jagged1 levels as knockdown and upregulation strongly affect the response to shear 
stress. Finally, we demonstrate that the increased signaling response of  endothelial cells 
after exposure to shear stress is independent of  shear magnitude and Delta signaling. 

Here we first studied the role of  pulsatile flow on endothelial Notch signaling compared 
to a steady continuous flow. We did not find a strong dependency of  pulsatility on 
expression of  Notch components. The previously identified subcellular Jagged1 
clustering under continuous flow was observed under pulsatile conditions and the 
gene expression pattern was similar for both flow conditions, except for HEY1. During 
vascular development, Notch signaling drives the maturation of  the vessel wall. Flow 
pulsatility occurs at a 1 Hz frequency and controls processes that operate on short time 
frames, such as Ca2+ influxes255. Notch signaling on the other hand proceeds at a much 
larger timeframe in the regulation of  vascular development. It is therefore not surprising 
that no strong dependency of  pulsatility was found. 

The target gene expression under pulsatile flow is in contradiction with previous work 
by Buschmann and colleagues244. They presented an upregulation of  HES1, HEY1 and 
HEY2 under pulsatile flow whereas these factors were not changed under continuous 
flow conditions. These results were obtained in arterial ECs at 3 Pa shear stress, whereas 
in our study we exposed umbilical vein derived ECs to shear stresses up to 2 Pa. We 
recently demonstrated that Jagged1 clustering and the gene expression pattern at 1 Pa 
shown in figure 6.1 were independent of  arterial or venous origin of  the EC129. It is 
therefore likely that the discrepancy between our results and those of  Buschmann et 
al. is caused by the difference in shear magnitude. Contradicting data regarding Notch 
1 expression at 2 Pa shear stress has also been reported 101,102. These discrepancies 
highlight the importance of  a systematic approach where flow patterns, shear levels and 
cell types should be carefully considered. 

Notch signaling is a mechanosensitive signaling pathway that is dose-sensitive and its 
activity needs to be tightly regulated. Jagged1 and Dll4 use different force magnitudes 
to activate the Notch receptor, allowing mechanical tuning of  receptor activation. Here 
we further show that Jagged1 plays an important role in the shear stress response in 
ECs. Shear stress downregulated NOTCH1, NOTCH3, NOTCH4 and DLL4 expression 
and upregulated JAG1 expression. Further, some of  the Notch genes are not only 
responsive to shear stress itself, but also to shear stress magnitude. The expression of  
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NOTCH1 and JAG1 peaked at 1 Pa whereas NOTCH4 and DLL1 were affected strongest 
at 2 Pa. Whereas Dll4 is required for initiation of  vessel formation, Dll1 is required 
for maintenance of  arterial identity30–32. After vessel formation by Dll4 and maturation 
by Jagged1, large shear magnitude could initiate the maintenance by Dll1 expression. 
Mack et al. and Fang et al. also demonstrated the dose-sensitivity of  Notch signaling 
in the nuclear localization of  the NICD. From their results it is however inconclusive 
whether the nuclear localization is dose dependent or peaks around 2 Pa102,248. This 
peak behavior has been found before in vascular remodeling. Baeyens and colleagues 
demonstrated that there is a VEGFR3 set point256. A similar behavior could be present in 
the Notch response to shear stress for NOTCH1, NOTCH4, DLL1, JAG1 and optionally 
other genes that could peak outside the 0.5-2 Pa range. This could imply that Notch 
signaling works at an optimal shear magnitude. Higher or lower shear magnitudes would 
then lead to remodeling in order to obtain mechanical homeostasis. This hypothesis 
remains to be tested, together with the elucidation of  the underlying mechanism on the 
dependency of  shear magnitude. Interestingly, the signaling strength is not affected by 
shear magnitude. In terms of  Notch activity, we only measured total activation, and 
not the activation dynamics. Nandagopal and colleagues showed that Dll1 and Dll4 
have distinct activation dynamics200. In this light, Jagged1 could activate the reporter 
cells under different shear magnitudes with different activation dynamics. One possible 
mechanism of  controlling activation is ligand trafficking. Ligand trafficking is important 
for Notch activation226,257. We demonstrate that Jagged1 clustering occurred at all shear 
magnitudes but we did not analyze the kinetics and dynamics of  Jagged1 relocalization.

Manipulation of  Jagged1 levels demonstrated the significance of  the protein in the shear 
stress response of  Notch signaling in ECs. Both knockdown and overexpression leads to 
an altered gene expression response. This suggests that a tight control of  Jagged1 levels 
is required the translational response of  Notch signaling. This implicates that Jagged1 is 
shear sensitive or that other shear sensitive proteins post translationally modify Jagged1 
signaling. For example, we recently demonstrated that the mechanosensitive cytoskeletal 
protein vimentin regulates Notch signaling strength in response to vascular stress258. To 
test whether Jagged1 is post translationally modified the different interactors of  Jagged1 
could be screened for known regulators of  shear stress. 

The manipulation of  Jagged1 levels by virus mediated modifications holds some 
concerns that should be kept in mind. The introduction of  the NTC significantly affected 
7 out of  8 genes tested, demonstrating the significance of  using virally transduced 
control cells. Moreover, Jagged1 knockdown lead to a reduction of  NOTCH4, DLL1, 
DLL4, HES1 and HEY1 and overexpression of  NOTCH3 with respect to the NTC. 
Overexpression of  Jagged1 on the other hand only led to a downregulation of  DLL1. 
This response can be linked to the high degree of  crosstalk of  the Notch pathway with 
itself259,260. 

The signaling potential of  endothelial cells is increased after shear stress, but is not 
affected by shear magnitude. This increase is not dependent on Delta signaling, 
suggesting that it is Jagged1 mediated. This hypothesis is supported by our previous 
work presented in chapter 5 where we demonstrate that increased Jagged1 levels lead 



111

The Notch shear stress response in endothelial cells is controlled by Jagged1 

6

to increased signaling129. However, a reduction in Jagged1 levels does not lead to 
a decrease in the signaling response. The knockdown does not fully deplete Jagged1 
proteins, potentially enabling the increased signaling by residual proteins. Previous data 
separate Jagged1 levels from signal activation potential232, indicating that regulation 
of  Jagged trafficking and posttranslational modifications of  Jagged1 are important for 
Notch signaling strength in addition to the levels of  Jagged1. Further, as presented in 
chapter 5, we observed a shear induced decrease in Jagged membrane levels which 
correlated with an increase in Notch activation. An alternative explanation could be a 
ligand independent Notch activation261. 

Our data confirm the mechanosensitivity of  Notch signaling and broaden our 
understanding of  the role of  Jagged1. Notch and Jagged1 mechanosensitivity is 
important to regulate arterial structure and homeostasis41. It is intriguing to speculate 
that shear stress regulates endothelial Notch signaling, which in turn controls SMC 
differentiation129,262. Upon shear stress the signaling potential of  ECs is increased by 
Jagged1, independent of  shear magnitude. This suggests that the onset of  shear stress is 
more relevant for vascular remodeling than the magnitude. Further remodeling can then 
be regulated by for example strain as Loerakker and colleagues showed a that Notch 
mediated remodeling in existing arteries is strain sensitive41. 

Dysregulation of  Jagged1 signaling leads to vascular defects. For example, Alagille 
syndrome is a multisystem disorder that is caused by Jagged1 mutations. Location of  
the mutation and the related phenotype differs varies patients23,222,263 and only 10-25% 
of  the patients with Alagille syndrome have vascular structural anomalies and bleeds23. 
Ligands harboring different mutations might display different mechanosensitivity. 
The difference in mechanosensitivity could lead to differences in vascular remodeling, 
explaining that only a subpopulation of  the Alagille patients suffers from vascular 
problems. In this light, the identification of  shear stress mediated post translational 
modifications Jagged1, and with that a mechanoregulatory role, could lead to a 
predictive measure for possible vascular disease in patients. 

In conclusion, we demonstrate a Jagged1-controlled shear stress response that is 
selectively sensitive to the magnitude of  shear stress. The exact role of  Jagged1 in this 
process remains unclear. Identification of  the mechanoregulatory role of  Jagged1 would 
lead to new insights. This knowledge is not only useful for our basic understanding of  
Notch signaling in the vasculature, but can also lead to a predictive measure for patients 
with Alagille syndrome. 
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Supplemental figure 6.1. Characterization of  the Jagged1 knockdown. A; Western blot of  WT and NTC cell 
lysates for Jagged1 and HSC70 as a loading control. (B) Quantification of  the Jagged1 expression normalized 
to HSC70. (C) Gene expression profile of  WT and NTC cells. NOTCH4, DLL1, DLL4, JAG1, HES1 and HEY1 
were downregulated and NOTCH3 was upregulated by the Jagged1 knockdown. Significance is indicated as  
* = p<0.05, ** = p<0.01, *** = p<0.001. Error bars are defined as the standard deviation.

6.6 Supplementary Information

Supplemental figure 6.2. Gene expression profile in Jagged1 overexpressing ECs. The gene expression profile 
in J1OE and NTC cells. Significance is indicated as * = p<0.05, ** = p<0.01, *** = p<0.001. Error bars are 
defined as the standard deviation.
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Supplemental figure 6.3. Characterization of  the non-targeting control. (A) Western blot of  WT and NTC 
cell lysates for Jagged1 and HSC70 as a loading control. (B) Quantification of  the Jagged1 expression 
normalized to HSC70. (C) Gene expression profile of  WT and NTC cells. NOTCH3, DLL1 and JAG1 were 
upregulated and NOTCH1, NOTCH4, DLL4 and HEY1 were downregulated by viral transduction. Significance 
is indicated as * = p<0.05, ** = p<0.01, *** = p<0.001. Error bars are defined as the standard deviation.

NOTCH1 NOTCH4 DLL1 DLL4 JAG1 HES1 HEY1NOTCH3

0

1

2

3

4

Re
la

�v
e

 g
en

e 
ex

pr
es

sio
n

0.5 Pa

2 Pa
1 Pa

**
***

***

***

**

*

**

**

**

*

*

Jagged1 overexpression

Supplemental figure 6.4. Notch gene expression profile of  J1OE cells in response to different shear stress 
magnitudes. Gene expression profile in Jagged1 overexpressing endothelial cells that have been subjected to 
a shear stress 0.5, 1 and 2 Pa. JAG1 and HES1 were sensitive to shear magnitude. Significance is indicated as  
* = p<0.05, ** = p<0.01, *** = p<0.001. Error bars are defined as the standard deviation. 
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NOTCH1 NOTCH3 NOTCH4 DLL1 DLL4 JAG1 HES1 HEY1
WT

0,5 Pa
1 Pa
2 Pa

J1KD
0,5 Pa

J1OE
0,5 Pa
1 Pa
2 Pa

- - - 0 - + - -
- - - 0 - + - +
- - - + - + - -

0 - 0 0 - + 0 0

0 0 0 0 - + - 0
0 0 0 0 - + - 0
0 0 0 0 - + - 0

Supplemental table 6.1. Overview of  the shear stress patterns in WT, J1KD and J1OE cells. Downregulation 
is presented as – and upregulation as +. No changes in gene expression are presented as 0. 

Gene Forward Reverse

NOTCH1

NOTCH3

NOTCH4

DLL1

DLL4

JAG1

HES1

HEY1

HEY2

CCTGAAGAACGGGGCTAACA GATGTCCCGGTTGGCAAAGT

GCCATGCTGATGTCAATGCT CAGCCCAGTGTAAGGCTGAT

TGCCAGCCCAAGCAGATATGTA CCAACCCACGTCACACACAC

ATTGACGAGTGTGACCCCAG GCACAGGTCATGGCACTCAA

CCTCTCCAACTGCCCTTCAAT GCGATCTTGCTGATGAGTGC

AATGGCTACCGGTGTGTCTG CCCATGGTGATGCAAGGTCT

AGTGAAGCACCTCCGGAAC CGTTCATGCACTCGCTGA

TGGATCACCTGAAAATGCTG CGAAATCCCAAACTCCGATA

TTTGAAGATGCTTCAGGCAA GGCACTCTCGGAATCCTATG

Supplemental table 6.2. Overview of  primers used in gene expression analysis
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7.1 Preface

Both physical and molecular stimuli are important during the development of  the 
vasculature and in maintaining homeostasis. Shear stress is essential in vascular 
morphogenesis and homeostasis. Manipulation of  shear stress levels affects vascular 
remodeling. Moreover, shear levels tune vascular identity and vasoconstriction. 
Notch signaling is an evolutionary conserved signaling pathway that is key in the 
formation, maturation and homeostasis of  the vasculature. Notch signaling is essential 
in angiogenesis and the strengthening of  the vessel wall, both in development and 
homeostasis. Until a couple of  years ago, the interplay between Notch signaling and 
shear stress was largely unexplored. 

Nowadays this interplay gains growing attention from the field. Up to now, the work 
on hemodynamics and Notch signaling in the vasculature has mainly focused on the 
downstream effects of  the Notch pathway. The impact of  shear stress on the Notch 
ligands in the signal sending cell has remained largely unexplored. Therefore, the 
aim of  this thesis is to provide a better understanding of  the ligand specific behavior 
in endothelial cells under shear stress. We address this by dividing the thesis into two 
sections, a method development and optimization section providing tools to advance 
endothelial cell studies. In the second section we studied the role of  shear stress on 
endothelial Notch signaling. This chapter summarizes our main findings and discusses 
the directions for future work. In figure 7.1 these findings and resulting hypothesis are 
graphically summarized. 

7.2 Main findings and outcomes

In chapter 2 we numerically characterized and biologically validated the dish in a 
dish (DiaD) design for the orbital shaker to enable high yield shear stress studies on 
endothelial cells. The orbital shaker is an accessible platform that has been used to 
study the shear stress response of  endothelial cells. This system is however limited 
in its applications as the shear magnitude and the direction of  shear stress is poorly 
controlled. As a consequence a range of  shear stresses occur in the same dish, including 
both atheroprotective and atheroprone flow patterns, and the cells in the dish display 
associated cell phenotypes116. To overcome this issue an annular dish can be used. We 
showed that the shear stress distribution in a conventional 35 mm dish (6-well plate) 
is uneven. The flow profile in the center of  the dish is atheroprone and at the edge 
atheroprotective. In an annular DiaD, the atheroprone flow was no longer present. We 
demonstrated that the distance between the inner and outer dish determined the shear 
stress distribution across the radius. We showed that a smaller distance leads to a more 
uniform shear stress distribution. We also showed that the shear stress distribution is 
mainly dependent on the geometry of  the DiaD and the orbit size of  the orbital shaker. 
For an orbit size of  19 mm the narrow DiaD design is the recommended geometry. 
When a 10 mm orbit size is used the intermediate DiaD should be the geometry of  
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choice. In both situations the maximum shear value is highest with acceptable shear 
stress distributions across the DiaD. We further showed that the shear stress distribution 
is dependent on the amount of  medium in the DiaD and the orbital speed of  the shaker. 
For both DiaDs a 3 mm medium height at 200 rpm is recommended. We verified the 
endothelial shear stress response by demonstrating cell alignment in the main shear 
direction and by the upregulation of  shear stress responsive genes. 

Primary endothelial cells from murine models are extremely valuable as they can 
function as in vitro models of  disease to elucidate molecular mechanisms of  pathogenesis. 
However, the isolation of  a pure population of  primary murine endothelial cells has 
remained challenging. In chapter 3 we aimed to optimize the protocol for isolating a 
pure population of  endothelial cells. Cells were isolated from the lung, as it is a highly 
vascularized tissue and contains a large number of  endothelial cells. We isolated 
endothelial cells using CD31 coated magnetic beads, a procedure that is widely used. 
However, there was always a high degree of  contamination by fibroblasts-like cells. 
This was mainly due to incomplete tissue dissociation. We optimized the dissociation 
procedure, by a treatment with a digestion solution composed of  dispase, collagenase 
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I, II, IV (0.3 mg/ml) and DNase (200 U/ml) in PBS. This step improved the cell 
separation greatly. Tissue dissociation required at least 30 minutes of  dissociation. 
Longer incubation times did not improve the outcome. We show that FACS sorting is 
a valuable technique to separate the endothelial population. Work speed is essential, as 
time in suspension drastically reduced the viability during sorting. 

Endothelial cell isolation from mice remains challenging and one is limited to the 
available mouse models. Moreover, many laboratories do not have direct access to 
primary (murine) material. A greater concern is the translation from mouse to human. 
Seok and colleagues demonstrated that there is a poor correlation in the genomic 
response to inflammation between mouse models and humans264. Therefore, human 
primary cells are a valuable tool to study pathogenic mechanisms. Disease linked 
mutations can be introduced in these cells by genetic engineering, but primary cells 
are normally difficult to transfect. The use of  viruses enables high efficiency and 
possibly stable integration of  viral genomic information (e.g. for reporter proteins or 
the overexpression or knockdown of  a gene) into the genome of  the cell. A commonly 
used viral system for stable integration of  a transgene is the lentiviral system. This 
technique is however not standard in many engineering laboratories. Chapter 4 
provides the required background, protocol and troubleshooting for researchers new to  
lentivirus-mediated genetic modifications. 

In chapter 5 we present a ligand specific shear stress response of  endothelial Notch 
signaling. Of  all ligands and receptors, Jagged1 displayed a unique response to shear 
stress (1 Pa) by relocalizing into subcellular clusters. This clustering behavior was 
initiated between 6 and 9 hours after the onset of  flow. This process was reversible, 
24 hours after the flow was stopped no clustering was detected. The relocalization of  
Jagged1 did not depend on the origin of  the cells as was evident in both arterial and 
venous endothelial cells, indicating that it is a universal shear response. Clustering did 
not require Notch activity as pharmacological inhibition of  Notch did not prevent 
clustering. Jagged1 clustering was dependent on protein production, ER export and 
dynamin activity. This suggests that Jagged1 clustering requires both production of  
the ligand and protein recycling. Fluid shear stress also affected the gene expression 
of  different components of  the Notch signaling pathway in a distinct manner. Notch 
receptors (NOTCH1 and NOTCH3) were downregulated under shear stress. An opposite 
regulation was found for the ligand response. DLL4 expression was downregulated, 
whereas JAG1 expression was upregulated under flow. The membrane levels of  Jagged1 
were reduced in cells that were exposed to shear stress. Shear stress increased the ability 
of  endothelial cells to activate Notch signaling in cocultured reporter cells, a response 
that increased by overexpressing Jagged1 in endothelial cells. 

In the last research chapter, chapter 6, we further deepened our understanding of  the 
shear stress response. At each location in the vasculature the local hemodynamics and 
structure of  the vessel is different. The main differences in flow patterns are pulsatility 
and the magnitude of  shear stress. To further understand the role of  Notch signaling in 
endothelial cells we analyzed the effect of  flow pulsatility and shear stress magnitude 
on endothelial Notch signaling. We demonstrated that pulsatility did not affect Jagged1 
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clustering and expression. Endothelial cells displayed a similar behavior under pulsatile 
and continuous flow. HEY1 was the only gene that as affected by pulsatility. In a 
continuous flow HEY1 was upregulated, but downregulated when the cell was exposed 
to a pulsatile flow. Next, the effect of  shear magnitude on endothelial Notch signaling 
was presented. Jagged1 clustering occurred at all shear magnitudes tested (0.5, 1 and 
2 Pa). The gene expression profile was sensitive to shear magnitude. JAG1 and HEY1 
expression was highest at 1 Pa, whereas NOTCH1 was most downregulated at 1 Pa. 
At the 2 Pa NOTCH4 was most downregulated, whereas DLL1 and HEY2 were only 
upregulated at 2 Pa. The NOTCH3, DLL4 and HES1 genes were not sensitive to shear 
magnitude. From the previous chapters we know that endothelial cells enhance their 
Notch signaling potential to Notch reporter cells when they have been exposed to shear 
stress. We show that this response was similar for all shear magnitudes. 

Next, we presented the importance of  Jagged1 levels in the shear response. The 
shear response of  cells virally transduced with a non-targeting control plasmid was 
comparable to that of  the wild type cells. Knockdown of  Jagged1 strongly attenuates 
the transcriptional shear response. The decrease in NOTCH1, NOTCH4, DLL1, HES1 
and HEY1 expression was no longer detected in Jagged1 knockdown cells. Shear stress 
influenced the expression of  NOTCH3, DLL4 and JAG1 in a similar fashion in control 
cells and in cells where Jagged1 was downregulated. Expression of  NOTCH3 and 
DLL4 was downregulated and JAG1 was upregulated. In the Jagged1 overexpressing 
cells only JAG1 and HES1 remained responsive to shear magnitude. The response was 
most prominent at 2 Pa with an upregulation of  JAG1 and a downregulation of  HES1. 
Shear stress increased the signaling potential of  ECs cells. This increase was dependent 
on Jagged1 signaling as the inhibition of  Delta mediated signaling did not affect the 
increase in signaling strength. In sum, we identified a Jagged1 specific response to shear 
stress. The response of  Jagged1 to shear stress appeared to be a universal response and 
was independent of  flow magnitude and cell source. The knockdown and overexpression 
data suggest a possible role of  Jagged1 as a possible mechanoregulator in endothelial 
cells.

7.3 Challenges and future research directions

This thesis provides new insights into Notch signaling under shear stress and tools to 
study these cells in greater detail. This inevitably leads to new questions to be answered. 
In this section, we reflect on the presented work by discussing the overall limitations, 
implications for the field and future perspectives. 
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7.3.1 Notch mechanosensitivity in vascular morphogenesis

7.3.1.1 Jagged1 as a mechanoregulator

The increase of  Jagged1 expression and signaling is a response that is dependent on the 
basal expression level of  Jagged1. A reduction of  the level of  Jagged1 leads to a reduced 
gene expression response of  other Notch components. This suggests that Jagged1 is not 
only a mechanoresponder, but it may also act as a mechanoregulator or rheostat of  the 
Notch response. How this regulation operates remains to be elucidated. 

Mack et al. and Polacheck et al. recently demonstrated an important role for Notch1 
activation in the shear stress response102,104. The activation of  Notch1 could in turn lead 
to enhanced Jagged1 expression as the Jagged1 gene holds a Notch responsive enhancer 
element within the second intron265. This pathway is however questionable since DAPT 
treatment does not affect the shear stress response. Another possible mechanism 
explaining the mechanoresponse of  Jagged1, could be the presence of  a shear stress 
responsive element (SSRE) in the promotor region of  Jagged1. The existence of  these 
elements was first identified by Resnick and colleagues and shown to regulate PDGF-B 
expression266. They located an NF-κB binding site in the promotor region of  PDGF-B. 
NF-κB is a transcription factor that is activated by Rac164, a protein that in turn is 
required and activated in the VE-cadherin complex. The identified SSRE is responsible 
for the expression of  PDGF-B in response to shear stress. Later, different SSREs 
were identified in promotor region of  other shear stress responsive genes like TGF-β, 
PDGF-B, VEGFR2 and eNOS266–268. The classical shear responsive element (GAGACC) 
is not present in the Jagged1 promoter but other sequences might be present as different 
proteins are reported to have unique SSREs in their promotor region218. The fact that 
Jagged1 transcription is upregulated by NF-κB in B-cells strengthens this hypothesis269. 

The above discussed potential mechanisms focus on the onset of  shear stress and the 
initial activation of  Jagged1 expression in response to shear stress. This does not explain 
why reduced levels of  Jagged1 dampens the shear stress response of  the Notch pathway. 
One possibility is a positive feedback loop via cis-activation which is not uncommon in 
the Notch pathway270. In this signaling mode the ligand activates a receptor which is 
located on the same cell, instead of  a neighboring cell. Again, this feedback mechanism 
is however unlikely since we demonstrate that inhibition of  Notch activation by DAPT 
does not affect the shear stress response. 

Other possible explanations are shear stress responsive post-translational modification 
of  Jagged1, or the binding of  specific effector proteins to Jagged1. For example, the 
PECAM1/VE-cadherin/VEGFR2 complex is required for a variety of  cellular processes, 
including the nuclear translocation of  NF-κB and the activation of  AKT64,271,272. Kerr 
and colleagues showed that endothelial AKT-Jagged1 signaling is required for the 
sustained interaction with the underlying smooth muscle cells273. Jagged1 could possibly 
also function as a scaffolding protein. To answer this question the different proteins 
interacting with Jagged1 in response to shear stress should be identified.
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7.3.1.2 Implications for vascular maturation

After the formation of  the vasculature, the vessels need to be strengthened to withstand 
the hemodynamics forces to which the vasculature is exposed. During vascular 
maturation mural cells are recruited by PDGF. The cells then align themselves around 
the vessel and produce extracellular matrix. The recruited mural cells then differentiate 
into smooth muscle cells. The expression of  the PDGF receptor in mural cells is under 
control of  Notch signaling34. The differentiation of  smooth muscle cells is controlled 
by endothelial Jagged1 signaling40. This signal is in turn propagated in the vessel wall, 
leading to a functional contractile smooth muscle cell layer262,265. Lateral induction 
via Jagged1 is also required for the homeostasis of  the vessel wall41,274. Removal of  
endothelial Jagged1 prevents the initiation of  this signaling cascade and the formation 
of  a strong matured vessel wall. Although it is known that endothelial Jagged1 is 
important, it is not clear what initiates the expression of  Jagged1. Our data suggest that 
this initiation is coupled to the onset of  blood flow. We demonstrate that the onset of  
shear stress induces increased Jagged1 expression and signaling in endothelial cells. 
This fits well in the existing model that shear stress regulates vascular remodeling77. 
Since Notch is an important regulator in vascular development, Jagged1 could be a 
good candidate to initiate the remodeling in response to shear stress. 

What this hypothesis does not cover is the relation between the thickness of  the 
vessel wall and the shear stress magnitude. Although intuitive, we have not identified 
a signaling response that scales with increasing levels of  shear stress. However, others 
have recently demonstrated that the thickness of  the vessel wall can be regulated by 
strain mechanosensitivity of  smooth muscle cells in Jagged1-Notch signaling41. In our 
work the endothelial cells were exposed to shear stress on a stiff  substrate, neglecting 
possible role of  strain on endothelial signaling. To assess this question the cells should 
be subjected to shear stress by seeding them on a flexible membrane that can be strained. 

The role of  Jagged1 in the vasculature is not limited to vascular morphogenesis and 
homeostasis. For example, diabetes-induced microvasculopathy is a disease that is 
characterized by a capillary remodeling, regression and decreased vascular density 
in different tissues including the retina, heart and kidneys. Jagged1 is upregulated in 
endothelial cells of  diabetic mice. Interestingly, blocking of  Jagged1, during and prior 
to the disease, can prevent and reverse the disease240. Another example is endothelial 
to mesenchymal transition (endoMT) during pulmonary fibrosis. The expression levels 
of  Jagged1 and alpha smooth muscle actin (αSMA) is increased in microvascular 
endothelial cells when pulmonary fibrosis is induced275. The upregulated levels of  
Jagged1 in these diseases demonstrate that the levels of  Jagged1 have to be tightly 
regulated to maintain homeostasis. 
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7.3.1.3 Implications for vascular in situ tissue engineering 

In in situ tissue engineering, a biodegradable scaffold replaces the original diseased 
vessel. The host cells transform the scaffold into a vessel with a native like structure 
to last a lifetime. The knowledge obtained from this thesis could potentially aid in 
guiding the host cell response to the scaffold. One of  the ways to control cell behavior 
and tissue formation is through functionalization of  the scaffold. For direct activation 
Fc-fusion proteins such as Fc-Jagged1 or Fc-Dll4 can be immobilized on the surface 
of  the scaffolds, for example by using supramolecular platforms276. After implantation 
the scaffold can then instruct the host cells to obtain a specific phenotype. One could 
also incorporate ligand mimicking peptides into the scaffold to control the release over 
time277. Upon degradation of  the scaffold these peptides become available for the cells, 
activating downstream targets. 

Vascular grafts are commonly implanted to replace a stenosis. Instead of  aiming for 
regeneration, the aim of  functionalization could also be to prevent restenosis. Yin et 
al. showed that Jagged1 is overexpressed in fibrosis. Administration of  soluble Jagged1 
with adenovirus attenuates stenosis of  vein grafts in rats278. 

It should be noted that functionalization with Notch can hold risks as well. Notch is 
a signaling pathway that is operational in many tissue cells, and general therapeutic 
modulation of  Notch is associated with adverse effects279. When targeting Notch 
signaling via scaffold functionalization off  targets effects can be excluded, for example 
by constrained activation on the scaffold surface. 

7.3.1.4 Study limitations

Ligand endocytosis has been implicated in different activation models for Notch 
signaling. A pulling force is required in order to expose the S2 cleavage site of  the 
Notch protein18. This pulling force can be generated by endocytosis of  the ligand after 
receptor binding. Other studies have suggested that endosomal trafficking of  the ligand 
is required before activation of  a receptor280. This recycling model proposes that initially 
non-competent ligands are presented on the membrane. During recycling the ligands 
are activated and presented on the membrane, possibly in specific microdomains281. 
Conclusive evidence for this signaling modality is however missing. 

In this thesis, we demonstrate that Jagged1 relocalizes into subcellular clusters under 
shear stress. We show that the Jagged1 clustering requires protein production, ER 
export and recycling of  the ligand. The functional role of  this clustering remains to 
be elucidated. One of  the hypotheses is that the clustering is a cellular mechanism 
to recycle and activate the Notch ligands. Ligand activation could in turn lead to the 
observed increases signaling strength of  the endothelial cells. Alternatively, these clusters 
can function as storage compartments for Jagged1 proteins that are newly produced 
as a result of  the increased gene expression. Subsequent follow-up studies on Jagged1 
clustering are needed to get a conclusive answer on their functional role. 
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The clustering that we have observed are end point observations. Cells were fixed and 
stained for Jagged1 after 24 hour of  shear stress. The kinetics or dynamic behavior 
of  clustering remain unknown. Live cell imaging is a valuable technique to study 
protein trafficking252,282,283, and live imaging of  Jagged1 would be a good approach to 
answer these open questions. For example, Shaya and colleagues nicely showed the  
trans-endocytosis of  a citrine-coupled Notch1 protein in the signal sending cell252. This 
demonstrates that tracking of  fluorescently-coupled Jagged1 is possible. 

Endothelial cells that have been subjected to shear stress send a stronger Notch signal. As 
a more functional readout this gives a better understanding of  cell-cell communication. 
For the reporter assay HEK293T cells are transfected and seeded on top of  endothelial 
cells that have been subjected to fluid flow. During the co-culture period the endothelial 
cells are not subjected to flow to avoid shear stress mediated effects in the reporter cells. 
An alternative explanation to the increased signaling is that it is not caused by shear 
stress, but that it is a recovery phenotype instead. It could be that Jagged1, after flow 
fluid stops, recycles back to the membrane to activate Notch signaling in the reporter 
cells. 

More suitable and elegant setup would be a co-culture of  reporter cells at the basal 
side of  the endothelial cells while the apical side is exposed to shear stress. This can 
be achieved in microfluidic chips115,284,285. In such setup endothelial cells are cultured 
on top of  a porous membrane, while the reporter cells are cultured at other side of  the 
porous membrane in a chamber without fluid flow. Here signaling of  the endothelial 
cells under flow can be directly measured by the reporter cell. 

All the data on endothelial presented comes from in vitro experiments. Although we aim 
to mimic the in vivo hemodynamics, it does not meet the in vivo situation. Supplementing 
our work with the missing in vivo evidence for Jagged1 clustering and trafficking would 
greatly improve the impact of  the work. 

Another factor that should be discussed is the effect of  viral transduction. Transduction 
of  endothelial cells with a non-targeting control leads to many off  target effects. Of  
all genes tested, only HES1 expression is not affected by the shRNA. Since the shear 
stress response remained similar, we decided to use the non-targeted cells as the control. 
Nevertheless, this demonstrates the importance of  appropriate controls and emphasizes 
that care should be taken when interpreting knockdown and overexpression results. 

7.3.1.5  Other signaling pathways in vascular morphogenesis and homeostasis. 

The goal of  this work is to extend our basic knowledge of  molecular signaling in 
vascular development and homeostasis to improve vascular therapy or replacements in 
the future. In this thesis we focus on Notch signaling a key regulator of  cell fate decisions 
in the formation, maturation and homeostasis of  the vasculature. Notch is however not 
the only signaling pathway that regulates these processes. Other signaling pathways 
like TGF-β, YAP/TAZ or β-catenin/WNT signaling should not be overlooked as they 
are all involved in different processes of  vascular development. For example, TGF-β is 
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required for endothelial alignment and barrier function126,286, YAP1 contributes to the 
maintenance of  the vessels287 and β-catenin is required for shear induced fibronectin 
expression288. Moreover, these signaling pathways respond in their own way to shear 
stress. Biologically active TGF-β1 requires shear mediated K+ fluxes289. In atheroprone 
conditions the localization remains nuclear, whereas in an atheroprotective flow  
YAP/TAZ activities are suppressed91,290. Similar to YAP/TAZ signaling, β-catenin a 
WNT effector relocalizes into the nucleus in response to atheroprone shear stress288. 
The relevance of  these signaling pathway is further underscored by the fact that deletion 
of  TGF-β1, β-catenin or YAP, just as Notch, leads to embryonic lethality291–293. 

7.3.2 Innovative culture platforms

7.3.2.1 Limitations of  current shear stress platforms 

The most commonly used culture platforms for endothelial studies are the parallel plate 
setup or the cone and plate apparatus. Although both systems have a well-defined and 
controlled shear stress distribution, they have their limitations. The number of  cells that 
can be exposed in a parallel plate setup is limited, which is troublesome when large 
number of  cells are required for analysis. The cone and plate apparatus resolves this issue 
by enabling shear studies in large dishes, but the throughput is low as only one sample 
at a time can be tested. Moreover, the traditional systems are open culture systems, 
introducing a potential risk for infections and limiting culture time114. Alternatively, one 
can choose for microfluidic chips. In these chips the fluid flow is very well controllable, 
but the number of  cells is low. 

7.3.2.2 Advantages of  the DiaD design

In this thesis, we present a detailed characterization of  an annular dish design. The 
DiaD is an accessible, scalable platform that can subject large number of  cells to shear 
stress. The limitation of  the DiaD is however that the shear profile is not uniform 
throughout the dish. Although the shear profile is fully atheroprotective, the shear levels 
can vary within a dish. These variations in shear levels makes it impossible to link a 
cellular response to a specific shear stress level. This is an obstacle when shear level 
sensitivity is expected to influence the studied process. 

In order to obtain a more continuous shear distribution across the radius, one could use 
a narrow DiaD design on the 10 mm shaker instead of  the intermediate sized DiaD 
used in this thesis. By increasing the viscosity higher shear stress levels can be reached. 
On the other hand, less cells can be exposed to shear stress. In general, there will always 
be a tradeoff  between precise control over shear stress and the number of  cells that are 
exposed to shear stress. 



125

General discussion

7

Taken together we believe that the annular dish design of  the DiaD holds potential for 
applications in the field of  molecular biology in endothelial cells. The main advantages 
are its accessibility and the high cell yield. Instead of  costly equipment a standard 
orbital shaker can be used that is available in almost any laboratory. Furthermore, it 
enables biochemical analyses such as proteomics and mass spectrometry that cannot be 
implemented using the conventional approaches. 

7.3.3 Genetic cellular engineering

7.3.3.1 Isolating transgenic endothelial cells

The generation of  transgenic animals has greatly advanced our current understanding 
of  vascular morphogenesis and homeostasis. In transgenic animals, a specific gene of  
interest can be inactivated, upregulated, mutated or introduced (e.g. reporter proteins). 
The phenotype that results from the different gene manipulations is studied to gain 
insight in development, genetic interactions and disease progression. The introduction 
of  the Cre-loxP system further allows researchers to spatially and temporally induce 
the modification at various stages of  development294–297. Over the last decade a new 
technique, CRISPR, has emerged that enables faster and more precise manipulation of  
the genome than the Cre-loxP. 

The advances in genetic engineering have also brought great advancements in the field 
of  endothelial biology40,104,169,298. Most studies involving Cre recombinase are performed 
in vivo, whereas the CRISPR technology enables both in vivo as in vitro experiments. For 
the in vitro CRISPR experiments cells lines have to be generated. Alternatively, one can 
isolate primary endothelial cells from genetically modified animal models. Although 
many protocols for endothelial cell isolation are available, few studies on primary 
murine endothelial cells are reported. The main reason for that is that the isolation of  
a pure population of  primary murine endothelial cells has remained challenging so far. 

In this thesis, we confirm that the isolation of  primary endothelial cells is challenging, 
and present a possible solution. Based on our results we believe that cell sorting based 
on fluorescence is the best approach to obtain a pure cell population. However, FACS 
sorting of  primary endothelial cells is detrimental for the cells, other methods for 
fluorescence-based sorting should be considered. Microfluidic cell sorters exist that are 
gentle for the cells and do not expose the cells to pressurized environment such as that 
occurring during droplet generation in the FACS apparatus. In this work, we employ 
the Cre-loxP technology to selectively induce the expression of  a fluorescent protein 
in endothelial cells. The Cre recombinase is positioned at the endothelial specific  
VE-cadherin promotor, only allowing recombination of  the floxed tdTomato protein 
in endothelial cells. This method is advantages over conventional antibody labeling 
for FACS as it circumvents prolonged suspension incubations for the endothelial cells. 
Moreover, it circumvents possible unspecific labeling by the antibodies. 
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Upon successful isolation, endothelial cells are a valuable tool to study a variety of  
molecular processes under controlled hemodynamic conditions. There is a wide 
variety of  transgenic mice that hold mutations in endothelial cells. The in vitro culture 
of  transgenic endothelial cells enables experiments that are not possible in an in vivo 
setting. For example, mutations in the adhesome of  the cells can lead to a reduction 
in the force generated by the cell. Traction force measurements on these cells quantify 
these forces. Another readout that is difficult in vivo is the analysis of  (subcellular) 
protein localizations. Staining of  cells grown on coverslips allows imaging beyond the 
diffraction limit. Insights gained from these studies could not be obtained from in vivo 
data in vertebrates. On the other hand, zebrafish development can be captured at high 
resolution using light sheet microscopy100,299. 

7.3.3.2 Humanized models

Despite that genetic engineering of  animals vastly expands our knowledge, it also holds 
ethical considerations300. To reduce the number of  animals used in genetic studies, 
one could use humanized models. The availability of  genetic mutations in primary 
human cells is however limited. Here the use of  induced pluripotent stem cells (iPSCs) 
could provide a solution301,302. iPSCs are cells, for example skin fibroblast, isolated 
from the patient, that are dedifferentiated into pluripotent cells303. These can in turn 
be differentiated to the desired cell type. This has great potential in understanding 
molecular mechanisms of  vascular syndromes and disease that are caused by a wide 
variety of  mutations, like Alagille syndrome and Marfan syndrome23,52,304,305. Instead 
of  creating numerous mouse models one can study molecular mechanisms in patient 
specific iPSCs, derived from biopsies. To make the studies physiological relevant, one 
could combine the iPSCs together with organ on a chip technology306,307. 

Although there have been a large number of  iPSCs established, many mutations 
have to be genetically engineered into primary cells. These include mutations that are 
embryonic lethal, but also modifications to generate reporter cells. In these situations, 
virus mediated modifications can be used. A commonly used viral system for stable 
integration of  a transgene is the lentiviral system. This technique is however not 
standard in many engineering laboratories, including the laboratory for cell and tissue 
engineering at the TU/e. The new virus facility we established at TU/e provides a new 
valuable addition for studying cellular behavior and tissue models. For example, in 
tissue engineering a long term culture (i.e. 2 week minimum) is normally required308. 
When a co-culture is started it is impossible to distinguish between different cell types 
after a couple of  days in culture309. For example, in the study from Van Haaften et 
al. monocytes and myofibroblasts were seeded in a porous scaffold and subjected to 
hemodynamic conditions for 20 days309. After this period, it is impossible to distinguish 
between cells. Staining for typical markers, like vimentin (for myofibroblasts) and CD45 
(for macrophages), is an option, but one should keep in mind that monocytes can adopt 
a fibroblast-like phenotype, possibly expressing vimentin as well. The commercially 
available cell trackers (fluorescent dye for the cell) only allow researchers to follow cells 
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up to 5-7 days. With each cell division the signal is decreased and these cell trackers 
are not feasible for long term cultures. To be able to distinguish between cell types in 
coculture, the cells can be labeled with a fluorescent transgene like GFP or mKO2. 
The incorporation into the genome by the lentivirus ensures consistent labeling of  the 
target cell. Alternative to whole cell ‘staining’ one can also couple a fluorescent protein 
to a protein of  interest, outperforming transient transfections of  plasmids coding for 
fluorescently tagged proteins for live cell imaging. In addition to fluorescent labeling 
the technique is also widely used to generate mutations, overexpression and knockdown 
cells of  a protein of  interest. This can hold value for the fundamental studies in 
regenerative medicine and tissue engineering60,129,310,311. 

7.4 Conclusion

In this thesis, we developed and optimized methods to study endothelial cells. Next, 
we investigated the Notch signaling response in endothelial cells under shear stress. 
The results presented show a Jagged1 specific role in the Notch mechanoresponse. 
Jagged1 relocalizes into subcellular clusters and the Notch shear stress response is 
dependent on the endogenous levels of  Jagged1. To further deepen the Notch shear 
stress response, we characterized an innovative culture platform for shear stress studies. 
This platform enables accessible and affordable shear stress studies on large number 
of  cells while maintaining a physiologically relevant atheroprotective flow pattern. We 
further optimized endothelial cell isolation from mouse lung, demonstrating that tissue 
dissociation is the bottleneck in the isolation protocol. Sorting based on fluorescence 
assisted cell sorting (FACS) is possible, but more gentle methods than FACS should 
be considered. As an alternative to primary transgenic endothelial cells, we present 
a detailed protocol for lentivirus production for researchers new to virus mediated 
transductions. In conclusion, this thesis offers researchers new tools and directions to 
expand our knowledge on endothelial cell mechanobiology. Together with the obtained 
knowledge on Notch mechanosensitivity this will help advance vascular therapies. 



128



129

Bibliography

Bibliography

1. Kolte, D., McClung, J. A. & Aronow, W. S. Vasculogenesis and Angiogenesis. 
Translational Research in Coronary Artery Disease: Pathophysiology to Treatment 102, 
(Elsevier Inc., 2016).

2. Garcia, M. D. & Larina, I. V. Vascular development and hemodynamic force in 
the mouse yolk sac. Front. Physiol. 5, 308 (2014).

3. Carmeliet, P. Mechanisms of  angiogenesis and arteriogenesis. Nat. Med. 6,  
389–95 (2000).

4. Rossant, J. & Howard, L. Signaling pathways in vascular development. Annu. 
Rev. Cell Dev. Biol. 18, 541–73 (2002).

5. Mazurek, R. et al. Vascular Cells in Blood Vessel Wall Development and 
Disease. in Advances in pharmacology (San Diego, Calif.) 78, 323–350 (Elsevier 
Inc., 2017).

6. Wang, D., Wang, Z., Zhang, L. & Wang, Y. Roles of  Cells from the Arterial 
Vessel Wall in Atherosclerosis. Mediators Inflamm. 2017, 8135934 (2017).

7. Wagenseil, J. E. & Mecham, R. P. Vascular Extracellular Matrix and Arterial 
Mechanics. Physiol. Rev. 89, 957–989 (2009).

8. Sheng, Y. & Zhu, L. The crosstalk between autonomic nervous system and 
blood vessels. Int. J. Physiol. Pathophysiol. Pharmacol. 10, 17–28 (2018).

9. Ando, J. & Yamamoto, K. Vascular mechanobiology: endothelial cell responses 
to fluid shear stress. Circ. J. 73, 1983–92 (2009).

10. Pullens, R. A. A. Functional endothelium on tissue engineered small diameter vascular 
grafts. (2009). doi:10.6100/IR639942

11. Gao, Y. Biology of  Vascular Smooth Muscle: Vasoconstriction and 
Dilatation. Biol. Vasc. Smooth Muscle Vasoconstriction Dilatation 1–286 (2017). 
doi:10.1007/978-981-10-4810-4

12. Artavanis-Tsakonas, S., Rand, M. D. & Lake, R. J. Notch signaling: cell fate 
control and signal integration in development. Science 284, 770–776 (1999).

13. Bray, S. Notch signalling: A simple pathway becomes complex. Nat. Rev. Mol. 
Cell Biol. 7, 678–689 (2006).

14. Hori, K., Sen, A. & Artavanis-Tsakonas, S. Notch signaling at a glance. J. Cell 
Sci. 126, 2135–2140 (2013).

15. Bray, S. J. & Gomez-Lamarca, M. Notch after cleavage. Curr. Opin. Cell Biol. 51, 
103–109 (2018).

16. Kopan, R. & Ilagan, M. X. G. The canonical Notch signaling pathway: 
unfolding the activation mechanism. Cell 137, 216–33 (2009).

17. Gordon, W. R. et al. Structural basis for autoinhibition of  Notch. Nat. Struct. 
Mol. Biol. 14, 295–300 (2007).

18. Gordon, W. R. et al. Mechanical Allostery: Evidence for a Force Requirement 
in the Proteolytic Activation of  Notch. Dev. Cell 33, 729–736 (2015).



130

Bibliography

19. De Strooper, B. et al. A presenilin-1-dependent gamma-secretase-like protease 
mediates release of  Notch intracellular domain. Nature 398, 518–22 (1999).

20. Sjöqvist, M. & Andersson, E. R. Do as I say, Not(ch) as I do: Lateral control of  
cell fate. Dev. Biol. 447, 58–70 (2019).

21. Pursglove, S. E. & Mackay, J. P. CSL: A notch above the rest. Int. J. Biochem. Cell 
Biol. 37, 2472–2477 (2005).

22. Bray, S. J. Notch signalling in context. Nat. Rev. Mol. Cell Biol. 17, 722–735 
(2016).

23. Mašek, J. & Andersson, E. R. The developmental biology of  genetic Notch 
disorders. Development 144, 1743–1763 (2017).

24. Lewis, J. Notch signalling and the control of  cell fate choices in vertebrates. 
Semin. Cell Dev. Biol. 9, 583–9 (1998).

25. Binshtok, U. & Sprinzak, D. Molecular Mechanisms of  Notch Signaling. 1066, 
(Springer International Publishing, 2018).

26. Fish, J. E. & Wythe, J. D. The molecular regulation of  arteriovenous 
specification and maintenance. Dev. Dyn. 244, 391–409 (2015).

27. Wang, H. U., Chen, Z. F. & Anderson, D. J. Molecular distinction and 
angiogenic interaction between embryonic arteries and veins revealed by 
ephrin-B2 and its receptor Eph-B4. Cell 93, 741–753 (1998).

28. Fischer, A., Schumacher, N., Maier, M., Sendtner, M. & Gessler, M. The Notch 
target genes Hey1 and Hey2 are required for embryonic vascular development. 
Genes Dev. 18, 901–911 (2004).

29. Lawson, N. D. et al. Notch signaling is required for arterial-venous differentiation 
during embryonic vascular development. Development 128, 3675–3683 (2001).

30. Sörensen, I., Adams, R. H. & Gossler, A. DLL1-mediated Notch activation 
regulates endothelial identity in mouse fetal arteries. Blood 113, 5680–5688 
(2009).

31. Duarte, A. et al. Dosage-sensitive requirement for mouse Dll4 in artery 
development. Genes Dev. 18, 2474–8 (2004).

32. Kume, T. Novel insights into the differential functions of  Notch ligands in 
vascular formation. J. Angiogenes. Res. 1, 8 (2009).

33. Chen, X., Gays, D., Milia, C. & Santoro, M. M. Cilia Control Vascular Mural 
Cell Recruitment in Vertebrates. Cell Rep. 18, 1033–1047 (2017).

34. Jin, S. et al. Notch signaling regulates platelet-derived growth factor receptor-β 
expression in vascular smooth muscle cells. Circ. Res. 102, 1483–1491 (2008).

35. Domenga, V. et al. Notch3 is required for arterial identity and maturation of  
vascular smooth muscle cells. Genes Dev. 18, 2730–5 (2004).

36. Rensen, S. S. M. M., Doevendans, P. A. F. M. F. M. & van Eys, G. J. J. M. 
Regulation and characteristics of  vascular smooth muscle cell phenotypic 
diversity. Neth. Heart J. 15, 100–8 (2007).



131

Bibliography

37. Siebel, C. & Lendahl, U. Notch Signaling in Development, Tissue Homeostasis, 
and Disease. Physiol. Rev. 97, 1235–1294 (2017).

38. Fouillade, C., Monet-Leprêtre, M., Baron-Menguy, C. & Joutel, A. Notch 
signalling in smooth muscle cells during development and disease. Cardiovasc. 
Res. 95, 138–146 (2012).

39. Pelullo, M. et al. Notch3/Jagged1 Circuitry Reinforces Notch Signaling and 
Sustains T-ALL. Neoplasia 16, 1007–1017 (2014).

40. High, F. A. et al. Endothelial expression of  the Notch ligand Jagged1 is required 
for vascular smooth muscle development. Proc. Natl. Acad. Sci. U. S. A. 105, 
1955–9 (2008).

41. Loerakker, S. et al. Mechanosensitivity of  Jagged-Notch signaling can induce a 
switch-type behavior in vascular homeostasis. Proc. Natl. Acad. Sci. U. S. A. 115, 
E3682–E3691 (2018).

42. Carmeliet, P. Angiogenesis in life, disease and medicine. Nature 438, 932–6 
(2005).

43. Adams, R. H. & Eichmann, A. Axon guidance molecules in vascular patterning. 
Cold Spring Harb. Perspect. Biol. 2, 1–19 (2010).

44. Phng, L. K. & Gerhardt, H. Angiogenesis: A Team Effort Coordinated by 
Notch. Dev. Cell 16, 196–208 (2009).

45. Carmeliet, P. & Jain, R. K. Molecular mechanisms and clinical applications of  
angiogenesis. Nature 473, 298–307 (2011).

46. Gale, N. W. et al. Haploinsufficiency of  delta-like 4 ligand results in embryonic 
lethality due to major defects in arterial and vascular development. Proc. Natl. 
Acad. Sci. U. S. A. 101, 15949–54 (2004).

47. Hrabĕ de Angelis, M., McIntyre, J. & Gossler, A. Maintenance of  somite 
borders in mice requires the Delta homologue DII1. Nature 386, 717–21 (1997).

48. Xue, Y. et al. Embryonic lethality and vascular defects in mice lacking the Notch 
ligand Jagged1. Hum. Mol. Genet. 8, 723–730 (1999).

49. Krebs, L. T. et al. Notch signaling is essential for vascular morphogenesis in 
mice. Genes Dev. 14, 1343–52 (2000).

50. Krebs, L. T. et al. Haploinsufficient lethality and formation of  arteriovenous 
malformations in Notch pathway mutants. Genes Dev. 18, 2469–2473 (2004).

51. Meester, J. A. N. N. J. A. N. et al. Overlapping but distinct roles for NOTCH 
receptors in human cardiovascular disease. Clin. Genet. 95, 85–94 (2019).

52. Röpke, A., Kujat, A., Gräber, M., Giannakudis, J. & Hansmann, I. Identification 
of  36 novel Jagged1 (JAG1) mutations in patients with Alagille syndrome. Hum. 
Mutat. 21, 100 (2003).

53. Nigam, V. & Srivastava, D. Notch1 represses osteogenic pathways in aortic 
valve cells. J. Mol. Cell. Cardiol. 47, 828–834 (2009).

54. Garg, V. et al. Mutations in NOTCH1 cause aortic valve disease. Nature 437, 
270–274 (2005).



132

Bibliography

55. White, M. P. et al. NOTCH1 regulates matrix gla protein and calcification gene 
networks in human valve endothelium. J. Mol. Cell. Cardiol. 84, 13–23 (2015).

56. Jiao, J. et al. Induced pluripotent stem cells with NOTCH1 gene mutation show 
impaired differentiation into smooth muscle and endothelial cells: Implications 
for bicuspid aortic valve-related aortopathy. J. Thorac. Cardiovasc. Surg. 156,  
515-522.e1 (2018).

57. Balsam, L. B. The genetics of  bicuspid aortic valve disease: Shall we take it 
down a NOTCH? J. Thorac. Cardiovasc. Surg. 156, 523–524 (2018).

58. Cattermole, G. N. et al. The normal ranges of  cardiovascular parameters 
measured using the ultrasonic cardiac output monitor. Physiol. Rep. 5, (2017).

59. Moretti, M., Prina-Mello, A., Reid, A. J., Barron, V. & Prendergast, P. J. 
Endothelial cell alignment on cyclically-stretched silicone surfaces. J. Mater. Sci. 
Mater. Med. 15, 1159–64 (2004).

60. Mauretti, A. et al. Cardiomyocyte progenitor cell mechanoresponse unrevealed: 
strain avoidance and mechanosome development. Integr. Biol. (Camb). 8,  
991–1001 (2016).

61. Givens, C. & Tzima, E. Endothelial Mechanosignaling: Does One Sensor Fit 
All? Antioxid. Redox Signal. 25, 373–388 (2016).

62. Culver, J. C. & Dickinson, M. E. The effects of  hemodynamic force on 
embryonic development. Microcirculation 17, 164–178 (2010).

63. Sinha, R. et al. Endothelial cell alignment as a result of  anisotropic strain and 
flow induced shear stress combinations. Sci. Rep. 6, 1–12 (2016).

64. Tzima, E. et al. Activation of  Rac1 by shear stress in endothelial cells mediates 
both cytoskeletal reorganization and effects on gene expression. EMBO J. 21, 
6791–800 (2002).

65. Timmerman, I. et al. A local VE-cadherin and Trio-based signaling complex 
stabilizes endothelial junctions through Rac1. J. Cell Sci. 128, 3041–54 (2015).

66. van Buul, J. D. & Timmerman, I. Small Rho GTPase-mediated actin dynamics 
at endothelial adherens junctions. Small GTPases 7, 21–31 (2016).

67. Olesen, S. P., Clapham, D. E. & Davies, P. F. Haemodynamic shear stress 
activates a K+ current in vascular endothelial cells. Nature 331, 168–70 (1988).

68. K., Y., R., K., J., A. & A., K. Fluid shear stress activates Ca2+ influx into 
human endothelial cells via P2X4 purinoceptors. Circ. Res. 87, 385–391 (2000).

69. Cabral, P. D. & Garvin, J. L. TRPV4 activation mediates flow-induced nitric 
oxide production in the rat thick ascending limb. Am. J. Physiol. - Ren. Physiol. 
307, F666–F672 (2014).

70. Coste, B. et al. Piezo1 and Piezo2 are essential components of  distinct 
mechanically activated cation channels. Science 330, 55–60 (2010).

71. Ranade, S. S. et al. Piezo1, a mechanically activated ion channel, is required for 
vascular development in mice. Proc. Natl. Acad. Sci. U. S. A. 111, 10347–10352 
(2014).



133

Bibliography

72. Li, J. et al. Piezo1 integration of  vascular architecture with physiological force. 
Nature 515, 279–282 (2014).

73. Katsumi, A., Orr, A. W., Tzima, E., Schwartz, M. A. & Alexander, M. Integrins 
in Mechanotransduction. J. Biol. Chem. 279, 12001–12004 (2004).

74. Murata, T. et al. Reexpression of  caveolin-1 in endothelium rescues the vascular, 
cardiac, and pulmonary defects in global caveolin-1 knockout mice. J. Exp. Med. 
204, 2373–82 (2007).

75. Reitsma, S., Slaaf, D. W., Vink, H., van Zandvoort, M. A. M. J. & oude Egbrink, 
M. G. A. The endothelial glycocalyx: composition, functions, and visualization. 
Pflugers Arch. 454, 345–59 (2007).

76. Voyvodic, P. L. et al. Loss of  Syndecan-1 Induces a Pro-inflammatory Phenotype 
in Endothelial Cells with a Dysregulated Response to Atheroprotective Flow. J. 
Biol. Chem. 289, 9547–9559 (2014).

77. Lucitti, J. L. et al. Vascular remodeling of  the mouse yolk sac requires 
hemodynamic force. Development 134, 3317–3326 (2007).

78. Hong, C. C., Kume, T. & Peterson, R. T. Role of  crosstalk between 
phosphatidylinositol 3-kinase and extracellular signal-regulated  
kinase/mitogen-activated protein kinase pathways in artery-vein specification. 
Circ. Res. 103, 573–579 (2008).

79. Lawson, N. D., Vogel, A. M. & Weinstein, B. M. sonic hedgehog and vascular 
endothelial growth factor Act Upstream of  the Notch Pathway during Arterial 
Endothelial Differentiation. Dev. Cell 3, 127–136 (2002).

80. le Noble, F. Flow regulates arterial-venous differentiation in the chick embryo 
yolk sac. Development 131, 361–375 (2003).

81. Geudens, I. et al. Artery-vein specification in the zebrafish trunk is pre-patterned 
by heterogeneous Notch activity and balanced by flow-mediated fine-tuning. 
Development 146, dev181024 (2019).

82. Sivarapatna, A. et al. Arterial specification of  endothelial cells derived from 
human induced pluripotent stem cells in a biomimetic flow bioreactor. 
Biomaterials 53, 621–633 (2015).

83. Masumura, T., Yamamoto, K., Shimizu, N., Obi, S. & Ando, J. Shear stress 
increases expression of  the arterial endothelial marker ephrinB2 in murine ES 
cells via the VEGF-notch signaling pathways. Arterioscler. Thromb. Vasc. Biol. 29, 
2125–2131 (2009).

84. Goettsch, W., Augustin, H. G. & Morawietz, H. Down-regulation of  endothelial 
ephrinB2 expression by laminar shear stress. Endothel. J. Endothel. Cell Res. 11, 
259–265 (2004).

85. Ozasa, Y. et al. Notch activation mediates angiotensin II-induced vascular 
remodeling by promoting the proliferation and migration of  vascular smooth 
muscle cells. Hypertens. Res. 36, 859–65 (2013).



134

Bibliography

86. Chistiakov, D. A., Orekhov, A. N. & Bobryshev, Y. V. Effects of  shear stress on 
endothelial cells: go with the flow. Acta Physiol. 219, 382–408 (2017).

87. Malek, A. M., Alper, S. L. & Izumo, S. Hemodynamic shear stress and its role 
in atherosclerosis. JAMA 282, 2035–42 (1999).

88. Min, E. & Schwartz, M. A. Translocating transcription factors in fluid shear 
stress-mediated vascular remodeling and disease. Exp. Cell Res. 376, 92–97 
(2019).

89. Green, J. P. et al. Atheroprone flow activates inflammation via endothelial  
ATP-dependent P2X7-p38 signalling. Cardiovasc. Res. 114, 324–335 (2018).

90. Dai, G. et al. Distinct endothelial phenotypes evoked by arterial waveforms 
derived from atherosclerosis-susceptible and -resistant regions of  human 
vasculature. Proc. Natl. Acad. Sci. U. S. A. 101, 14871–6 (2004).

91. Bondareva, O. et al. Identification of  atheroprone shear stress responsive 
regulatory elements in endothelial cells. Cardiovasc. Res. 115, 1487–1499 (2019).

92. Kwak, B. R., Mulhaupt, F., Veillard, N., Gros, D. B. & Mach, F. Altered pattern 
of  vascular connexin expression in atherosclerotic plaques. Arterioscler. Thromb. 
Vasc. Biol. 22, 225–30 (2002).

93. Dekker, R. J. et al. Prolonged fluid shear stress induces a distinct set of  
endothelial cell genes, most specifically lung Krüppel-like factor (KLF2). Blood 
100, 1689–1698 (2002).

94. Gaspari, T. A., Barber, M. N., Woods, R. L. & Dusting, G. J. Type-C natriuretic 
peptide prevents development of  experimental atherosclerosis in rabbits. Clin. 
Exp. Pharmacol. Physiol. 27, 653–655 (2000).

95. Aikawa, E. & Libby, P. A Rock and a Hard Place: Chiseling Away at the 
Multiple Mechanisms of  Aortic Stenosis. Circulation 135, 1951–1955 (2017).

96. Libby, P. Inflammation in atherosclerosis. Nature 420, 868–74 (2002).
97. Zhang, X., Halvorsen, K., Zhang, C.-Z., Wong, W. P. & Springer, T. A. 

Mechanoenzymatic cleavage of  the ultralarge vascular protein von Willebrand 
factor. Science 324, 1330–4 (2009).

98. Lovendahl, K. N., Blacklow, S. C. & Gordon, W. R. The Molecular Mechanism 
of  Notch Activation. Adv. Exp. Med. Biol. 1066, 47–58 (2018).

99. Pestel, J. et al. Real-time 3D visualization of  cellular rearrangements during 
cardiac valve formation. Development 143, 2217–2227 (2016).

100. Lee, J. et al. 4-Dimensional light-sheet microscopy to elucidate shear stress 
modulation of  cardiac trabeculation. J. Clin. Invest. 126, 1679–1690 (2016).

101. Jahnsen, E. D. et al. Notch1 Is pan-endothelial at the onset of  flow and regulated 
by flow. PLoS One 10, 1–14 (2015).

102. Mack, J. J. et al. NOTCH1 is a mechanosensor in adult arteries. Nat. Commun. 
8, 1620 (2017).



135

Bibliography

103. Theodoris, C. V. et al. Human disease modeling reveals integrated transcriptional 
and epigenetic mechanisms of  NOTCH1 haploinsufficiency. Cell 160,  
1072–1086 (2015).

104. Polacheck, W. J. et al. A non-canonical Notch complex regulates adherens 
junctions and vascular barrier function. Nature 552, 258–262 (2017).

105. Samsa, L. A. et al. Cardiac contraction activates endocardial Notch signaling to 
modulate chamber maturation in zebrafish. Development 142, 4080–4091 (2015).

106. Sweet, D. T. et al. Endothelial shc regulates arteriogenesis through dual control 
of  arterial specification and inflammation via the notch and nuclear factor-k-
light-chain- enhancer of  activated b-cell pathways. Circ. Res. 113, 32–39 (2013).

107. Watson, O. et al. Blood flow suppresses vascular Notch signalling via dll4 and is 
required for angiogenesis in response to hypoxic signalling. Cardiovasc. Res. 100, 
252–261 (2013).

108. Yanagisawa, M. et al. A novel potent vasoconstrictor peptide produced by 
vascular endothelial cells. Nature 332, 411–5 (1988).

109. Vozzi, F., Bianchi, F., Ahluwalia, A. & Domenici, C. Hydrostatic pressure and 
shear stress affect endothelin-1 and nitric oxide release by endothelial cells in 
bioreactors. Biotechnol. J. 9, 146–54 (2014).

110. Hadi, H. A. R., Carr, C. S. & Al Suwaidi, J. Endothelial dysfunction: 
cardiovascular risk factors, therapy, and outcome. Vasc. Health Risk Manag. 1, 
183–98 (2005).

111. Al-Soudi, A., Kaaij, M. H. & Tas, S. W. Endothelial cells: From innocent 
bystanders to active participants in immune responses. Autoimmun. Rev. 16, 
951–962 (2017).

112. Mohan, S., Mohan, N. & Sprague, E. A. Differential activation of  NF-kappa 
B in human aortic endothelial cells conditioned to specific flow environments. 
Am. J. Physiol. Physiol. 273, C572–C578 (2017).

113. Buchanan, J. R., Kleinstreuer, C., Truskey, G. A. & Lei, M. Relation between 
non-uniform hemodynamics and sites of  altered permeability and lesion growth 
at the rabbit aorto-celiac junction. Atherosclerosis 143, 27–40 (1999).

114. Davis, C. A. et al. Device-based in vitro techniques for mechanical stimulation 
of  vascular cells: a review. J. Biomech. Eng. 137, 040801 (2015).

115. van Engeland, N. C. A. A. et al. A biomimetic microfluidic model to study 
signalling between endothelial and vascular smooth muscle cells under 
hemodynamic conditions. Lab Chip 18, 1607–1620 (2018).

116. Filipovic, N. et al. Computational modeling of  shear forces and experimental 
validation of  endothelial cell responses in an orbital well shaker system. Comput. 
Methods Biomech. Biomed. Engin. 19, 581–590 (2016).

117. Dardik, A. et al. Differential effects of  orbital and laminar shear stress on 
endothelial cells. J. Vasc. Surg. 41, 869–80 (2005).



136

Bibliography

118. Pearce, M. J., Mcintyre, T. M., Prescott, S. M., Zimmerman, G. A. & Whatley, 
R. E. Shear stress activates cytosolic phospholipase A2 (cPLA2) and MAP 
kinase in human endothelial cells. Biochem. Biophys. Res. Commun. 218, 500–504 
(1996).

119. Hubbe, M. A. Adhesion and detachment of  biological cells in vitro. Prog. Surf. 
Sci. 11, 65–137 (1981).

120. Ley, K., Lundgren, E., Berger, E. & Arfors, K. E. Shear-dependent inhibition 
of  granulocyte adhesion to cultured endothelium by dextran sulfate. Blood 73, 
1324–30 (1989).

121. Warboys, C. M., Ghim, M. & Weinberg, P. D. Understanding mechanobiology 
in cultured endothelium: A review of  the orbital shaker method. Atherosclerosis 
285, 170–177 (2019).

122. Thomas, J. M. D., Chakraborty, A., Sharp, M. K. & Berson, R. E. Spatial 
and temporal resolution of  shear in an orbiting petri dish. Biotechnol. Prog. 27,  
460–465 (2011).

123. Salek, M. M., Sattari, P. & Martinuzzi, R. J. Analysis of  fluid flow and wall 
shear stress patterns inside partially filled agitated culture well plates. Ann. 
Biomed. Eng. 40, 707–728 (2012).

124. Cherng, W. J., Dong, Z. S., Chou, C. C., Yeh, C. H. & Pan, Y. H. Hydrodynamic 
simulation of  an orbital shaking test for the degradation assessment of  blood-
contact biomedical coatings. Micromachines 8, (2017).

125. White, L. A. et al. The Assembly and Application of  ‘Shear Rings’: A Novel 
Endothelial Model for Orbital, Unidirectional and Periodic Fluid Flow and 
Shear Stress. J. Vis. Exp. 1–7 (2016). doi:10.3791/54632

126. dela Paz, N. G., Walshe, T. E., Leach, L. L., Saint-Geniez, M. & D’Amore, P. 
A. Role of  shear-stress-induced VEGF expression in endothelial cell survival. J. 
Cell Sci. 125, 831–43 (2012).

127. Köhler, R. & Hoyer, J. Role of  TRPV4 in the Mechanotransduction of  Shear Stress 
in Endothelial Cells. TRP Ion Channel Function in Sensory Transduction and Cellular 
Signaling Cascades (2007). doi:10.1201/9781420005844.ch27

128. Schlichting, H. & Gersten, K. Boundary-Layer Theory. 9, (Springer Berlin 
Heidelberg, 2016).

129. Driessen, R. C. H. H. et al. Shear stress induces expression, intracellular 
reorganization and enhanced Notch activation potential of  Jagged1. Integr. Biol. 
(Camb). 10, 719–726 (2018).

130. Vandesompele, J. et al. Accurate normalization of  real-time quantitative  
RT-PCR data by geometric averaging of  multiple internal control genes. Genome 
Biol. 3, 34–1 (2002).

131. Ducci, A. & Weheliye, W. H. Orbitally Shaken Bioreactors—Viscosity Effects 
on Flow Characteristics. AIChE J. 60, 3951–3968 (2014).



137

Bibliography

132. van den Broek, C. N. et al. Medium with blood-analog mechanical properties 
for cardiovascular tissue culturing. Biorheology 45, 651–61 (2008).

133. Osmanagic-Myers, S. et al. Plectin reinforces vascular integrity by mediating 
crosstalk between the vimentin and the actin networks. J. Cell Sci. 128,  
4138–4150 (2015).

134. Chadjichristos, C. E. et al. Endothelial-Specific Deletion of  Connexin40 
Promotes Atherosclerosis by Increasing CD73-Dependent Leukocyte Adhesion. 
Circulation 121, 123–131 (2010).

135. Hirase, T. & Node, K. Endothelial dysfunction as a cellular mechanism for 
vascular failure. Am. J. Physiol. Circ. Physiol. 302, H499–H505 (2011).

136. Roberts, A. C. & Porter, K. E. Cellular and molecular mechanisms of  
endothelial dysfunction in diabetes. Diabetes Vasc. Dis. Res. 10, 472–82 (2013).

137. Mudau, M., Genis, A., Lochner, A. & Strijdom, H. Endothelial dysfunction : 
the early predictor of  atherosclerosis. Cardiovasc. J. Afr. 23, 222–231 (2012).

138. Chen, H.-W. et al. Dynamic changes of  gene expression profiles during postnatal 
development of  the heart in mice. Heart 90, 927–34 (2004).

139. Hwang, B., Lee, J. H. & Bang, D. Single-cell RNA sequencing technologies and 
bioinformatics pipelines. Exp. Mol. Med. 50, 96 (2018).

140. Dong, Q. G. et al. A general strategy for isolation of  endothelial cells from 
murine tissues. Characterization of  two endothelial cell lines from the murine 
lung and subcutaneous sponge implants. Arterioscler. Thromb. Vasc. Biol. 17, 
1599–604 (1997).

141. van Beijnum, J. R., Rousch, M., Castermans, K., van der Linden, E. & 
Griffioen, A. W. Isolation of  endothelial cells from fresh tissues. Nat. Protoc. 3, 
1085–1091 (2008).

142. Fehrenbach, M. L., Cao, G., Williams, J. T., Finklestein, J. M. & Delisser, H. 
M. Isolation of  murine lung endothelial cells. Am. J. Physiol. Lung Cell. Mol. 
Physiol. 296, L1096-103 (2009).

143. Kuhlencordt, P. J. et al. Role of  endothelial nitric oxide synthase in endothelial 
activation: insights from eNOS knockout endothelial cells. Am. J. Physiol. Cell 
Physiol. 286, C1195-202 (2004).

144. Lim, Y. & Luscinskas, F. W. Isolation and culture of  murine heart and lung 
endothelial cells for in vitro model systems. Methods Mol. Biol. 341, 141–54 
(2006).

145. Marelli-Berg, F. M., Peek, E., Lidington, E. A., Stauss, H. J. & Lechler, R. 
I. Isolation of  endothelial cells from murine tissue. J. Immunol. Methods 244,  
205–15 (2000).

146. Su, G. et al. Integrin αvβ5 Regulates Lung Vascular Permeability and Pulmonary 
Endothelial Barrier Function. Am. J. Respir. Cell Mol. Biol. 36, 377–386 (2007).



138

Bibliography

147. Murata, T. et al. Genetic Evidence Supporting Caveolae Microdomain 
Regulation of  Calcium Entry in Endothelial Cells. J. Biol. Chem. 282,  
16631–16643 (2007).

148. Sobczak, M., Dargatz, J. & Chrzanowska-Wodnicka, M. Isolation and Culture 
of  Pulmonary Endothelial Cells from Neonatal Mice. J. Vis. Exp. 1–4 (2010). 
doi:10.3791/2316

149. Finotto, S. et al. Local blockade of  IL-6R signaling induces lung CD4+ T cell 
apoptosis in a murine model of  asthma via regulatory T cells. Int. Immunol. 19, 
685–93 (2007).

150. Lorusso, B. et al. Isolation and Characterization of  Human Lung Lymphatic 
Endothelial Cells. Biomed Res. Int. 2015, 747864 (2015).

151. Braza, F. et al. Mesenchymal Stem Cells Induce Suppressive Macrophages 
Through Phagocytosis in a Mouse Model of  Asthma. Stem Cells 34, 1836–45 
(2016).

152. Asosingh, K. et al. Endothelial cells in the innate response to allergens 
and initiation of  atopic asthma Graphical abstract Find the latest version : 
Endothelial cells in the innate response to allergens and initiation of  atopic 
asthma. 128, 3116–3128 (2018).

153. Gaskill, C. & Majka, S. M. A high-yield isolation and enrichment strategy for 
human lung microvascular endothelial cells. Pulm. Circ. 7, 108–116 (2017).

154. Bowden, R. A. et al. Role of  α 4 Integrin and VCAM-1 in CD18-Independent 
Neutrophil Migration Across Mouse Cardiac Endothelium. Circ. Res. 90,  
562–569 (2002).

155. Wang, Y. et al. Ephrin-B2 controls VEGF-induced angiogenesis and 
lymphangiogenesis. Nature 465, 483–6 (2010).

156. Monvoisin, A. et al. VE-cadherin-CreERT2 transgenic mouse: a model for 
inducible recombination in the endothelium. Dev. Dyn. 235, 3413–22 (2006).

157. Crouch, E. E. & Doetsch, F. FACS isolation of  endothelial cells and pericytes 
from mouse brain microregions. Nat. Protoc. 13, 738–751 (2018).

158. Nowak-Sliwinska, P. et al. Consensus guidelines for the use and interpretation 
of  angiogenesis assays. Angiogenesis 21, 425–532 (2018).

159. Ma, Z., Zhou, Y., Collins, D. J. & Ai, Y. Fluorescence activated cell sorting: Via 
a focused traveling surface acoustic beam. Lab Chip 17, 3176–3185 (2017).

160. Sakuma, S., Kasai, Y., Hayakawa, T. & Arai, F. On-chip cell sorting by  
high-speed local-flow control using dual membrane pumps. Lab Chip 17,  
2760–2767 (2017).

161. Baret, J.-C. et al. Fluorescence-activated droplet sorting (FADS): efficient 
microfluidic cell sorting based on enzymatic activity. Lab Chip 9, 1850–8 (2009).

162. Arnold, L. W. & Lannigan, J. Practical issues in high-speed cell sorting. Curr. 
Protoc. Cytom. 1–30 (2010). doi:10.1002/0471142956.cy0124s51



139

Bibliography

163. Wang, J., Niu, N., Xu, S. & Jin, Z. G. A simple protocol for isolating mouse 
lung endothelial cells. Sci. Rep. 9, 1458 (2019).

164. Demeule, M. et al. Isolation of  endothelial cells from brain, lung, and kidney: 
expression of  the multidrug resistance P-glycoprotein isoforms. Biochem. 
Biophys. Res. Commun. 281, 827–34 (2001).

165. Sweet, D. T., Chen, Z., Wiley, D. M., Bautch, V. L. & Tzima, E. The adaptor 
protein Shc integrates growth factor and ECM signaling during postnatal 
angiogenesis. Blood 119, 1946–1955 (2012).

166. Shao, X. et al. Mammalian numb protein antagonizes notch by controlling 
postendocytic trafficking of  the notch ligand delta-like 4. J. Biol. Chem. 292, 
20628–20643 (2017).

167. Karagiannis, P. et al. Induced pluripotent stem cells and their use in human 
models of  disease and development. Physiol. Rev. 99, 79–114 (2019).

168. Wattanapanitch, M. Recent Updates on Induced Pluripotent Stem Cells in 
Hematological Disorders. Stem Cells Int. 2019, 1–15 (2019).

169. Abrahimi, P. et al. Efficient gene disruption in cultured primary human 
endothelial cells by CRISPR/Cas9. Circ. Res. 117, 121–8 (2015).

170. Milone, M. C. & O’Doherty, U. Clinical use of  lentiviral vectors. Leukemia 32, 
1529–1541 (2018).

171. Escors, D. & Breckpot, K. UKPMC Funders Group Author Manuscript 
Lentiviral vectors in gene therapy : their current status and future potential. 
Arch. Immunol. Ther. Exp. (Warsz). 58, 107–119 (2011).

172. Keeler, G. D. et al. Gene Therapy-Induced Antigen-Specific Tregs Inhibit  
Neuro-inflammation and Reverse Disease in a Mouse Model of  Multiple 
Sclerosis. Mol. Ther. 26, 173–183 (2018).

173. Zhang, Y. & Yu, L. Single-cell microinjection technology in cell biology. 
BioEssays 30, 606–10 (2008).

174. Stevenson, D. J., Gunn-Moore, F. J., Campbell, P. & Dholakia, K. Single cell 
optical transfection. J. R. Soc. Interface 7, 863–871 (2010).

175. Yang, N. S., Burkholder, J., Roberts, B., Martinell, B. & McCabe, D. In vivo and 
in vitro gene transfer to mammalian somatic cells by particle bombardment. 
Proc. Natl. Acad. Sci. U. S. A. 87, 9568–72 (1990).

176. Potter, H. & Heller, R. Transfection by electroporation. Curr. Protoc. Mol. Biol. 
2018, 9.3.1-9.3.13 (2018).

177. García-sánchez, A. & Marqués-garcía, F. Molecular Genetics of  Asthma. 1434, 
139–151 (2016).

178. Kaestner, L., Scholz, A. & Lipp, P. Conceptual and technical aspects of  
transfection and gene delivery. Bioorg. Med. Chem. Lett. 25, 1171–6 (2015).

179. Abordo-Adesida, E. et al. Stability of  lentiviral vector-mediated transgene 
expression in the brain in the presence of  systemic antivector immune responses. 
Hum. Gene Ther. 16, 741–51 (2005).



140

Bibliography

180. Nayak, S. & Herzog, R. W. Progress and prospects: immune responses to viral 
vectors. Gene Ther. 17, 295–304 (2010).

181. Sakuma, T., Barry, M. A. A. A. A. A. & Ikeda, Y. Lentiviral vectors: basic to 
translational. Biochem. J. 443, 603–618 (2012).

182. Durand, S. & Cimarelli, A. The inside out of  lentiviral vectors. Viruses 3,  
132–59 (2011).

183. Debyser, Z. Biosafety of  Lentiviral Vectors. Curr. Gene Ther. 3, 517–525 (2003).
184. Freed, E. O. HIV-1 gag proteins: diverse functions in the virus life cycle. Virology 

251, 1–15 (1998).
185. Henderson, L. E. et al. Gag proteins of  the highly replicative MN strain of  

human immunodeficiency virus type 1: posttranslational modifications, 
proteolytic processings, and complete amino acid sequences. J. Virol. 66,  
1856–65 (1992).

186. Mervis, R. J. et al. The gag gene products of  human immunodeficiency 
virus type 1: alignment within the gag open reading frame, identification of  
posttranslational modifications, and evidence for alternative gag precursors. J. 
Virol. 62, 3993–4002 (1988).

187. von Schwedler, U. K. Proteolytic refolding of  the HIV-1 capsid protein  
amino-terminus facilitates viral core assembly. EMBO J. 17, 1555–1568 (1998).

188. Fanales-Belasio, E., Raimondo, M., Suligoi, B. & Buttò, S. HIV virology and 
pathogenetic mechanisms of  infection: a brief  overview. Ann. Ist. Super. Sanita 
46, 5–14 (2010).

189. Payne, S. Family Rhabdoviridae. in Viruses 165–172 (Elsevier, 2017). 
doi:10.1016/B978-0-12-803109-4.00019-2

190. Finkelshtein, D., Werman, A., Novick, D., Barak, S. & Rubinstein, M. LDL 
receptor and its family members serve as the cellular receptors for vesicular 
stomatitis virus. Proc. Natl. Acad. Sci. U. S. A. 110, 7306–11 (2013).

191. Zufferey, R., Nagy, D., Mandel, R. J., Naldini, L. & Trono, D. Multiply 
attenuated lentiviral vector achieves efficient gene delivery in vivo. Nat. 
Biotechnol. 15, 871–5 (1997).

192. COGEM. Generiek advies: ‘handelingen met lentivirale vectoren’. CGM/051215-01 
(2009).

193. DePolo, N. J. et al. VSV-G pseudotyped lentiviral vector particles produced in 
human cells are inactivated by human serum. Mol. Ther. 2, 218–222 (2000).

194. Higashikawa, F. & Chang, L. Kinetic analyses of  stability of  simple and 
complex retroviral vectors. Virology 280, 124–31 (2001).

195. Zhang, B. et al. The significance of  controlled conditions in lentiviral vector 
titration and in the use of  multiplicity of  infection (MOI) for predicting gene 
transfer events. Genet. Vaccines Ther. 2, 6 (2004).



141

Bibliography

196. Geraerts, M., Willems, S., Baekelandt, V., Debyser, Z. & Gijsbers, R. 
Comparison of  lentiviral vector titration methods. BMC Biotechnol. 6, 1–10 
(2006).

197. Davis, H. E., Morgan, J. R. & Yarmush, M. L. Polybrene increases retrovirus 
gene transfer efficiency by enhancing receptor-independent virus adsorption on 
target cell membranes. Biophys. Chem. 97, 159–72 (2002).

198. Higashikawa, F. & Chang, L. J. Kinetic analyses of  stability of  simple and 
complex retroviral vectors. Virology 280, 124–131 (2001).

199. Moore, C. B., Guthrie, E. H., Huang, M. T. & Taxman, D. J. Short hairpin 
RNA (shRNA): design, delivery, and assessment of  gene knockdown. Methods 
Mol. Biol. 629, 141–58 (2010).

200. Nandagopal, N. et al. Dynamic Ligand Discrimination in the Notch Signaling 
Pathway. Cell 172, 869-880.e19 (2018).

201. Sleeboom, J. J. F. F., Toonder, J. M. J. Den & Sahlgren, C. M. MDA-MB-231 
Breast Cancer Cells and Their CSC Population Migrate Towards Low Oxygen 
in a Microfluidic Gradient Device. Int. J. Mol. Sci. 19, 3047 (2018).

202. Juers, D. H., Matthews, B. W. & Huber, R. E. LacZ β-galactosidase: structure 
and function of  an enzyme of  historical and molecular biological importance. 
Protein Sci. 21, 1792–807 (2012).

203. Thorne, N., Inglese, J. & Auld, D. S. Illuminating Insights into Firefly Luciferase 
and Other Bioluminescent Reporters Used in Chemical Biology. Chem. Biol. 17, 
646–657 (2010).

204. Ghim, C., Lee, S. K., Takayama, S. & Mitchell, R. J. The art of  reporter proteins 
in science: past, present and future applications. BMB Rep. 43, 451–60 (2010).

205. Albers, J. et al. A versatile modular vector system for rapid combinatorial 
mammalian genetics. J. Clin. Invest. 125, 1603–19 (2015).

206. Campisi, J. & d’Adda di Fagagna, F. Cellular senescence: When bad things 
happen to good cells. Nat. Rev. Mol. Cell Biol. 8, 729–740 (2007).

207. Kiyono, T. Molecular mechanisms of  cellular senescence and immortalization 
of  human cells. Expert Opin. Ther. Targets 11, 1623–37 (2007).

208. Hubbard, K. & Ozer, H. L. Mechanism of  immortalization. Age (Omaha). 22, 
65–9 (1999).

209. Stepanenko, A. A. & Heng, H. H. Transient and stable vector transfection: 
Pitfalls, off-target effects, artifacts. Mutat. Res. Mutat. Res. 773, 91–103 (2017).

210. Antczak, C., Mahida, J. P., Singh, C., Calder, P. A. & Djaballah, H. A high 
content assay to assess cellular fitness. Comb. Chem. High Throughput Screen. 17, 
12–24 (2014).

211. Jacobsen, L., Calvin, S. & Lobenhofer, E. Transcriptional effects of  transfection: 
the potential for misinterpretation of  gene expression data generated from 
transiently transfected cells. Biotechniques 47, 617–24 (2009).



142

Bibliography

212. Hagen, L., Sharma, A., Aas, P. A. & Slupphaug, G. Off-target responses in the 
HeLa proteome subsequent to transient plasmid-mediated transfection. Biochim. 
Biophys. Acta 1854, 84–90 (2015).

213. Xu, Z. et al. A New Caspase-8 Isoform Caspase-8s Increased Sensitivity to 
Apoptosis in Jurkat Cells. J. Biomed. Biotechnol. 2009, 1–10 (2009).

214. Sato, M. & Ohshima, N. Flow-induced changes in shape and cytoskeletal 
structure of  vascular endothelial cells. Biorheology 31, 143–153 (1994).

215. Osborn, E. A. et al. Endothelial actin cytoskeleton remodeling during 
mechanostimulation with fluid shear stress. Am. J. Physiol. Physiol. 290,  
C444–C452 (2006).

216. Hirashima, M. & Suda, T. Differentiation of  arterial and venous endothelial 
cells and vascular morphogenesis. Endothel. J. Endothel. Cell Res. 13, 137–145 
(2006).

217. Baratchi, S. et al. Molecular Sensors of  Blood Flow in Endothelial Cells. Trends 
Mol. Med. 23, 850–868 (2017).

218. Resnick, N. et al. Fluid shear stress and the vascular endothelium: For better and 
for worse. Prog. Biophys. Mol. Biol. 81, 177–199 (2003).

219. Gridley, T. Notch signaling in vascular development and physiology. Development 
134, 2709–2718 (2007).

220. Huppert, S. S. et al. Embryonic lethality in mice homozygous for a processing-
deficient allele of  Notch1. Nature 405, 966–70 (2000).

221. Boucher, J., Gridley, T. & Liaw, L. Molecular pathways of  notch signaling in 
vascular smooth muscle cells. Front. Physiol. 3 APR, 1–13 (2012).

222. Spinner, N. B. et al. Jagged1 mutations in Alagille syndrome. Hum. Mutat. 17, 
18–33 (2001).

223. Kato, H. et al. Involvement of  RBP-J in biological functions of  mouse Notch1 
and its derivatives. Development 124, 4133–4141 (1997).

224. Hori, K., Sen, A., Kirchhausen, T. & Artavanis-Tsakonas, S. Regulation of  
ligand-independent notch signal through intracellular trafficking. Commun. 
Integr. Biol. 5, 374–376 (2012).

225. Fortini, M. E. & Bilder, D. Endocytic regulation of  Notch signaling. Curr. Opin. 
Genet. Dev. 19, 323–328 (2009).

226. Yamamoto, S., Charng, W. L. & Bellen, H. J. Endocytosis and intracellular 
trafficking of  notch and its ligands. Curr. Top. Dev. Biol. 92, 165–200 (2010).

227. Krämer, A. et al. Small molecules intercept Notch signaling and the early 
secretory pathway. Nat. Chem. Biol. 9, 731–738 (2013).

228. Wang, W. & Struhl, G. Drosophila Epsin mediates a select endocytic pathway 
that DSL ligands must enter to activate Notch. Development 131, 5367–5380 
(2004).



143

Bibliography

229. Meloty-Kapella, L., Shergill, B., Kuon, J., Botvinick, E. & Weinmaster, G. 
Notch Ligand Endocytosis Generates Mechanical Pulling Force Dependent on 
Dynamin, Epsins, and Actin. Dev. Cell 22, 1299–1312 (2012).

230. Quan, A. et al. Myristyl Trimethyl Ammonium Bromide and Octadecyl 
Trimethyl Ammonium Bromide Are Surface-Active Small Molecule Dynamin 
Inhibitors that Block Endocytosis Mediated by Dynamin I or Dynamin II. Mol. 
Pharmacol. 72, 1425–1439 (2007).

231. Van Lessen, M. et al. Regulation of  vascular endothelial growth factor receptor 
function in angiogenesis by numb and numb-like. Arterioscler. Thromb. Vasc. Biol. 
35, 1815–1825 (2015).

232. Antfolk, D. et al. Selective regulation of  Notch ligands during angiogenesis is 
mediated by vimentin. Proc. Natl. Acad. Sci. 114, E4574–E4581 (2017).

233. Hansson, E. M. et al. Recording notch signaling in real time. Dev. Neurosci. 28, 
118–127 (2006).

234. Hansson, E. M. et al. Control of  Notch-ligand endocytosis by ligand-receptor 
interaction. J. Cell Sci. 123, 2931–2942 (2010).

235. Ajami, N. E. et al. Systems biology analysis of  longitudinal functional response 
of  endothelial cells to shear stress. Proc. Natl. Acad. Sci. 114, 201707517 (2017).

236. Hahn, C. & Schwartz, M. A. Mechanotransduction in vascular physiology and 
atherogenesis. Nat. Rev. Mol. Cell Biol. 10, 53–62 (2009).

237. Davies, P. F. Flow-mediated endothelial mechanotransduction. Physiol. Rev. 75, 
519–60 (1995).

238. Helmke, B. P., Goldman, R. D. & Davies, P. F. Rapid displacement of  vimentin 
intermediate filaments in living endothelial cells exposed to flow. Circ. Res. 86, 
745–752 (2000).

239. Boycott, H. E. et al. Shear stress triggers insertion of  voltage-gated potassium 
channels from intracellular compartments in atrial myocytes. Proc. Natl. Acad. 
Sci. 110, E3955–E3964 (2013).

240. Yoon, C.-H. et al. Diabetes-Induced Jagged1 Overexpression in Endothelial 
Cells Causes Retinal Capillary Regression in a Murine Model of  Diabetes 
Mellitus. Circulation 134, 233–247 (2016).

241. Ghiabi, P. et al. Endothelial cells provide a notch-dependent pro-tumoral niche 
for enhancing breast cancer survival, stemness and pro-metastatic properties. 
PLoS One 9, (2014).

242. Chatterjee, S., Fujiwara, K., Pérez, N. G., Ushio-Fukai, M. & Fisher, A. 
B. Mechanosignaling in the vasculature: emerging concepts in sensing, 
transduction and physiological responses. Am. J. Physiol. Heart Circ. Physiol. 308, 
H1451-62 (2015).

243. Jones, E. A. V. V, Le Noble, F. & Eichmann, A. What determines blood vessel 
structure? Genetic prespecification vs. hemodynamics. Physiology 21, 388–395 
(2006).



144

Bibliography

244. Buschmann, I. et al. Pulsatile shear and Gja5 modulate arterial identity and 
remodeling events during flow-driven arteriogenesis. Development 137, 2187–96 
(2010).

245. Yee, A., Bosworth, K. A., Conway, D. E., Eskin, S. G. & McIntire, L. V. Gene 
expression of  endothelial cells under pulsatile non-reversing vs. steady shear 
stress; comparison of  nitric oxide production. Ann. Biomed. Eng. 36, 571–9 
(2008).

246. Chiu, J. & Chien, S. Effects of  disturbed flow on vascular endothelium: 
pathophysiological basis and clinical perspectives. Physiol. Rev. 91, 327–87 
(2011).

247. Briot, A., Bouloumie, A. & Iruela-Arispe, M. L. Notch, lipids, and endothelial 
cells. Curr. Opin. Lipidol. 27, 513–520 (2016).

248. Fang, J. S. et al. Shear-induced Notch-Cx37-p27 axis arrests endothelial cell 
cycle to enable arterial specification. Nat. Commun. 8, 2149 (2017).

249. Yamamoto, K., Korenaga, R., Kamiya, A. & Ando, J. Fluid shear stress 
activates Ca(2+) influx into human endothelial cells via P2X4 purinoceptors. 
Circ. Res. 87, 385–91 (2000).

250. Breslin, J. W. & Kurtz, K. M. Lymphatic endothelial cells adapt their barrier 
function in response to changes in shear stress. Lymphat. Res. Biol. 7, 229–37 
(2009).

251. Sprinzak, D. et al. Cis-interactions between Notch and Delta generate mutually 
exclusive signalling states. Nature 465, 86–90 (2010).

252. Shaya, O. et al. Cell-Cell Contact Area Affects Notch Signaling and  
Notch-Dependent Patterning. Dev. Cell 40, 505-511.e6 (2017).

253. Barczak, W., Suchorska, W., Rubiś, B. & Kulcenty, K. Universal real-time  
PCR-based assay for lentiviral titration. Mol. Biotechnol. 57, 195–200 (2015).

254. Schneider, M. et al. Inhibition of  Delta-induced Notch signaling using fucose 
analogs. Nat. Chem. Biol. 14, 65–71 (2018).

255. Qiu, W., Hu, Q., Paolocci, N., Ziegelstein, R. C. & Kass, D. A. Differential 
effects of  pulsatile versus steady flow on coronary endothelial membrane 
potential. Am. J. Physiol. Heart Circ. Physiol. 285, H341-6 (2003).

256. Baeyens, N. et al. Vascular remodeling is governed by a VEGFR3-dependent 
fluid shear stress set point. Elife 4, 1–35 (2015).

257. Fortini, M. E. Notch Signaling: The Core Pathway and Its Posttranslational 
Regulation. Dev. Cell 16, 633–647 (2009).

258. van Engeland, N. C. A. et al. Vimentin regulates Notch signaling strength 
and arterial remodeling in response to hemodynamic stress. Sci. Rep. 9, 12415 
(2019).



145

Bibliography

259. Heitzler, P., Bourouis, M., Ruel, L., Carteret, C. & Simpson, P. Genes of  the 
Enhancer of  split and achaete-scute complexes are required for a regulatory loop 
between Notch and Delta during lateral signalling in Drosophila. Development 
122, 161–71 (1996).

260. Borggrefe, T. et al. The Notch intracellular domain integrates signals from Wnt, 
Hedgehog, TGFβ/BMP and hypoxia pathways. Biochim. Biophys. Acta 1863, 
303–13 (2016).

261. D’Souza, B., Meloty-Kapella, L. & Weinmaster, G. Canonical and non-
canonical notch ligands. Curr. Top. Dev. Biol. 92, 73–129 (2010).

262. Hoglund, V. J. & Majesky, M. W. Patterning the artery wall by lateral induction 
of  Notch signaling. Circulation 125, 212–5 (2012).

263. Gilbert, M. A. et al. Alagille syndrome mutation update: Comprehensive 
overview of  JAG1 and NOTCH2 mutation frequencies and insight 
into missense variant classification. Hum. Mutat. humu.23879 (2019).  
doi:10.1002/humu.23879

264. Seok, J. et al. Genomic responses in mouse models poorly mimic human 
inflammatory diseases. Proc. Natl. Acad. Sci. 110, 3507–3512 (2013).

265. Manderfield, L. J. et al. Notch activation of  Jagged1 contributes to the assembly 
of  the arterial wall. Circulation 125, 314–323 (2012).

266. Resnick, N. et al. Platelet-derived growth factor B chain promoter contains a cis-
acting fluid shear-stress-responsive element. Proc. Natl. Acad. Sci. 90, 4591–4595 
(1993).

267. Abumiya, T., Sasaguri, T., Taba, Y., Miwa, Y. & Miyagi, M. Shear stress induces 
expression of  vascular endothelial growth factor receptor Flk-1/KDR through 
the CT-rich Sp1 binding site. Arterioscler. Thromb. Vasc. Biol. 22, 907–13 (2002).

268. Davis, M. E., Grumbach, I. M., Fukai, T., Cutchins, A. & Harrison, D. G. 
Shear Stress Regulates Endothelial Nitric-oxide Synthase Promoter Activity 
through Nuclear Factor κB Binding. J. Biol. Chem. 279, 163–168 (2004).

269. Bash, J. et al. Rel/NF-kappaB can trigger the Notch signaling pathway by 
inducing the expression of  Jagged1, a ligand for Notch receptors. EMBO J. 18, 
2803–11 (1999).

270. Nandagopal, N., Santat, L. A. & Elowitz, M. B. Cis-activation in the Notch 
signaling pathway. Elife 8, 1–34 (2019).

271. Tzima, E. et al. A mechanosensory complex that mediates the endothelial cell 
response to fluid shear stress. Nature 437, 426–431 (2005).

272. Feaver, R. E., Gelfand, B. D. & Blackman, B. R. Human haemodynamic 
frequency harmonics regulate the inflammatory phenotype of  vascular 
endothelial cells. Nat. Commun. 4, 1525 (2013).

273. Kerr, B. A. et al. Stability and function of  adult vasculature is sustained by  
Akt/Jagged1 signalling axis in endothelium. Nat. Commun. 7, 10960 (2016).



146

Bibliography

274. Basu, S., Barbur, I., Calderon, A., Banerjee, S. & Proweller, A. Notch signaling 
regulates arterial vasoreactivity through opposing functions of  Jagged1 and 
Dll4 in the vessel wall. Am. J. Physiol. Heart Circ. Physiol. 315, H1835–H1850 
(2018).

275. Yin, Q., Wang, W., Cui, G., Yan, L. & Zhang, S. Potential role of  the  
Jagged1/Notch1 signaling pathway in the endothelial-myofibroblast transition 
during BLM-induced pulmonary fibrosis. J. Cell. Physiol. 233, 2451–2463 (2018).

276. Putti, M., de Jong, S. M. J., Stassen, O. M. J. A., Sahlgren, C. M. & Dankers, P. 
Y. W. A Supramolecular Platform for the Introduction of  Fc-Fusion Bioactive 
Proteins on Biomaterial Surfaces. ACS Appl. Polym. Mater. 1, 2044–2054 (2019).

277. Putti, M., Stassen, O. M. J. A. J. A., Schotman, M. J. G. G., Sahlgren, C. M. 
& Dankers, P. Y. W. W. Influence of  the Assembly State on the Functionality 
of  a Supramolecular Jagged1-Mimicking Peptide Additive. ACS Omega 4,  
8178–8187 (2019).

278. Zhou, X. et al. Soluble Jagged-1 inhibits restenosis of  vein graft by attenuating 
Notch signaling. Microvasc. Res. 100, 9–16 (2015).

279. Andersson, E. R. & Lendahl, U. Therapeutic modulation of  Notch  
signalling - are we there yet? Nat. Rev. Drug Discov. 13, 357–78 (2014).

280. Seugnet, L., Simpson, P. & Haenlin, M. Requirement for dynamin during notch 
signaling in Drosophila neurogenesis. Dev. Biol. 192, 585–598 (1997).

281. Musse, A. A., Meloty-Kapella, L. & Weinmaster, G. Notch ligand endocytosis: 
Mechanistic basis of  signaling activity. Semin. Cell Dev. Biol. 23, 429–436 (2012).

282. Khait, I. et al. Quantitative Analysis of  Delta-like 1 Membrane Dynamics 
Elucidates the Role of  Contact Geometry on Notch Signaling. Cell Rep. 14, 
225–233 (2016).

283. Narui, Y. & Salaita, K. Membrane tethered delta activates notch and reveals a 
role for spatio-mechanical regulation of  the signaling pathway. Biophys. J. 105, 
2655–2665 (2013).

284. Nackman, G. B. et al. Flow modulates endothelial regulation of  smooth muscle 
cell proliferation: A new model. Surgery 124, 353–361 (1998).

285. Chiu, J.-J. et al. Shear stress inhibits adhesion molecule expression in vascular 
endothelial cells induced by coculture with smooth muscle cells. Blood 101, 
2667–74 (2003).

286. Walshe, T. E., dela Paz, N. G. & D’Amore, P. A. The role of  shear-induced 
transforming growth factor-β signaling in the endothelium. Arterioscler. Thromb. 
Vasc. Biol. 33, 2608–17 (2013).

287. Nakajima, H. et al. Flow-Dependent Endothelial YAP Regulation Contributes 
to Vessel Maintenance. Dev. Cell 40, 523-536.e6 (2017).

288. Gelfand, B. D. et al. Hemodynamic activation of  beta-catenin and T-cell-specific 
transcription factor signaling in vascular endothelium regulates fibronectin 
expression. Arterioscler. Thromb. Vasc. Biol. 31, 1625–33 (2011).



147

Bibliography

289. Ohno, M., Cooke, J. P., Dzau, V. J. & Gibbons, G. H. Fluid shear stress induces 
endothelial transforming growth factor beta-1 transcription and production. 
Modulation by potassium channel blockade. J. Clin. Invest. 95, 1363–1369 
(1995).

290. Wang, K.-C. et al. Flow-dependent YAP/TAZ activities regulate endothelial 
phenotypes and atherosclerosis. Proc. Natl. Acad. Sci. 113, 11525–11530 (2016).

291. Lebrin, F., Deckers, M., Bertolino, P. & Ten Dijke, P. TGF-beta receptor 
function in the endothelium. Cardiovasc. Res. 65, 599–608 (2005).

292. Cattelino, A. et al. The conditional inactivation of  the beta-catenin gene in 
endothelial cells causes a defective vascular pattern and increased vascular 
fragility. J. Cell Biol. 162, 1111–22 (2003).

293. Kim, J. et al. YAP/TAZ regulates sprouting angiogenesis and vascular barrier 
maturation. J. Clin. Invest. 127, 3441–3461 (2017).

294. Sternberg, N. & Hamilton, D. Bacteriophage P1 site-specific recombination. I. 
Recombination between loxP sites. J. Mol. Biol. 150, 467–86 (1981).

295. Sauer, B. & Henderson, N. Site-specific DNA recombination in mammalian 
cells by the Cre recombinase of  bacteriophage P1. Proc. Natl. Acad. Sci. U. S. A. 
85, 5166–70 (1988).

296. Gu, H., Marth, J. D., Orban, P. C., Mossmann, H. & Rajewsky, K. Deletion 
of  a DNA polymerase β gene segment in T cells using cell type-specific gene 
targeting. Science (80-. ). 265, 103–106 (1994).

297. McLellan, M. A., Rosenthal, N. A. & Pinto, A. R. Cre-loxP-Mediated 
Recombination: General Principles and Experimental Considerations. Curr. 
Protoc. Mouse Biol. 7, 1–12 (2017).

298. Payne, S., De Val, S. & Neal, A. Endothelial-Specific Cre Mouse Models. 
Arterioscler. Thromb. Vasc. Biol. 38, 2550–2561 (2018).

299. Chatterjee, K., Pratiwi, F. W., Wu, F. C. M., Chen, P. & Chen, B.-C. Recent 
Progress in Light Sheet Microscopy for Biological Applications. Appl. Spectrosc. 
72, 1137–1169 (2018).

300. Ormandy, E. H., Dale, J. & Griffin, G. Genetic engineering of  animals: Ethical 
issues, including welfare concerns. Can. Vet. J. = La Rev. Vet. Can. 52, 544–550 
(2011).

301. Rowe, R. G. & Daley, G. Q. Induced pluripotent stem cells in disease modelling 
and drug discovery. Nat. Rev. Genet. 20, 377–388 (2019).

302. Stadtfeld, M. & Hochedlinger, K. Induced pluripotency: history, mechanisms, 
and applications. Genes Dev. 24, 2239–2263 (2010).

303. Takahashi, K. & Yamanaka, S. Induction of  Pluripotent Stem Cells from 
Mouse Embryonic and Adult Fibroblast Cultures by Defined Factors. Cell 126, 
663–676 (2006).



148

Bibliography

304. Peng, G.-Y. et al. The Application of  Induced Pluripotent Stem Cells in 
Pathogenesis Study and Gene Therapy for Vascular Disorders: Current Progress 
and Future Challenges. Stem Cells Int. 2019, 9613258 (2019).

305. Comeglio, P. et al. The importance of  mutation detection in Marfan syndrome 
and Marfan-related disorders: report of  193 FBN1 mutations. Hum. Mutat. 28, 
928 (2007).

306. Bhatia, S. N. & Ingber, D. E. Microfluidic organs-on-chips. Nat. Biotechnol. 32, 
760–772 (2014).

307. Huh, D. et al. Reconstituting organ-level lung functions on a chip. Science 328, 
1662–8 (2010).

308. Weber, B. et al. Off-the-shelf  human decellularized tissue-engineered heart 
valves in a non-human primate model. Biomaterials 34, 7269–80 (2013).

309. van Haaften, E. E. On the impact of  mechanical environment in vascular tissue 
engineering. (Eindhoven University of  Technology, 2019).

310. Werner, M., Petersen, A., Kurniawan, N. A. & Bouten, C. V. C. Cell‐Perceived 
Substrate Curvature Dynamically Coordinates the Direction, Speed, and 
Persistence of  Stromal Cell Migration. Adv. Biosyst. 3, 1900080 (2019).

311. Buskermolen, A. B. C. et al. Entropic Forces Drive Cellular Contact Guidance. 
Biophys. J. 116, 1994–2008 (2019).



149

Dankwoord

Dankwoord

Leuk dat je begint met het lezen van het dankwoord. Dit is inderdaad een heel belangrijk 
deel van mijn proefschrift. Een promotie doe je namelijk niet alleen, ook al staat alleen 
je eigen naam op de kaft. Bij een promotie heb je een grote groep om je heen. Zonder 
deze mensen was dit proefschrift nooit tot stand gekomen. Ik ben blij dat ik in dit deel 
de ruimte heb om hen allemaal te bedanken. 

Allereerst Carlijn, mijn eerste promotor. Mijn avontuur onder jouw vleugels begon met 
een studentassistentschap in samenwerking met het NKI in Amsterdam. Daarna ben 
ik op stage gegaan in Boston, op bezoek bij Jesper en Elena. In deze periode kwam jij 
ook naar Boston voor een sabbatical. In plaats van eens in de zoveel tijd een meeting 
bespraken we bijna iedere week de data en andere dingen. Dit maakte mijn stage extra 
speciaal. Jesper vertelde me destijds dat je naast een geweldige wetenschapper ook 
een echt moederfiguur bent. Daar moet ik hem echt gelijk in geven. Naast je enorme 
wetenschappelijke drive heb je altijd aandacht voor de mens. Bedankt voor al je 
vertrouwen en de kans die je me gegeven hebt om te mogen promoveren in jouw groep. 

Cecilia, you could easily have been my first promotor as well. My PhD project started 
with two words: mechanics and Notch. I knew some things about mechanics, but not a 
single thing about Notch signaling. You guided me through the complicated Notch maze 
which only seems to keep growing. Your critical out-of-the-box thinking has been very 
refreshing whenever I was stuck with some engineering or optimization problem. It is 
impressive how you run a single research group, located in both Eindhoven and Turku. 
You once told me in our first meetings that there would come a moment when I would 
like to quit my PhD and wanted to start selling sausages. Thank you for everything and 
not letting me sell sausages. Tack så mycket för allt!

Oscar, een paar maanden nadat ik begon aan mijn promotie voegde jij je bij het 
Notch team. Daarbij was je vaak mijn wandelende encyclopedie voor de moleculaire 
biologie. Afgelopen jaren hebben we veel samengewerkt aan verschillende projecten. 
Onze vrijdagochtend meetings gingen vaak over ons werk, maar net zo vaak dwaalden 
we af  naar minder wetenschappelijke onderwerpen. Ik kan je gortdroge humor zeer 
waarderen en ook de concerten die je in het lab gaf  waren onvergetelijk. Bedankt dat je 
mijn copromotor wil zijn. 

I would also like to express my gratitude to the members of  my doctoral committee: 
Tom de Greef, Paul Evans, Karoline Cheng and Emma Andersson. Thank you for 
your careful evaluation of  the thesis and for your time to participate in the defense 
ceremony. Maarten Merkx, thank you for acting as a reserve member in my committee. 
Cees, my very first project in our current group was with you. Ending my project with 
you as chairman completes the circle. 

Een groep die zeker niet mag ontbreken in dit dankwoord is de Notchies. De groep 
volhardende promovendi en postdocs die de rest van de TU/e overtuigen van het 
belang van Notch. Naast de (bi)weekly meetings heb ik erg genoten van onze andere 
overleggen onder het genot van een hapje en drankje, beter bekend als de Notch beers. 
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Ook de bezoekjes aan Finland en de verschillende congressen in binnen en buitenland 
waren altijd erg gezellig. Nicole, Laura, Tommaso, Oscar, Jordy, Cansu, Janine, Jelle 
en Hetty, bedankt voor alle steun en gezelligheid!

The Notch group in Eindhoven is part of  an even bigger Notch group. The other people 
are located far up North in Turku. Although we didn’t see each other very often, our 
‘annual’ meetings in Turku, Eindhoven, Athens or on the Notch cruise were great. I 
owe a special thanks to Freddy and Marika. I could always send samples for analysis 
we couldn’t do here in Eindhoven. I’m grateful for this collaboration and happy that 
you are part of  this thesis as well. 

Tijdens mijn promotie heb ik verschillende studenten mogen begeleiden bij hun 
afstudeerproject. Dit is een ‘mogen’, omdat niet alleen de student maar ook de 
begeleider erg veel leert. Irith, hoewel je werk over een ander onderwerp ging dan dit 
proefschrift was het erg leuk om met je samen te werken. Het ga je goed in Nijmegen. 
Natuurlijk mogen de Ollemannen niet ontbreken. Tibo en Janine, onze projecten liepen 
grotendeels naast elkaar en daardoor hebben we vaak nauw samengewerkt. Ik ben dan 
ook erg blij dat jullie werk deel uit maakt van mijn boekje. Janine, leuk dat je je bij de 
Notchies hebt gevoegd. Tibo, succes met de judo en in vertrouw erop dat ik je over een 
paar jaar op de Olympische Spelen zie staan. 

Iemand die zeker niet in mijn dankwoord mag ontbreken is Yvon. Je noemt je 
promovendi ook wel eens je kuikentjes. Als wij je kuikentjes zijn mag jij je met recht 
moeder kip noemen, want wat zorg je goed voor ons. We kunnen met de gekste vraag 
komen, je helpt ons. Het is altijd gezellig om even langs te komen om het postvakje te 
checken. Vaak weet ik wel dat er niets in zit, maar dan kom ik toch even langs om aan te 
horen wat voor gek avontuur je nu weer hebt meegemaakt. Yvon, moeder kip, bedankt 
voor alles. Zonder jou is onze groep geen groep, maar gewoon een verzameling mensen. 

Een bijzonder woord van dank gaat uit naar Moniek, onze voormalig labmanager. 
Je naam staat in bijna ieder dankwoord en dat is niet zonder reden. Tijdens onze 
gesprekken over onderzoek of  het lab gaf  je altijd erg waardevolle input. Ik kreeg nooit 
te horen dat iets niet ging. Meestal was het antwoord: “Gaaf, moet je doen”. Je lach 
is aanstekelijk en erg handig als waarschuwing dat de labmanager het lab in komt. 
Ook aan je motto heb ik nog vaak terug gedacht als ik weer eens aan het beunen was. 
Bedankt voor alle input, gezelligheid en voor het lezen van hoofdstuk 4. Veel plezier 
met de verbouwing.

Ondanks dat Notch in het begin een beetje eng was voor de groep, voelde ik me erg 
thuis in de STBE/STEM groep. Bedankt voor alle input en comments die dit boekje 
alleen maar verbeterd hebben. Daarbij wil ik ook graag de microsystems groep en het 
ICMS betrekken voor het organiseren van de verschillende discussion meetings. Naast 
de projectgerelateerde meetings hadden we ook regelmatig een interdisciplinair overleg 
in samenwerking met andere vakgroepen van MaTe. Deze overleggen bij de Hubble of  
In Vivo waren een welkome afwisseling. 
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Afgelopen jaren ben ik altijd met veel plezier naar de TU gefietst. Een van de plekken 
waar ik vaak te vinden was is het cellab. Daarbij is een dankjewel aan de vaste staf  
van het lab zeker op zijn plaats. Marloes en Yuana, bedankt voor het aanhoren van 
mijn gemopper af  en toe en het draaiende houden van dit enorme lab. Marina, de PCR 
koningin, je hebt meer dan eens meegedacht met mijn PCR avonturen, zeker toen we 
met de virus titer aan de slag gingen. Silvia, al ben je nu aan de andere kant van de 
grote plas, je kennis over kleuringen is ongeëvenaard. Vaak was ik ook te vinden in de 
doka van het cellab bij de microscoop. Mark, dankjewel voor de microscopiediscussies. 
Werken in een lab doe je niet alleen, maar met een grote groep. Ik zal vast mensen 
vergeten, maar in het bijzonder een dankjewel voor AM, BI, BS, BdK, CP, DJ, DM, 
EvH, JG, LAT, MB, MvD, MvK, MvV, MW, MJH, MJ, MWA, NAP, NB, NvE, 
OMS, RG, SK, SS, SD, TBW, VB, WAT. Met jullie was labwerk nooit een verplichting, 
maar gewoon gezellig. 

Er is een plek op de hele TU/e die heel erg speciaal is. Het is een plek waar je helemaal 
tot jezelf  kan komen, een oase van rust. Je voelt je er echt even helemaal zen. Daar, in 
GEM-Z 4.11, kun je echt even je chacra’s op een rijtje zetten. Totdat het eerste kantoorlid 
binnenkomt tenminste. Ons kantoor was een feest om in te werken, zowel letterlijk als 
figuurlijk. Het is immers niet voor niets altijd vrijdag in 4.11. De vele kantooruitjes 
en het weekendje weg waren erg gezellig. In ons kantoor waren we meer dan alleen 
collega’s, ik heb er een groep vrienden bij. Nicole, Hein, Roel, Janine, Eline, Maarten, 
Louis, Louise, Esther, Camilo, Niels, Kujtim, Emiel, Stefan, Jibbe, Marloes, Joerik 
en Umit, bedankt voor de gezelligheid en dat we elkaar nog vaak tegen mogen komen 
voor een hapje en drankje.  

Part of  my PhD project was not performed in Eindhoven but in Stockholm. Emma, 
thank you very much for your hospitality. From the moment I arrived I felt welcome 
in your group. Simona, thank you for all the trips to the mouse house. Working with 
you was an absolute pleasure. I’m still not sure if  the phrase ‘oh Rob, you’re such an 
engineer…’ was a compliment or a complaint. Also a big thank you to the other lab 
members: Janek, David, Katrin, Jingyan, Noémi, Naomi, Afshan, Ile(ana), Dimitri, 
Katrina and Elvira. And of  course, also the other people from CMB, Novum and Neo. 
Tack så mycket. 

Voordat ik naar Zweden ging had ik nooit verwacht dat ik zoveel bezoek zou krijgen. 
Allereerst de heren van Oktopus. Ben, Jore, Simon, Rogier en Robin, ik vind het geweldig 
dat jullie de moeite hebben genomen om een weekendje langs te komen. Misschien dat 
het ijshockey, het ABBA museum of  het stappen met een hoog blondgehalte meehielp, 
dat zullen we nooit weten.. Ook het familiebezoek was erg gezellig. Maaike, Moniek, 
Chantal, Karlijn en Milou; het was super gezellig. De plaatsvervangende schaamte van 
het ABBA museum zal ik maar snel vergeten. 

Een van de belangrijkste dingen die je voor een verdediging moet doen is bepalen 
wie je als paranimf wil vragen. Gelukkig hoefde ik daar helemaal niet lang over na 
te denken. Nicole, je bent echt de kantoormoeder. Je hebt alles onder controle of  je 
neemt de controle, zowel in het lab als in het sociale. Je bent super sociaal, behulpzaam, 
zorgzaam en oprecht. Bedankt voor al je cakes, taarten en de kantooruitjes bij jou thuis 
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in Skendel. Super bedankt voor de fijne samenwerkingen en voor alle support afgelopen 
jaren. Laura, controlfreak 2.0. Ik denk dat jij de promotie nog spannender vindt dat 
ik. Ik denk dat we elkaar voor het eerste tegen kwamen in de ouderdagcommissie. De 
jaren erna hebben we het altijd goed met elkaar kunnen vinden. Ik vond het dan ook 
erg leuk dat je bij Cecilia kwam afstuderen en daarna ook promoveren. Het was altijd 
leuk als je in het lab was, er gebeurde altijd wel wat. De tripjes naar Turku, Athene en 
Stockholm waren erg gezellig. En dat we met jouw opstarttempo altijd ’s ochtends nog 
op tijd kwamen mag een klein wonder heten. Je bent altijd eerlijk en oprecht, corrigeert 
waar nodig en bent altijd te porren om de kleine overwinninkjes te vieren. Lieve Laura 
en Nicole, ik ben heel erg blij dat jullie naast me staan tijdens mijn verdediging. Bedankt 
voor alles!

Toen ik nog studeerde begon er ineens iemand bovenin de collegezaal hard te lachen. 
Ze was namelijk aan het testen hoe het zou zijn als iemand ir of  dr voor zijn naam had 
staan. Roos, vanaf  nu mag je me drrobje noemen ;). 

Ik wil ook graag de schoonfamilie bedanken. Henk en Ilse, vanaf  het eerste moment 
dat ik bij jullie de keuken binnenkwam voelde ik me thuis. Deborah en Skip, heel veel 
geluk met Senna en dat hij er maar snel een maatje bij krijgt. Deborah, bedankt voor het 
halen van de fles Roosvicee toen ik in Stockholm zat toen het nodig was. Daphne en 
Tom, veel succes met de bouw en als alles klaar is komen we wel een keer paardje rijden 
op jullie erf. 

Maaike, je kan broers en zussen niet uitkiezen, maar wat ben ik blij dat jij mijn zusje 
bent. Als grote broer kon ik vroeger wel eens het bloed onder je nagels vandaan halen, 
maar dat is nu eenmaal de taak van een grote broer. Die moet zijn zusje klaarstomen 
voor de grote boze wereld. Dat is denk ik wel gelukt. Je woont samen met Joell, een 
fantastische vent waarmee je de meest prachtige reizen kan maken. Ik kan altijd bij je 
terecht, maakt niet uit voor wat. Je taakomschrijving wordt komende zomer wel wat 
anders, je krijgt de titel tante erbij. Maaike, bedankt voor alles en ik hoop dat we nog 
vele mooie momenten samen mogen delen. 

Mam en pap, bedankt voor jullie onvoorwaardelijke steun. Wat ik ook doe, ik kan altijd 
op jullie rekenen. Ik zou er zelfs een apart dankwoord over kunnen schrijven. Zonder 
jullie steun was dit boekje er niet geweest. Ik weet zeker dat jullie een geweldige opa en 
oma zullen zijn. Bedankt voor alles, ik hou van jullie.

De laatste woorden van dit dankwoord zijn natuurlijk voor Jeanou. Wie had kunnen 
denken dat ik uit Stockholm terug zou keren met een vriendin uit Ospel, een dorp op 
nog geen 15 minuten van mijn ouders. Afgelopen jaren zijn erg snel gegaan, ik heb 
van iedere seconde genoten. Van de avondwandelingen, je droge humor tot aan de 
vakanties. Ik heb nog lang geen genoeg van deze momenten en wil heel graag nog veel 
mooie momenten delen. Bedankt voor je begrip en de goede zorgen in de laatste periode 
van mijn promotie waarin ik niet altijd de gezelligste in huis was. Ik kijk ernaar uit 
om straks samen een huisje te hebben waar we lekker met z’n drietjes van het leven 
genieten. Jeanou, ik hou van je. 
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Rob Driessen was born on December 3rd, 1990 in Weert, The Netherlands. He attended 
secondary school (VWO) at the Philips van Horne SG in Weert, where he graduated in 
2009. Next, he obtained his bachelor and master degree in Biomedical Engineering at 
the Eindhoven University of  Technology. As part of  his master, he spend seven months 
in the lab of  dr. Elena Aikawa studying the role of  ionizing radiation on the calcification 
of  heart valves. In his graduation project with prof. dr. Carlijn Bouten he worked on 
local surface modification by gas plasma to control cell behavior, in collaboration 
with InnoPhysics BV. After his graduation in 2015 he started as a PhD student in the 
Soft Tissue Engineering and Mechanobiology group of  prof. dr. Carlijn Bouten under 
supervision of  prof. dr. Cecilia Sahlgren and dr. Oscar Stassen. As part of  his PhD 
project he spend six months in the lab of  dr. Emma Andersson at the Karolinska 
Institute. The work performed in his PhD project is presented in this dissertation. 
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