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General introduction and
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Chapter 1

Hemostasis is the vital physiological process that prevents excessive bleeding by
maintaining the integrity of vessels and controlling blood coagulation. This involves an
intricate and highly regulated interplay between many factors. The balance within this
interplay, between pro- and anticoagulant and pro- and antifibrinolytic mechanisms, is
sensitive to fluctuations and can lead to disease if changes are not corrected accordingly.
Tipping too far to one side might lead to defective or overly active coagulation which
increases the chance of bleeding or thrombosis respectively.

The role of endothelial cells and von Willebrand factor in hemostasis

One of the major players in the anti- and procoagulant as well as fibrinolytic
mechanisms are the endothelial cells, which both passively and actively contribute
to hemostasis. Primarily, the endothelium forms a physical barrier between blood
and tissues. The barrier blocks binding to the underlying subendothelial matrix thus
preventing activation of platelets and circulating coagulation factors (1). One of the
main procoagulant roles of endothelial cells is the production and secretion of von
Willebrand factor (VWF). 85% of this large multimeric protein is produced by endothelial
cells and in lower levels by megakaryocytes (2). VWF produced by endothelial cells
is stored in cell specific secretory organelles called Weibel-Palade bodies (WPB) (3).
VWEF multimers are coiled and stored in WPBs as long tubules which is determinant of
the characteristic rod like shape of WPBs (4, 5). Once stimulated, the endothelial cells
secrete the WPB and release large quantities of VWF into the vessel lumen (6, 7). VWF
is also continuously secreted by endothelial cells to maintain steady state levels in the
plasma. At sites of vascular injury, VWF can bind to the exposed subendothelial matrix
and become activated. Subsequent binding to circulating platelets causes aggregation
and the start of platelet plug formation (8). Steady state levels of VWF in the blood also
protect coagulation factor VIII (FVIII) from degradation and ensure sufficient levels
of circulating FVIII (9). In this general introduction we only scratch the surface of the
intricate processes involved. See Chapter 2 for a more elaborate and detailed review
of endothelial cell functions, VWF and their role in the hemostasis (10).

Von Willebrand disease

When defects in the hemostatic process occur, bleeding disorders can arise. These can
lead to excessive bleeding or faulty clotting. In von Willebrand disease (VWD), VWF is
either defect or absent in varying degrees causing mild to severe bleeding abnormalities
(1,11). When defects occur in VWF, as a carrier protein of FVIII, the levels of FVIII can also
be reduced. Defects or low levels of FVIII lead to a bleeding disorder called hemophilia
A. VWD is found in roughly 1 in 100 people with symptomatic disease that requires
specific treatment occurring in 1 in 10.000 people, making it the most common bleeding
disorder worldwide (12). VWD can be divided into three subtypes. Type 1 and type 3
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VWD are caused by defects leading to a quantitative deficiency of VWF. Type 1 VWD
patients have reduced but not absent levels of VWF, usually presenting with a mild or
moderate bleeding phenotype. A subtype of type 1 VWD, Type 1C, has also recently
been recognized and is associated with an increased clearance of VWF from the plasma
(13). Type 3 VWD is characterized by a complete absence of VWF, making it the most
severe type. Type 2 VWD is associated with qualitative defects in VWF (1, 11) which
can be further divided into subtypes. Type 2A is characterized by lack of the highest
molecular weight multimers, type 2B by enhanced or spontaneous binding to platelets,
type 2M by decreased binding to platelets or collagen and finally type 2N, where VWF
has decreased binding to FVIII.

Large variation in bleeding phenotype between but also within the subtypes of VWD
exist. Over the past three decades more than 750 unique mutations in VWF have
been found (14). Interestingly, approximately 30-50% of patients with type 1 VWD do
not have pathogenic VWF gene variants (15-17). The reduced levels may be caused by
increased clearance of VWF or due to impaired synthesis or secretion of VWF and it is
hypothesized that other genetic modifiers may be the cause of the reduced VWF levels
and bleeding phenotype in those patients (18). Previous genome-wide association
studies have studied genetic determinants of VWF levels outside of the VWF gene.
They have found genetic variability in genes which correlated with VWF levels either
by affecting the WPB secretory processes, like STXBP5 and STX2 (19) or by affecting
clearance (CLEC4M) (20). This suggests that exocytosis of WPB is important in the
regulation of VWF levels. However, these findings only explain a limited part of the
regulation of VWF levels and thus encourages further research into additional genetic
modifiers. In this thesis, one of the research aims was to identify determinants of
lower VWF levels in patients without pathogenic VWF variants (Chapter 7) and we
hypothesized that defects in the components of the secretory machinery of VWF are
causative for those lowered levels.

Treatment of von Willebrand disease

Most treatment options for VWD aim to prevent or treat the bleeding when it occurs.
Logically, one of the treatment options aims to increase the levels of functional VWF
and/or FVIIl in the plasma by administering factor concentrates (21). Alternatively, VWD
and other bleeding disorders can be treated by 1-deamino-8-D-arginine vasopressin
(DDAVP) also known as desmopressin (22). This synthetic vasopressin analogue can
activate the vasopressin V2 receptor (V2R) on endothelial cells (Figure 1). This is a
G-protein coupled receptor (GPCR) on the membrane of endothelial cells in blood
vessels. Upon binding of DDAVP to V2R, the receptor undergoes a conformational
change that activates the cyclic adenosine monophosphate (CAMP) pathway (23). CAMP,
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in turn, activates protein kinase A (PKA) which plays a central role in various cellular
responses. One of which is the induction of exocytosis of WPBs in endothelial cells
which increases the levels of VWF and FVIII in the plasma. Alternatively, CAMP can
activate Epact which also induces WPB secretion (24). In endothelial cells, it has been
shown that VWF and FVIII are co-trafficked to the WPBs (25-27) although the majority
of FVIIlis synthesized and stored in the liver sinusoid endothelial cells (LSECs) (28-30).
It has also been shown that FVIIl is produced in other endothelial beds, such as in
kidney (30), and in lung (31). Interestingly, vascular endothelial cells, especially lung
endothelial cells express V2R (23), but it is unclear whether LSECs express this receptor.
Furthermore, it has been shown that DDAVP increases VWF levels, but not FVIII levels
in hemophilia A patients after receiving a liver transplant (32). Collectively, this suggests
that FVIII release after DDAVP administration is mainly caused by secretion of FVIII
together with VWF by vascular endothelium and not liver endothelial cells.

poave

Vasopressin . .

i i V2R .

Histamine ' - Histamine
Epinephrine ©_ e _receptor

B-adrenergic
receptor _

Endothelial cells

CaM

Figure 1. Simplified overview of the secretory pathways in endothelial cells. The schematic
model depicts general endothelial cells (orange) and endothelial colony forming cells (ECFC) (blue).
Abbreviations: VWF, von Willebrand factor; WPB, Weibel-Palade body; DDAVP, 1-deamino-8-D-
arginine vasopressin; V2R, vasopressin 2 receptor; PKA, protein kinase A; CAMP, cyclic adenosine
monophosphate; CaM, calmodulin; Epact, exchange factor directly activated by cAMP 1. Created
with BioRender.com
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The stimulation of endothelial cells by DDAVP increases the levels of both FVIIl and VWF
in the plasma by 2-5 fold (33). This fold change is largely dependent on the amount
of protein stored within the cells, the efficacy of secretion and the rate of clearance.
Therefore, DDAVP is often administered in patients with low, but not deficient levels
of VWF, like type 1 VWD or mild to moderate hemophilia A. DDAVP is one of the most
readily available treatments for patients with bleeding disorders. Furthermore, because
it can be administered intranasally by patients at home, it greatly improves quality of life.
However, large inter-individual differences in response to DDAVP have been observed.
Studies have been performed to elucidate the determinants of response like age, blood
group, disease severity or mutation type (Chapter 6). Unfortunately, the cause of the
variation is not yet fully understood. Comparatively to the unexplained low levels of
VWEF in VWD patients without a VWF variant, the variation and/or lack of response to
DDAVP could be caused by undetermined genetic modifiers that affect the endothelial
secretory pathway. A second research aim in this thesis was to identify determinants
of DDAVP non-response in VWD patients (Chapter 7). The question then is, how can
we study and understand this variation?

Endothelial cell models

Over the years, a number of approaches have been developed to investigate the
pathophysiology and the underlying cause of bleeding in patients with bleeding
disorders. For example, plasma coagulation factor levels can be measured in the plasma
taken from the patients. These factors can also be functionally tested using aggregation
or activity assays. However, these tests do not take into account how the factors are
synthesized, stored and secreted by the endothelial cells. Model systems have been
developed that can reflect the cellular context from which the pathogenic mechanisms
could be investigated. VWF can be brought to expression through transfection into
non-endothelial cells like Chinese hamster ovary and human embryonic kidney 293 cells
(HEK293). The ectopic expression of VWF in HEK293 cells also induces the formation
of pseudo-WPBs. These models can be used to study VWF in vitro and the pathogenic
effect of mutations can be analyzed by transfecting a mutant version of VWF (34).
However, these models are limited as they do not have a native environment wherein
VWEF is produced and the complete secretory machinery. Furthermore, only known
mutations can be tested in these models.

Endothelial cells from the patient can be directly collected from various vascular
beds. However, these invasive procedures are not ideal as they burden the patient.
Fortunately, two methods exist where endothelial cells can be derived from whole
blood via venipuncture. In the first model, peripheral blood mononuclear cells can
be reprogrammed into induced pluripotent stem cells (iPSCs) (35). These can then be
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differentiated into iPSC endothelial cells (iPSCG-ECs) which have the great advantage
of carrying the genetic background of the patient it was derived from. Unfortunately,
maturation of WPB is impaired in iPSGECs, making it difficult to study this aspect of
endothelial function (36) (Chapter 5). The second model cell is named endothelial
colony forming cells (ECFCs), previously known as blood outgrowth endothelial cells.
ECFCs also carry the genetic background of the donor from which the whole blood was
collected. Additionally, in ECFCs, WPB mature fully allowing studies to be performed on
their formation, maturation and secretion. ECFCs have already been used extensively
as a model to study VWD patient specific defects (37-42) (reviewed in Chapter 2).
Although ECFCs do not express the V2R receptor (42) and can thus not be stimulated
by DDAVP, they can be stimulated by other agonists like epinephrine or histamine to
activate the cAMP or Ca?" pathways respectively (Figure 1). This means that ECFCs can
also be used to study stimulated secretion defects like in VWD patients that do not
respond to DDAVP. Despite these advantages, ECFCs can also be challenging to work
with. Large heterogeneity exists not only between ECFC clones derived from healthy
controls, but also between clones from the same donor. Variation has been observed
in cell size, VWF production, WPB quantity and size, cell growth, migration and RNA
expression (43-45). It is currently unclear what causes these differences warranting
further research. Another research aim of this thesis was to elucidate the extent and
the potential cause of this variation (Chapter 4).

The importance of hemostasis and the challenges of managing bleeding disorders
underscore the need for ongoing research. Understanding both the clinical aspect and
the fundamental pathophysiology of bleeding disorders on a cellular level is therefore
essential in improving outcomes and developing innovative treatments for affected
individuals. Therefore, in this thesis we studied various aspects of the endothelial
compartment as a disease maodifier in bleeding disorders. This is further elaborated
on in the outline of the thesis.

Outline of the thesis

In this thesis, the endothelial compartment and its role in the pathophysiology of
bleeding disorders is analyzed in multiple ways. First, in Chapter 2, the use of ECFCs
in analyzing the pathophysiology in bleeding disorders is reviewed. There, we go
into detail what contribution endothelial cells play in the primary and secondary
hemostasis. Specifically, how the endothelial cell model, ECFCs, was used in previous
research to explore pathogenic effects, but also mechanical aspects in patients with
various disorders. Following this, Chapter 3 introduces the concept of automated
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quantification techniques which can be used to analyze and quantify the morphology
of many parameters of the cell. In this chapter, we developed an extensive automated
pipeline using CellProfiler for the quantitative analysis of cell and organelle morphology,
localization, and content. We show that the pipeline can be used on various cell
models and organelles, specifically endosomes and WPBs. Furthermore, we show the
quantitative power of the pipeline by comparing different groups of ECFCs clones. Itis
known in literature that large heterogeneity between ECFC clones exists. We used this
heterogeneity as an example in Chapter 3 to display the quantification capabilities of
the pipeline. In Chapter 4, however, we dive into this heterogeneity and the challenge
it poses for all research groups using this model. There, we look beyond the basic
morphologic characterization and explore the transcription signature of a large panel
of control-derived ECFCs. Using this signature, we created a minimal gPCR panel which
can be used to classify and cluster ECFC clones. Between the clusters we show that
inflammation and endothelial to mesenchymal transition may act as potential drivers
for the phenotypic heterogeneity.

ECFCs offer a great way to get an inside look at the potential endothelial defects of
patients. However, they are not the only endothelial model that offers this advantage.
iPSG-ECs are another model that can be used to investigate patient specific defects. Our
group has shown that one major disadvantage of the model is that the iPSCG-EC do not
seem to mature fully, showing low levels of synthesized VWF and small, round WPBs. In
Chapter 5, we strived to optimize the cell culture, isolation and differentiation protocol
to create iPSG-ECs that fully mature and especially, synthesize sufficient amounts of
VWF and WPB with typical cigar-shaped morphology.

Patients with bleeding disorders are usually treated with appropriate factor concentrates
or, when effective, with DDAVP. This drug is widely used for patients with VWD and
hemophilia A as it quickly increases the plasma levels of both VWF and FVIII. However,
a substantial portion of patients do not or only partially respond to this medication. In
Chapter 6 we undertake a systematic review and meta-analysis to elucidate the rate
of response and possible determinants of DDAVP response in patients with bleeding
disorders, offering valuable insights into therapeutic approaches.

Chapter 7 can be seen as the culmination of all chapters in this thesis. Here, we analyze
the ECFCs derived from two groups of patients with VWD. Patients with VWD without
a pathogenic gene variant identified within VWF and patients with VWD that do not
respond to DDAVP. ECFCs were characterized and clustered according to our minimal
gPCR panel (Chapter 4). The ECFC panel was analyzed extensively with various assays
including imaging and subsequent image quantification (Chapter 3). In this study we

13
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found patient specific functional defects which explain the bleeding phenotype in
some patients. Furthermore, we correlated the large panel of functional aspects of
the endothelial cells with their proteome, revealing processes and proteins of interest.

In Chapter 8 the findings from the preceding chapters are summarized and discussed,
paving the way for future research directions and potential implications in clinical
practice. Through this structured journey, the thesis contributes to the growing body of
knowledge in endothelial biology and its relevance in the context of bleeding disorders,
offering valuable insights and avenues for future investigation.
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Chapter 2

Abstract

Endothelial cells deliver a vital contribution to the maintenance of hemostasis by
constituting an anatomical as well as functional barrier between the blood and the
rest of the body. Apart from the physical barrier function, endothelial cells maintain the
hemostatic equilibrium by their pro- and anticoagulant functions. An important part
of their procoagulant contribution is the production of von Willebrand factor (VWF),
which is a carrier protein for coagulation factor VIII (FVIII) and facilitates the formation
of a platelet plug. Thus, VWF is indispensable for both the primary and secondary
hemostasis, which is exemplified by the bleeding disorder von Willebrand disease
(VWD) that results from qualitative or quantitative deficiencies in VWF.

A cellular model that was found to accurately reflect the endothelium and its secretory
organelles are endothelial colony forming cells (ECFCs), which can be readily isolated
from peripheral blood and constitute a robust ex vivo model to investigate the donor's
endothelial cell function. This review summarizes some of the valuable insights on
biology of VWF and pathogenic mechanisms of VWD that have been made possible
using studies with ECFCs derived from patients with bleeding disorders.
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Introduction

Hemostasis is the cessation of bleeding through coagulation in the event of vascular
injury. The hemostatic balance is an interplay of pro-coagulant and anti-coagulant
mechanisms and can be regarded as a balance. Tipping too far to one side without
sufficient adjustments in response ultimately leads to defective or overactivated
coagulation, which increases the risk of bleeding or thrombosis, respectively. Much
of the research in this field has been, and still is, revolving around identifying and
investigating (new) hemostatic players. With the aim of unraveling their underlying
mechanisms, and how their interplay can give rise to a pathogenic state. In this review
we will briefly outline how endothelial cells (ECs) actively participate in preserving the
hemostatic balance, with particular focus on their role in regulating acute and steady
state levels of the hemostatic protein Von Willebrand factor (VWF). Our molecular
understanding of the biosynthesis and secretion of VWF primarily originates from
in vitro studies in endothelial cells. Here, we will highlight endothelial colony forming
cells (ECFCs) as a versatile, ex vivo endothelial cell model for studying basic principles
of endothelial cell biology and hemostasis in their native environment. ECFCs are
uniquely suited to study the links between genetic mutations in patients and their
cellular phenotype. This will be illustrated by the insights obtained from patient-derived
ECFCs, such as for the bleeding disorder von Willebrand disease (VWD), the process
of angiogenesis and for regulated secretion of VWF via Weibel-Palade body (WPB)
exocytosis.

The role of endothelial cells in hemostasis

Endothelial cells passively and actively contribute to anti- and procoagulant as well as
fibrinolytic mechanisms (Figure 1). Their anticoagulant function is vital as it prevents
blood from unintentional clotting, and in doing so averts the formation of clots that
can cause thrombosis, infarcts or stroke. The endothelium acts first and foremost
as a physical barrier between blood and tissue. As such, it also prevents contact of
platelets and coagulation factors in the circulation with procoagulant components in
the subendothelial matrix, such as collagen and tissue factor (TF), thereby restricting
initiation of primary and secondary hemostasis pathways, respectively (1).
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Figure 1. Anti- and procoagulant functions of endothelial cells. Endothelial cells (ECs) directly
and indirectly contribute to anti- and procoagulant mechanisms in primary and secondary
hemostasis (A, respectively B) and fibrinolysis (C). Anticoagulant mechanisms in primary
and secondary hemostasis include synthesis of the platelet inhibitors Nitric Oxide (NO) and
prostaglandin 12 (PGI2) (1), the protein C (PC) pathway supported by the endothelial protein C
receptor (EPCR) - thrombomodulin (TM) tandem on ECs (2), the antithrombin (AT) pathway on
Heparan Sulphate Proteoglycans (HPSGs) on ECs (3) and the synthesis of Tissue Factor Pathway
Inhibitor (TFPI), which negatively regulates the Tissue factor (TF) pathway (4). Endothelial cell
control over fibrinolysis includes secretion of tissue plasminogen activator (tPA), which activates
plasminogen on fibrin into plasmin, thereby promoting degradation of fibrin (5). Activation of
fibrinolysis is counteracted by Plasminogen Activator Inhibitor-1 (PAI-1) produced by endothelial
cells (6) and by the conversion of Thrombin Activatable Fibrinolysis Inhibitor (TAFI) by the
thrombin-TM complex on ECs (7). Damage to the vessel wall exposes TF within the subendothelial
matrix and activates the TF pathway, resulting in the generation of thrombin (8). Binding of VWF
to exposed collagen promotes adhesion and subsequent, activation and aggregation of platelets
(9), while binding of VWF to FVIII prevents FVIII from premature clearance (10).

Endothelial cells also take more active roles in preserving the hemostatic balance. Nitric
oxide (NO) and prostacyclin (PGI2), which are continuously synthesized by endothelial
cells, are potent vasodilators and platelet inhibitors that are used for local control
of hemodynamic forces in the blood and of adhesion and aggregation of platelets
(2,3). ECs also produce Tissue Factor Pathway Inhibitor (TFPI), which blocks the TF-
activated factor VII (TF-FVIla) complex and prothrombinase of the extrinsic pathway
(4). Additionally, ECs can act on the intrinsic pathway by producing and presenting
anticoagulants like heparan sulphate proteoglycans (HSPG) on their membranes, which
bind liver-produced antithrombin (AT) to the vessel wall. This induces conformational
changes of AT and enhances its interaction with the blood clotting cascade proteinases
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factor Xa and IXa to inhibit their activity (5). Additionally, ECs modulate the common
pathway through their production of thrombomodulin, which is a thrombin-specific
receptor on the endothelial cell membrane that decreases circulating thrombin levels.
Moreover, ECs express endothelial cell protein C receptor (EPCR) on their membranes,
which can bind to protein C (PC). This facilitates activation of PC into activated protein
C (APC) by the thrombin-thrombomodulin complex, which leads to the subsequent
inactivation of coagulation factors such as FV, FVII and FVIII (6).

Stimulated and constitutive secretion of tissue plasminogen activator (tPA) from
endothelial cells (7,8) leads to the conversion of fibrin-bound plasminogen to plasmin,
which is a serine protease that degrades fibrin during fibrinolysis and clot resolution (9).
Endothelial cells also express inhibitors of fibrinolysis, such as the serpin plasminogen
activator inhibitor-1 (PAI-1) (10), which inhibits tPA by binding its active site thereby
preventing the interaction of tPA with plasminogen and the latter's subsequent
conversion to fibrin (11). Furthermore, the thrombin-thrombomodulin complex, which is
found on the surface of endothelial cells, activates the thrombin-activatable fibrinolysis
inhibitor (TAFI). TAFI cleaves C-terminal lysine residues from fibrin, which decreases
its affinity for plasminogen and tPA, reduces plasmin generation and thus attenuates
fibrinolysis (12).

The procoagulant function of the endothelium is mainly mediated by Von Willebrand
factor, which is secreted by endothelial cells and takes a central role in primary and
secondary hemostasis. At steady state, VWF is critical for the maintenance of sufficient
levels of circulating FVIII by physically preventing the latter’'s premature clearance from
plasma (13). Following vascular injury and exposure of the subendothelial matrix, VWF
circulating in plasma as well as VWF that is locally secreted by activated endothelial
cells binds to collagen via its A3 domain. As a result of the hemodynamic forces of the
blood flow, these tethered VWF strings unfold and expose a binding site for the platelet
GP1bareceptor within the VWF AT domain that supports the adhesion and subsequent
activation and aggregation of platelets to sites of vascular injury, a critical step in the
formation of a platelet plug (14). The importance of VWF is highlighted by the mild to
severe bleeding abnormalities that occur in patients with (partial) quantitative reduction
or a qualitative defect of VWF circulating in plasma, as seen in VWD and in what was
formerly known as “Low VWF" (15,16). Partial deficiencies of functionally normal VWF
are often the result of VWF missense mutations (17) that reduce its synthesis and/or
secretion or lead to enhanced clearance from the circulation as evidenced by altered
VWEF propeptide (VWFpp)/VWF Antigen (VWF:Ag) and FVIII activity (FVIIEC)/VWF.Ag
ratios in plasma (18). However, approximately 30-50% of patients with quantitative VWF
reductions lack pathogenic VWF variants (18-21). In these cases other genetic modifiers,
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including those acting on clearance, synthesis and secretion, may be responsible for
the reduced VWF levels (22).

Cell biology of Von Willebrand factor

Endothelial cells are responsible for the production of nearly all VWF that is found
in plasma (23). VWF is first synthesized as a pre-proVWF monomer, consisting of an
N-terminal signal peptide, the VWFpp and the mature VWF subunit, which contains its
ligand-binding domains and domains responsible for dimerization and multimerization
(24). Following signal peptide cleavage and dimerization of proVWF monomers in the
ER, the acidic conditions in the trans-Golgi network (TGN) promote concatemerization
of VWF dimers along helical self-templates, leading to the formation of long tubules that
consist of ultra-large VWF multimers (25-27). Expression of VWF drives the formation
of WPBs, EGspecific secretory organelles that are formed at the TGN and store VWF for
basal or stimulated release (28-30). WPBs are generally 1-5 um long, 0.1 to 0.3 um wide
and owe their characteristic rod shape to the dimensions and parallel arrangement of
the VWF tubules (26,30,31).

Newly synthesized WPBs are considered immature and lack the ability to undergo
stimulus-induced secretion (32). WPBs go through a post-Golgi maturation process that
involves the recruitment of proteins to the WPB membrane and a further acidification
to ~pH 5.4 (30,33). A key step in this process is the acquisition of Rab GTPases Rab27A
and isoforms of Rab3 (32,34,35), which depends on their activation by the guanine
nucleotide exchange factor MAP kinase activating death domain (MADD) (36). In turn,
active Rabs on the membrane of mature WPBs recruit effectors that interact with Soluble
N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE) proteins
and other exocytotic components that perform essential functions in cytoskeletal
interactions, organelle acidification and exocytosis of WPBs (32,37-46). As a result of
recruitment of their secretory machinery WPBs become secretion competent and can
undergo exocytosis upon activation of the endothelial cell, such as during vascular
injury (30). Apart from VWF, WPBs are known to store a variety of other vasoactive
agents, including chemokines, angiogenic mediators such as Insulin-like growth factor
binding protein 7 (IGFBP7) and Angiopoietin-2 (Ang-2), as well as hemostatic proteins
FVIIIand tPA (reviewed in (30)). Co-release of these proteins together with VWF may help
the endothelium to further fine-tune its hemostatic responses while simultaneously
initiating inflammatory and blood vessel repair pathways.

The SNARE proteins syntaxin-2 (STX2) and syntaxin-binding protein 5 (STXBP5), which

are part of this machinery, have previously been identified in quantitative trait locus
mapping studies for genetic associations with VWF (47-50), suggesting that alterations
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in the exocytotic process of WPBs contribute to the wide range of plasma VWF levels in
the population. Together, this highlights the potential role of the endothelial secretory
pathway as a major determinant of circulating VWF levels and bleeding phenotype.

Cellular model systems

With the growing insight from large-scale genomic screenings into the genetic
mechanisms that underpin VWF abnormalities, investigators now face the challenge
to find experimental evidence of the functional impact of variants in VWF or other
genetic determinants that explains alterations in VWF found in patients. Over the years,
a number of approaches have been developed to test these genotype-phenotype
relationships in model systems that, to a varying extent, reflect the cellular context in
which these pathogenic mechanisms play out. Expression of VWF in non-endothelial cell
types such as Chinese hamster ovary (CHO) and human embryonic kidney 293 (HEK293)
cell lines has long been the method of choice to study how pathogenic VWF variants
affect its biosynthesis, post-translational modification and molecular composition.
Because ectopic expression of VWF induces the formation of so-called pseudo-WPBs
(51,52), elongated storage organelles that have a striking resemblance to WPBs in terms
of morphology and composition, these studies can also reveal how mutations translate
to altered storage and secretion of VWF and other WPB constituents (52-54). Such
studies do require a priori knowledge of the mutations involved and can be difficult to
interpret considering that the vast majority (up to 90%) of pathogenic VWF variants in
VWD are heterozygous dominant-negative mutations (17) that express in conjunction
with a normal functional allele in patients. Moreover, other caveats of studying VWF
biology outside of its proper cellular context include lack of endothelial cell specific
gene expression, non-physiological expression levels from expression constructs with
constitutive promoters, as well as the absence of a regulated secretory pathway and
many components of the associated exocytotic machinery. This makes ectopic systems
such as HEK293 cells of very limited value for functional studies of stimulated VWF
secretion or angiogenesis.

To study these processes in their native cellular context it is inevitable to turn to
endothelial cells, ideally from the patients themselves. Primary endothelial cells from
a multitude of vascular beds, such as from the dermis, brain, lungs, heart, aorta, retina,
umbilical cords and foreskin, are nowadays commercially available. Nonetheless, the
invasive procedures involved to isolate these endothelial subtypes from patients would
make most of them impractical for study purposes. Differentiation of endothelial
cells from patient-derived induced pluripotent stem cells (iPSCG-ECs) could potentially
overcome such hurdles, but varying levels of VWF synthesis between clonal lines and
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impaired maturation of WPBs (55) are currently still precluding iPSCG-ECs from becoming
a viable model system for this purpose.

Endothelial cells can also be derived from a population of cells that circulates in
blood, so-called endothelial progenitor cells (EPCs), which can be divided into two
populations, early and late, based on their appearance in culture. Late appearing EPCs,
first described by Lin et al. (56), are of bona fide endothelial lineage as judged by the
expression of a set of canonical endothelial markers, including VWF, VEGFR2, PECAM
and VE-cadherin, and several endothelial cell specific properties such as angiogenic
capacity. These cells have been referred to by various other names including endothelial
outgrowth cells (EOCs) and blood outgrowth endothelial cells (BOECs). To bring order to
the nomenclature conundrum, a consensus was reached to rename them endothelial
colony forming cells (ECFCs) (57), which is also the terminology we will use in this review.

ECFCs can be regarded as liquid biopsies of the endothelium (58) and are excellent
model systems to investigate pathogenic cellular mechanisms that affect the
vasculature, since they carry the genetic background of the patient (59). Despite the
fact that their exact origin is still a matter of debate (60,61), ECFCs can be acquired quite
reliably from various sources, including venous blood (56,62,63), cord blood (64,65) and
even from cryopreserved peripheral blood mononuclear cells (PBMCs) (66). However,
some concerns exist regarding their intra- and interindividual phenotypic heterogeneity
(67,68), which can potentially influence outcomes of studies and may have its basis
in a progression of some ECFC lines into an endothelial-to-mesenchymal transition
(EndoMT) state (69).

Despite these challenges, ECFCs are a robust model to directly assess how disease
genotype translates to endothelial phenotype ex vivo, which is invaluable for research
on pathologies that are characterized by an affected endothelium, such as VWD.

ECFCs: von Willebrand disease

The first use of VWD patient-derived ECFCs was by Berber and colleagues who
investigated the common R924Q polymorphism in ECFCs of a compound heterozygous
VWD type 2N patient (R816W/R924Q), but failed to find conclusive evidence for the
pathogenic nature of this variant (70). Back-to-back publications by Starke et al. and
Wang et al. followed shortly after, which used ECFCs from type 1 and type 2 VWD
patients to investigate the cellular phenotypes that are associated with a variety of
exonic mutations within VWF (71,72). This marked a key advance in the field as the
consequences of the pathogenic mechanisms involved in VWD could be revealed
to their full extent for the first time. Depending on the mutations involved, these
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mechanisms include retention of VWF inside the endoplasmic reticulum (ER), incorrect
proteolytic processing, reduced high molecular weight VWF multimers, impaired
stimulus-induced secretion and the loss of the characteristic elongated morphology
of WPBs, and reduction or loss of these organelles entirely. Moreover, Wang et al.
showed that in selected cases these defects can lead to reduced ability to generate
long VWF strings upon release from the endothelium, which is expected to exacerbate
bleeding complications in patients that already have reduced circulating VWF levels.
Later studies focusing on ECFCs from VWD type 3 patients, as well as patients with
mutations in the VWF propeptide region, the CG-terminal cysteine knot domain or
with large in-frame deletions, also reported retention of VWF in the ER in conjunction
with reduced numbers of small, spherical WPBs (73-76), underlining that this is a
common pathogenic mechanism in quantitative and qualitative VWD (Figure 2). Since
unrestrained progression of VWF through the secretory pathway is important for the
generation of sufficient numbers of elongated WPBs that are capable of secreting long
VWE strings (77), any variant of VWF which causes (partial) retention in the ER can be
expected to be accompanied by impaired secretory responses.

The VWD mutational spectrum also includes a large number of non-coding and
splice site mutations for which the pathogenic mechanisms long remained elusive.
An early study using VWD ECFCs detailed the mechanism by which a heterozygous
13 bp deletion in the VWF promoter in a VWD type 1 patient brought on reduced
VWEF transcript production from that allele, thereby showing for the first time how
VWEF promoter mutations can lead to quantitative VWF deficiencies (78). Additional
studies using VWD patient ECFCs unraveled the pathogenic mechanisms of splice site
mutations, a silent exonic mutation that led to intron retention and a deep intronic
mutation (79-81). It is worth noting that some of these studies involving VWF mutations
in non-coding regions or splice site mutations would have been impossible in ectopic
expression systems.

VWD ECFCs have also been used to identify new genetic modifiers of VWF that could
contribute to quantitative deficiencies of VWF. Two studies used transcriptomic
analysis of ECFCs from patients with “Low VWF" and VWD type 1 (82,83), identifying
the transcription factor friend leukaemia integration 1 (FLIT) and the microRNA miR-23b
as potential modifiers of VWF transcription and stimulated VWF secretion, respectively.
Such screenings are of a hypothesis-generating nature and will require further
experimental validation of candidates to assess their biological and clinical relevance.

Finally, patient-derived ECFCs have significant potential as an ex vivo model for the
development of new therapeutics for VWD, for instance as a platform to test strategies
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for permanent or temporal correction of VWF defects. Proof of principle for phenotypic
correction was shown in VWD type 3 dog ECFCs that were transduced with lentivirus
carrying VWF cDNA (84). More recently, siRNAs targeting exonic single nucleotide
polymorphisms (SNPs) in VIWF were used to allele-selectively silence a heterozygous
p.C1190Y mutation in ECFCs of a VWD type 2A patient, resulting in loss of mutant allele
expression and phenotypic correction ex vivo (85). This could pave the way for more
individualized approaches by using ECFCs as an ex vivo validation model for possible
VWD treatments.
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ECFCs: von Willebrand disease and angiogenesis

Angiodysplastic lesions in the gastrointestinal (Gl) tract are fragile vascular networks that
are associated with recurrent Gl bleeding, which can result in anemia and a decrease in
quality of life (86). In up to 38% of VWD patients with Gl bleeding, angiodysplastic lesions
are present in the Gl tract (87), which pose significant challenges in combination with
the bleeding disorder (88). Angiodysplasia is the result of abnormal angiogenesis, the
process that generates new blood vessels from existing vasculature. Directed migration
and reorganization of endothelial cells during angiogenesis is highly dependent on
growth factors such as vascular endothelial growth factor (VEGF) and Angiopoietin-1
and -2 (Ang-1 and Ang-2). VEGF is a potent stimulus of VWF secretion from WPBs (89),
which also store the Tie2 receptor ligand Ang-2 and other pro-angiogenic components
such as IGFBP7 (90,91). Targeted release of Ang-2 by exocytosis of WPBs activates
autocrine and paracrine Tie2 signalling, which contributes to vessel lumen formation
and shaping of new blood vessels (44,92,93). VWF is also a ligand for adhesion receptors
such as a,8-3integrin, which is an important regulator of endothelial cell migration that
can also quench VEGFR-2 signalling when in complex with ligands such as VWF (94).
VWEF binds a large array of pro-angiogenic growth factors via its heparin-binding domain
(95), and also binds Ang-2 and IGFBP7 post-release (91,96,97), which may serve as a
mechanism to focus these factors in areas of wound healing and active blood vessel
formation.

The first evidence for a role in angiogenesis for VWF was presented by Starke and co-
workers, who found increased migration, proliferation and angiogenesis in endothelial
cells that were depleted of VWF using RNAi and in ECFCs from a cohort of VWD type
1, 2M and 2A patients (98). This was accompanied by reduced 33-integrin expression,
reduced aVB-3integrin-dependent adhesion and increased constitutive Ang2- secretion,
possibly as a result of reduced intracellular retention of Ang2- due to loss of WPBs. A
second study by Groeneveld et al. reported that compared to control ECFCs, most type
1 and type 2 VWD ECFCs had a slightly lower directionality of migration in a wound-
healing assay, while VWD type 3 ECFCs, which are entirely devoid of VWF synthesis,
had a higher migration velocity (99). However, no clear effects of VWF mutations on
overall angiogenic potential were seen in this VWD cohort. Selvam et al. found wide
variation in parameters such as migration, proliferation and tube formation in VWD
patient-derived ECFCs, but also reported that type 1, 2 and some type 3 VWD ECFCs
had significantly increased constitutive Ang-2 secretion compared to controls (100). A
similar observation was made in cord blood ECFCs in which CRISPR/Cas9-mediated
VWEF gene knockout led to increased constitutive secretion of Ang-2 and association
of Ang-2 with the Tie2 receptor (101). Since these cells are also devoid of WPBs and no
longer capable of storing Ang-2, stimulus-induced Ang-2 release was severely reduced.
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All together, these (patient-)ECFC based studies have provided some evidence for a
role for VWF in angiogenesis (Figure 2). However, the exact function remains unclear
perhaps due to the limitations of this model which are associated with the phenotypic
heterogeneity and gradual loss of proliferative capacity of patient and control ECFCs.

ECFCs: Weibel-Palade body exocytosis defects and Storage Pool Disorders

The cellular machinery involved in biogenesis and secretion of WPBs is complex (30).
Because regulated secretion is fundamental to the function of numerous different
cell types, many components of the WPB machinery are also involved in similar
secretory processes in non-endothelial cells. Defects in shared secretory components
can therefore affect more than one cell type and may lead to complex, multi-system
manifestations in patients. In several cases, endothelial cells isolated from rare patients
with abnormalities in non-endothelial cell functions have contributed to identification
and functional characterization of new regulators of WPB secretion (Figure 2). The
SNARE proteins syntaxin-2 (STX2), STX3 and syntaxin-binding protein 1 (STXBP1) were
identified as hits in an interactomic screen of downstream effectors of the Rab27A-
Slp4-a complex in endothelial cells. De novo mutations in STXBPT are associated
with early infantile epileptic encephalopathy type 4 (EIEE4), an epileptic disorder
that is thought to result from impaired neurotransmitter release due to STXBP1
haploinsufficiency. In keeping with the defective secretory responses in neurons in
these patients, STXBP1 haploinsufficient EIEE4 patient-derived ECFCs also showed
severely impaired Ca?- and cAMP-mediated VWF secretion, confirming the role of
STXBP1 in stimulus-induced WPB exocytosis (39). Homozygous nonsense mutations in
STX3 are causative for microvillus inclusion disease (MVID), a rare congenital disorder
of the gut characterized by severe diarrhoea, which is the result of incorrect targeting
of microvilli that normally migrate/move to the apical side of intestinal epithelial cells
(102). MVID patient-derived ECFCs, which were entirely devoid of STX3, had reduced
VWF and VWFpp secretion at submaximal stimulation and strikingly showed signs of
loss of polarity of VWF and VWFpp release during basal secretion (42).

Storage Pool Disorders (SPDs) are a heterogeneous group of disorders that affect
the formation of lysosome related organelles (LROs), which include platelet alpha-
and dense granules, but also WPBs (103). Due to the universal mechanisms involved
in the formation of LROs, SPDs often present as multi-system disorders and affect
secretory function of both platelets and a variety of other cell types. Hermansky-Pudlak
syndrome 2 (HPS2) is a rare genetic SPD characterized by interstitial lung disease,
neutropenia and bleeding, which may find its origin in the lack of dense granules in
platelets. HPS2 is caused by mutations in AP3B7 which encodes for the beta subunit of
the AP-3 complex, a cargo sorting complex that traffics secretory cargo and membrane

31



Chapter 2

proteins from endosomes to LROs. Whole proteome analysis of ECFCs derived from
HPS2 patients revealed that loss of the AP-3 complex due to compound heterozygous
AP3B1 mutations was accompanied by loss of VAMP8 (104). VAMPS8 is an R-SNARE
that cycles via an endosomal compartment to WPBs, where it supports exocytotic
fusion of WPBs via interaction with plasma membrane based Q-SNAREs. Lacking
VAMP8 on their WPBs, HPS2 ECFCs showed severely reduced stimulus-induced WPB
exocytosis, suggesting that WPBs acquire secretion competence partly by recruitment
of membrane proteins such as SNAREs from the endosomal compartment in an AP-3
dependent manner. It also indicates that the bleeding abnormalities that are seen in
some SPDs and that were generally attributed to impaired platelet function, may in
some cases be further compounded by decreased endothelial secretory responses.
This can however not be extrapolated to all SPDs: Kat et al. found that NBEAL2-deficient
ECFCs from patients with Gray Platelet Syndrome, a bleeding disorder characterized
by loss of platelet alpha-granules as well as abnormalities in formation of secretory
organelles in neutrophils, had normal biogenesis, maturation and exocytosis of WPBs
(105). This also underscores the divergent mechanisms that control VWF storage in
endothelial WPBs and in alpha-granules in megakaryocytes. In aforementioned studies,
the ECFCs originate from individuals suffering from rare genetic disorders. While these
results come from very small sample sizes, they can still be very useful to unravel
complex cellular mechanisms of disease.

The road ahead for ECFCs

ECFCs are unique personalized endothelial model systems to study endothelial
cell function in health and disease and have already led to major advances in our
understanding of VWD and WPB biology (Figure 2). While they have generated great
interest in the hemostasis community and various other focus areas of vascular biology,
their use is still complicated by poor standardization of isolation and culturing methods
and substantial intra- and inter-individual phenotypic variability. This can negatively
impact the interpretability of experimental results, which for now may preclude their
wider adaptation within the scientific community. Future efforts should be aimed at
understanding the source of this variation and designing strategies that can prevent
or minimize its impact on experimental outcome. Disease modeling using ECFCs, such
as described here for VWD, has so far been limited to studying these cells in isolation
using 2D cell culture platforms. To fully appreciate endothelial cell function within its
authentic (patho-)physiological context, for instance within an injured blood vessel or
during organotypic function, it is pertinent that the physical and chemical milieu thatis
induced by blood flow or neighbouring cells is present. Integration of ECFCs with vessel-
or organ-on-a-chip technologies offers the exciting opportunity to develop miniature ex
vivo personalized disease models that include the patient's own diseased endothelium.
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Abstract

One of the most used and versatile methods to study number, dimensions, content
and localization of secretory organelles is confocal microscopy analysis. However,
considerable heterogeneity exists in the number, size and shape of secretory organelles
that can be present in the cell. One thus needs to analyze large numbers of organelles
for valid quantification. Properly evaluating these parameters requires an automated,
unbiased method to process and quantitatively analyze microscopy data. Here, we
describe two pipelines, run by CellProfiler software, called OrganelleProfiler and
OrganelleContentProfiler. These pipelines were used on confocal images of endothelial
colony forming cells (ECFCs), which contain unique secretory organelles called Weibel-
Palade bodies (WPBs), and on early endosomes in ECFCs and human embryonic kidney
293T (HEK293T) cells. Results show that the pipelines can quantify the cell count, size,
organelle count, organelle size, shape, relation to cells and nuclei, and distance to these
objects in both endothelial and HEK293T cells. Additionally, the pipelines were used
to measure the reduction in WPB size after disruption of the Golgi and to quantify the
perinuclear clustering of WPBs after triggering of cCAMP-mediated signaling pathways in
ECFCs. Furthermore, the pipeline is able to quantify secondary signals located in or on
the organelle or in the cytoplasm, such as the small WPB GTPase Rab27A. Cell profiler
measurements were checked for validity using Fiji. To conclude, these pipelines provide
a powerful, high-processing quantitative tool for the characterization of multiple cell
and organelle types. These pipelines are freely available and easily editable for use on
different cell types or organelles.
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Introduction

Eukaryotic cells are compartmentalized into organelles, subcellular entities separated
from the cytoplasm by a limiting membrane that enable them to more efficiently carry
out specialized functions in the cell, such as energy production and protein synthesis,
transport and degradation. A specific class of organelles consists of secretory vesicles,
which serve to temporarily store and then rapidly secrete molecules into the extracellular
space on demand. Secretory organelles are vital to maintaining homeostasis, as they
allow a cell to communicate with other, distant cells or to respond to immediate changes
in its environment, such as in the case of injury or when encountering pathogens. Their
function is often defined by the content that is secreted, which is cell type and context
specific, and depends on a sufficient magnitude of release, which directly relates to
the number and dimensions of the secretory organelles that can undergo exocytosis.
Moreover, the intracellular location of secretory organelles in relation to their site of
biogenesis (i.e. the Golgi apparatus), filaments of the cytoskeleton and the plasma
membrane also indirectly determines their exocytotic behavior.

Weibel-Palade bodies (WPBs) are cigar-shaped endothelial cell specific secretory
organelles that contain a cocktail of vasoactive molecules that are released into the
circulation in response to vascular injury or stress (1). WPBs owe their typical elongated
morphology to the condensation of its main cargo protein, the hemostatic protein Von
Willebrand factor (VWF), into organized parallel tubules that unfurl into long platelet-
adhesive strings upon release (2). The size and shape of WPBs are of interest from a
biological and medical perspective as they correlate with the hemostatic activity of
the VWF strings that are released (3) and can be reflective of disease states, such as
in the bleeding disorder von Willebrand disease (VWD) (4). A model frequently used
to study the pathophysiology of vascular diseases like VWD is the endothelial colony
forming cell (ECFC). A major advantage of this model is that ECFCs can be derived from
whole blood of patients, which allows analysis of patient endothelial cell function, WPB
morphology and secretion ex vivo. However, substantial phenotypic heterogeneity can
exist between ECFCs (5, 6), which stresses the need for robust quantitative analytical
methods to evaluate their phenotype.

One of the most used and versatile methods to study number, dimensions, content and
localization of secretory organelles is confocal microscopy analysis. However, as with
all biological samples, considerable variability exists in the number, size and shapes of
secretory organelles that can be present in the cell. One thus needs to analyze large
numbers of organelles while ideally collecting this information in such a manner that
it can be analyzed in a cell-by-cell manner. The crowded intracellular environment
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in combination with optical and immunostaining limitations presents an additional,
technical challenge to separate individual organelles, which often precludes analysis on
single organelle detail. Proper evaluation of these parameters requires an automated,
unbiased method to process and quantitatively analyze microscopy data.

Here we describe 2 pipelines developed in CellProfiler (7), a free, easy to use image
analysis software that uses separate module-based programming, for the identification,
quantification and morphological analysis of secretory organelles within endothelial
cells. The automated analysis pipeline OrganelleProfiler (OP) segments cells, organelles,
nuclei and cell membranes from microscopy images, quantifies number, location, size
and shape of organelles and extracts these data per cell and relative to the location
of nucleus and perimeter of the cell. The function of the OrganelleProfiler pipeline is
demonstrated by automated analysis of WPBs in 2 previously established phenotypic
classes of healthy donor ECFCs (6), which identifies clear differences in number, length,
eccentricity and intracellular localization of WPBs, and by morphometric analysis of
early endosomes in ECFCs and HEK293T cells. Furthermore, the OrganelleProfiler was
able to measure reduction in WPB size after Golgi ribbon disruption and to quantify
perinuclear clustering of WPBs after stimulation with cAMP-mediated agonists. A
second pipeline, called OrganelleContentProfiler (OCP), expands on the capabilities
of the OrganelleProfiler by offering additional modules to measure the intensity of
proteins of the secretory pathway both inside and outside the WPB, which we illustrate
by analyzing the presence of the WPB GTPase Rab27A (8-10) and the endoplasmic
reticulum marker protein disulfide isomerase (PDI).

Our CellProfiler pipelines provide robust and unbiased quantitative analysis tools
for WPB morphometrics and can, with minimal adaptation, also be used to obtain
quantitative data for other organelles and/or other cellular systems.

Materials & Methods

Endothelial Colony Forming Cells and Ethical Approval

The study protocols for acquisition of ECFCs were approved by the Leiden University
Medical Center and Erasmus MC ethics review boards. Informed consent was obtained
from 4 subjects in accordance with the Declaration of Helsinki. Healthy participants
were 18 years or older and had not been diagnosed with or known to have VWD or
any other bleeding disorder. ECFCs used in this study have previously been classified
as group 1 or group 3 (6).
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Cell Culture, Immunofluorescence and Image Acquisition

General cell culture of endothelial colony forming cells (ECFCs) and HEK293T cells
was performed as described (5) and (11). ECFCs and HEK293T cells were grown
on gelatin- or collagen-coated glass coverslips (9mm) and left confluent for 5 days
before fixing with 70% methanol on ice for 10 minutes or with 4% paraformaldehyde
for 15 minutes as described previously (10). Disruption of Golgi ribbons was done
by exposure of ECFCs to 2 pg/ml of nocodazole (Sigma, M1404) for 46 hours. For
triggering of cAMP-mediated signaling to induce perinuclear clustering of WPBs, post-
confluent monolayers of ECFCs were treated with 10 uM Forskolin (Merck, F3917) and
100 uM 3-isobutyl-1-methylxanthine (IBMX) (Merck, 15879) for 30 minutes as described
previously (12). Samples for OrganelleProfiler were stained with antibodies against
VWEF, EEAT, VE-cadherin, B-catenin, TGN46 and nuclei were stained with Hoechst or
DAPI (Supplemental Table 1 for supporting information on antibodies). Samples for
OrganelleContentProfiler were stained with Hoechst and antibodies against VWF, VE-
cadherin and either Rab27A or PDI. After staining with appropriate fluorescently labeled
secondary antibodies, coverslips were mounted using ProLong® Diamond Antifade
Mountant (Thermo Fisher Scientific). Visualization of the cells for the OrganelleProfiler
example was done using the Imagexpress Micro Confocal System using the 63x
objective without magnification or with the Leica Stellaris 5 Low Incidence Angle
using the 63x oil immersion objective. The OrganelleContentProfiler samples were
imaged using the Zeiss LSM900 Airyscan2 upright confocal microscope using the 63x
oil immersion objective. For both the OrganelleProfiler and OrganelleContentProfiler
images a Z-stack was made which was transformed to a maximum Z-projection.

CellProfiler-Based pipelines for cell organelle analysis and manual scoring with
Fiji

CellProfiler (version 4.2.1 at time of publication) was used, which can be downloaded
from the CellProfiler website (www.cellprofiler.org). For the initial development of the
pipelines, confocal images from 33 ECFC clones from several healthy donors were used.
These ECFCs have previously been classified into separate phenotypic groups based on
cellular morphology (6). The final pipeline was tested on 5 tile scans from one group 1
and one clone belonging to group 3. Images have to be of high enough resolution that
individual organelles can be identified and do not blur together. Magnification, laser
intensity, detector sensitivity and other acquisition parameters should be the same for
each image set. Image format has to be similar as well. We recommend uncompressed
TIFF files. Pipelines developed are available in the Supplementary Files (file 1 and 2)
and have been deposited in our laboratory GitHUB repository (https://github.com/
Clotterdam). Adjusted pipelines optimized for the use on endosome quantification
(in HEK293T cells - Supplemental File 3 and in ECFCs - Supplemental File 4), WPB
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quantification after Golgi ribbon disruption (Supplemental File 5) and after forskolin
stimulation (Supplemental File 6) are also made available. To compare the CellProfiler
measurements and validate these, manual scoring of cell count, cell surface area, WPB
count, WPB length, and VWF and Rab27A intensity inside and outside the WPBs was
performed using Fiji version 2.3.0 (13). Scoring was performed by using the builtin scale
and drawing regions of interest per cell and per WPB.

Statistical Analysis

Output data of the OrganelleProfiler pipeline was compared by Mann-Whitney U test
if data was not normally distributed and unpaired T test with Welch's correction was
performed on normally distributed data. Data of the OrganelleContentProfiler pipeline
was compared with RM one way ANOVA with Geisser-Greenhouse correction. Data
are presented as median with min/max boxplot. Results with p value < 0.05 were
considered statistically significant. P values are indicated on the graphs in the figures.
Data analyses were performed using GraphPad Prism 9.3.1 (GraphPad Software, San
Diego, CA, USA).

Results

Development of OrganelleProfiler (OP) - Automated identification and
quantification of nuclei, cells and secretory organelles

Described here are the modules used in the OrganelleProfiler pipeline for the
identification and measurement of endothelial cells, their nuclei and WPBs. The most
important parameters and how these can be adjusted for use on other tissues for each
module are mentioned in Supplemental File 7. Full explanations of other variables are
available from the help function within the CellProfiler software or from the user manual
on the CellProfiler website. For the development of OrganelleProfiler we used confocal
images from 33 ECFC clones from several healthy donors. These ECFCs have previously
been classified into separate phenotypic groups based on cellular morphology and
showed clear differences in expression of cell surface markers, proliferation and storage
and secretion of VWF (6). Representative images of 1 clone of group 1 (top) and 1 clone
of group 3 (bottom) ECFCs used for this study are shown in Figure 1. The CellProfiler
modules that together form the OrganelleProfiler pipeline can be divided into 6 steps
(Figure 2), which are described below.
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Hoechst VE-cadherin

ECFC group 1

ECFC group 3

Figure 1. Representative images of healthy ECFC controls belonging to previously classified
groups based on morphology (6). Group 1 ECFCs (top) and group 3 ECFCs (bottom) were
stained with Hoechst (blue) and antibodies against VE-cadherin (red) and VWF (green). Scale bar
represents 50 pm. Images were taken with a 63x objective.
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Figure 2. OrganelleProfiler: Quantitative and qualitative analysis of cells and cell secretory
organelles. Left, flowchart of the modules within the OrganelleProfiler pipeline. I) Input of images
and splitting of channels. Il) Smoothing (top), thresholding (middle) and identification of the nuclei
(bottom). Every different color indicates a different object. Ill) Smoothing of the cell membrane
(top), identification of the cells (middle) and identification of cell membranes (bottom) as objects.
IV) VWF signal rescaling and enhancement (top) and identification of WPB objects (bottom).
V) Relating WPBs and Cells as child and parent respectively. Same colored objects indicate a
relationship to the same cell. VI) Generated output image overlaying the outline of the nuclei
(blue), cells (red), and WPBs (green) objects on the VWF channel. With the addition of the cell
number (purple).
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Step | - Input of images

Firstly, images of interest are imported into the software. In this example, 5 images
from two groups of ECFCs were compared. Each image has 3 channels, 1 for the nuclei
staining (Hoechst), one for cell membrane staining (VE-cadherin) and a third channel
for organelle specific staining (VWF) (Figure 1). Channels are separated at this point so
that each channel is processed separately in the following steps.
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Step 11, Il and IV - Identification of nuclei, cell membranes, cells and organelles
Second, the nuclei staining signal is smoothed and a threshold is applied for the
identification of the nuclei as objects. This object, together with the smoothed
cell membrane staining signal is used in step Ill for the identification of the whole
cell as secondary object. The nuclei are used as a starting point from which the
object propagates outward in all directions until it encounters a secondary signal,
in this case the smoothed cell membrane. A third object is generated using the cell
object. This third object consists of only the cell membrane which is needed in the
OrgannelleContentPipeline. In parallel to steps Il and llI, step IV uses the organelle
staining signal for identification of the organelles. The signal is first rescaled and
the speckle and neurite features are enhanced, which yields a better separation of
organelles if they are located close to, or on top of, each other. After modification, the
organelles are identified as the fourth object class.

Step V - Measurement and relating of objects

All objects that are generated in step I, lll and IV are measured here. Size, shape and
intensity, where relevant, is measured. Organelle objects are related to the nuclei and
to the cell membrane in this step as well. This yields counts of secondary objects
(organelles) per primary objects (cells) and distance of the secondary object to either
the nuclei or the cell membrane. Measurements that we performed on the objects are
eccentricity (as indicator for round or elongated WPB morphology), length of WPBs
(maximum ferret diameter) and absolute as well as relative distance of WPBs to the
nuclei and the cell membrane (Figure 3A).
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Figure 3. Quantitative and morphological differences between ECFC control groups.
Two previously classified ECFCs based on morphology (6), group 1 (green) and group 3 (red),
were stained for Hoechst, VE-cadherin and VWF. Per control, 5 images were analyzed with
the OrganelleProfiler pipeline (each 44100 pm? in size). A) Graphical representation of the
measurements that were performed on the objects. Eccentricity (top), length of Weibel-Palade
bodies (WPBs) measured as maximum ferret diameter (middle) and distance of WPBs to the nuclei
and the cell membrane was measured (bottom). Relative distance of the WPB to the nucleus
in the cell was calculated as 100% x (distance to nucleus) / (distance to nucleus + distance to
cell membrane). B) Cell count per image. C) The cell area (um?) per cell of all 5 images pooled
(n=188in group 1 and n =52 in group 3). D) Number of WPBs per cell. E) Distance of the WPB
to the nucleus relative to their position in the cell in percentage. F) Mean WPB length per cell
in um. G) Mean eccentricity of WPBs per cell. Data is shown as median with min/max boxplot.
Mann-Whitney U test was performed on not normally distributed data (D and G). Unpaired T
test with Welch's correction was performed on normally distributed data (B, C, E and F); *p<0.05
**p<0.01, ***p<0.001.

Step VI - Quality control and analysis of output
For quality control, all objects’ outlines are overlaid on the VWF signal. This overlay
allows the user to check whether the pipeline was accurate in the identification of
objects. Cells are numbered so potential outliers can be easily identified and the
pipeline can be adjusted if needed. The exported output can be used to quantify and
perform qualitative analysis on images of interest.

Automated quantification using OrganelleProfiler revealed significant differences in
cell count, cell area and number, size, shape and localization of WPBs between group
1 and group 3 ECFCs (Figure 3B-G). Figure 3B shows a significantly lower number of
cells perimage in group 3 (mean + SD, 10.40 + 2.40) compared to group 1 (37.60 £ 2.80)
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(p=0.0003). Logically, as all ECFCs were confluent, we observed a larger mean cell area in
group 3 (4016 + 2445 pm?) than in group 1 (1143 + 516.60 um?) (Figure 3C) (p<0.0001). The
total number of WPBs per image was lower in group 1 compared to group 3 (not shown).
Additionally, the number of WPBs per cell was significantly lower in group 3 (30.92 + 29.54)
than in group 1 (107.30 + 58.51) (p<0.0001) (Figure 3D). The distance of WPBs to the nuclei
relative to their position in the cell was determined and shown in Figure 3E. The relative
distance was significantly lower in group 3 ECFCs (32.31 + 23.62%) when compared to group
1 (53 + 30.10%) (p<0.0001) indicating that within the cell, WPBs were located closer to the
nucleus in group 3 ECFCs. Finally, the mean WPB length was lower in group 3 (110 + 0.27
pm) versus (1.38 + 0.21 pm) in group 1 ECFCs (p<0.0001) and the WPBs were significantly
more round in group 3 (0.63 + 0.08)) versus (0.78 + 0.04) (p<0.0001) (Figure 3F/G). The
lower number of WPBs and the observation that they are smaller and rounder in group 3
when compared to group 1 could explain the decreased production and secretion of VWF
observed previously (de Boer, JTH, 2020).

To further validate the quantitative data obtained from our automated OrganelleProfiler
pipeline we also performed a manual quantification of several of these parameters using
Fijiimage analysis software, specifically the region of interest manager (13). One image of the
group 1 ECFCs was used for the scoring. The manual scoring of the cells using the freehand
selection resulted in 34 cells with a mean surface area of 1264 + 497.93 um?. For three cells
all WPBs were scored by measuring the longest distance in the WPB using a straight line. In
these cells the manual scoring showed a mean WPB count of 117 + 38.63 and a length of 1.57
+0.09 um. All measurements were compared with the CellProfiler measurements on the
same image and none of the results differed significantly. Taken together, we can conclude
that both measurements with CellProfiler and Fiji are comparable and thus CellProfiler can
be used to accurately measure cells and organelles.

Validation and application of OrganelleProfiler

Identification of HEK293T cells and early endosomes

To demonstrate the versatility of the OrganelleProfiler pipeline, we extended our analyses
to a different type of organelle (early endosome, visualized by staining for early endosome
antigen 1, EEA1) and a different cell type (HEK293T). Representative images of ECFCs and
HEK293T cells and the analyzed output of the OrganelleProfiler are shown in Figure 4A.
The OrganelleProfiler was used to analyze three tile scans of each condition. Figure 4B
shows significantly more HEK293T cells per image (1539 + 82.71) than ECFCs (359.30 + 4.16)
(p=0.0016) which were also smaller (397.8 + 150 pm?) than ECFCs (1793 + 866.3 pm?) (Figure
4C) (p<0.0001). The number of early endosomes per cell was slightly lower in HEK293T
cells (39.27 + 16.22) compared to ECFCs (63.30 + 41.02) (p<0.0001) (Figure 4D). The
relative distance of the early endosomes to the nuclei (Figure 4E) was higher in the
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HEK293T cells (45.34 + 8.29%) when compared to ECFCs (40.05 + 12.70%) (p<0.0001).
Finally, the mean early endosome eccentricity is slightly higher in HEK293T cells (0.59
+ 0.05) versus (0.58 + 0.04) in ECFCs (p<0.0001) (Figure 4F). Comparatively, the early
endosomes are clearly rounder when compared to WPBs (0.78 + 0.04, indicated by the
red dotted line, data from Figure 3G) which are more elongated organelles.

HEK293T

2000 1 10000
6000

Figure 4. Quantitative and morphological differences between early endosomes in ECFCs
and HEK293T cells. A) Representative images of ECFC (top) and HEK293T (bottom) cells where
each panel shows the raw confocal image (left) and the identified object in Cellprofiler (right).
Every different color indicates a different object. Cells were stained with DAPI (blue) and antibodies
against B-catenin (red) and EEAT1 (green). Scale bar represents 50 pm. Images were taken with
a Leica Stellaris 5 LIA fitted with a 63x objective. Per cell type, 3 tile scans (each 754630 pm? in
size) were analyzed with the OrganelleProfiler pipeline. B) Cell count per image. C) The cell area
(um?) per cell of all 3 tile scans pooled (n = 1078 ECFCs and n = 4618 HEK293T cells). D) Number of
endosomes per cell. E) Mean relative distance of the endosome to the nucleus per cell. F) Mean
eccentricity of endosomes per cell. Data is shown as median with min/max boxplot. Dashed red
line represents mean eccentricity of WPBs as determined in Figure 3G. Mann-Whitney U test was
performed on not normally distributed data (C,D,E,F). Unpaired T test with Welch's correction was
performed on normally distributed data (B); **p<0.01, ***p<0.001, ****p<0.0001.
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WPB shortening after Golgi ribbon disruption and perinuclear clustering after
stimulation

WPB length directly relates to the integrity of the Golgi ribbon: fragmented Golgi
ribbons generate small WPBs while the longest WPBs require an extended, intact Golgi
ribbon (3, 14-16). Pharmacological inhibition of microtubules using nocodazole can
be used to unlink Golgi ribbons (17) and this has been shown to reduce the size of
newly generated WPBs (14, 18). We used OrganelleProfiler to quantify the reduction
of WPB length in ECFCs that were treated for 46 hours with vehicle (DMSO, control)
or 2 yg/ml nocodazole. Staining for VWF and the trans-Golgi network marker TGN46
revealed a clear disruption of the Golgi in nocodazole-treated cells (Figure 5A). The
OrganelleProfiler was used to analyze three tile scans of each condition. Nocodazole
exposure caused a lower cell count per image (Figure 5B) (n=184.7 £ 5.51 versus n=553
+ 36.43, p=0.0027) with larger surface area (2859 + 1314 pm?) than control ECFCs
(1673 £ 641.6 um?) (Figure 5C) (p<0.0001). In the nocodazole treated cells we observed
significantly rounder (nocodazole: 0.76 + 0.06 vs control: 0.87 + 0.02; p<0.0001) and
shorter WPBs (nocodazole: 1.17 pm + 0.18 vs. control: 1.54 + 0.17 pm; p<0.0001)
compared to the control cells (Figure 5D and E). The relative distance of the WPBs to
the nuclei (Figure 5E) was slightly higher after nocodazole exposure (62.25 + 13.77%)
when compared to control (60.18 + 8.17%) (p<0.0018).
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Figure 5. Microtubule disruption leads to Golgi fragmentation and smaller and rounder
WPBs. A) Representative images of ECFCs treated for 46 hours with vehicle (control, top) or 2 ug/
ml nocodazole (bottom). Cells were stained with DAPI (blue) and antibodies against VE-cadherin
(red), VWF (green) and TGN46 (magenta). Scale bar represents 50 ym and 20 pm in the zoom
in. Images were taken with a 63x objective. Per cell type, 3 tile scans (each 936054 pm? in size)
were analyzed with the OrganelleProfiler pipeline. B) Cell count per image. C) The cell area (um?)
per cell of all 3 tile scans pooled (n = 1659 in the control and n = 554 in the nocodazole treated
cells). D) Mean eccentricity of WPBs per cell. E) Mean length (um) of WPBs per cell F) Mean relative
distance of the WPBs to the nucleus per cell. Data is shown as median with min/max boxplot.
Mann-Whitney U test was performed on not normally distributed data (C,D,E,F). Unpaired T test
with Welch's correction was performed on normally distributed data (B); **p<0.01, ***p<0.001,
****p<0.0001.

It has previously been shown that, upon activation with cAMP-mediated agonists
such as epinephrine or forskolin, endothelial cells cluster a subset of their WPBs at
the microtubule organizing center (MTOC) via retrograde microtubular transport that
depends on the minus-end motor protein dynein (19, 20). We used OrganelleProfiler
to quantify the reorganization of WPBs in forskolin-stimulated ECFCs (Figure 6A).
Quantitative data gathered from one tile scan per condition shows that the per cell
mean relative distance to the nucleus, which is directly adjacent to the MTOC and
can therefore be used as a surrogate reference point for clustered WPBs, is lower in
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forskolin-treated cells (50.67 + 14.76%, n=352 cells) than in untreated cells (58.15 *
10.22%, n=537 cells) (Figure 6B, top). This indicates that in forskolin-treated cells, WPBs
have on average moved towards the nucleus and thus into the direction of the MTOC.
Also, when quantified on a single organelle basis, we see a shift towards lower relative
distance to the nucleus in forskolin-treated cells (45.32 + 31.39%, n=17241 WPBs)
compared with untreated cells (54.03 + 30.77%, n=21866 WPBSs) (Figure 6B, bottom).

(]

Cell profiler

Mean relative dist. to nucleus (%)
per cell

504

25+

Relative dist. to nucleus (%)
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DAPI VE-cadherin VWF Control F+l

Figure 6. Perinuclear clustering of WPBs after cAMP-mediated signaling in ECFCs. A)
Representative images of ECFCs treated for 30 minutes with vehicle (control, top) or 10 uM
Forskolin and 100 uM IBMX (F+I, bottom). Cells were stained with DAPI (blue) and antibodies
against VE-cadherin (red) and VWF (green). Scale bar represents 50 pm and 20 pym in the zoom
in. Images were taken with a 63x objective. Per condition, 1 tile scan (970221 pm? in size) was
analyzed with the OrganelleProfiler pipeline. B) Mean relative distance of the WPBs to the nucleus
per cell (top) (n = 537 in the control and n = 352 in the stimulated ECFCs) and per WPB (bottom)
shown as violin plot (n= 21866 for the control and n=17241 for the stimulated ECFCs). The black
bar indicates the median with quartiles.
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OrganelleContentProfiler (OCP) - Automated measurement of proteins in
secretory organelles

The OrganelleContentProfiler pipeline is an addition to the OrganelleProfiler pipeline. By
adding 4 extra steps, secondary proteins of interest in, on or outside the organelle can
be measured. For this purpose we analyzed the presence of Rab27A, a small GTPase
that promotes WPB exocytosis and that is recruited to the WPB membrane during the
maturation of these organelles after their separation from the Golgi complex (9, 10, 21).
We also determined, as a control, the presence of protein disulfide isomerase (PDI), a
marker for the endoplasmic reticulum which should not show specific localization in
or on the WPBs (5, 15). Figure 7 shows example images of Rab27A as well as PDI co-
staining in group 1 healthy donor ECFCs that were used in this pipeline. The CellProfiler
modules that together form the OrganelleContentProfiler pipeline can be divided into
4 steps (Figure 8), which are described below. Further details on every module are
described in Supplemental File 7.

Hoechst VE-cadherin VWF Rab27A Merge
Hoechst VE-cadherin VWF PDI Merge

Figure 7. Representative images of one healthy group 1 ECFC control belonging to previously
classified groups based on morphology (6). Cells were stained for Hoechst (blue), VE-cadherin
(red), VWF (green) and Rab27A (top) or PDI (bottom). Scale bar represents 20 pm. Images were
taken with a 63x objective. Red arrows indicate WPBs as identified in the VWF channel and the
same location in the Rab27A or PDI channel.
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Figure 8. OrganelleContentProfiler: Quantitative and qualitative analysis of other organelle
proteins. Top, flowchart of the modules within the OrganelleContentProfiler pipeline. 1) Input
of Rab27A (Organelle content) channel and rescaling of this channel. Il) Input of primary object
(Organelle) (left) and expansion of this object (right). Ill) Masking of the Rab27A channel using the
Expanded organelle objects to leave only Rab27A signal inside the organelle (left). Identification
of the Rab27A signal per WPB as object (middle) and relating these objects to the cells as child
and parent respectively (right). IV) Masking of the Rab27A channel using the Expanded organelle
objects to leave only Rab27A signal outside the organelle (left). Identification of the Rab27A signal
in the cell as object without the WPBs (middle) and relating these objects to the cells as child and
parent respectively (right). * Identified in step IV of the OrganelleProfiler pipeline (Figure 2). **
Pipeline continues with step V and VI from the OrganelleProfiler pipeline.

Step | - Input of an additional channel

Similarly to the OrganelleProfiler, images are imported into the software. In this example,
images have one additional channel containing the staining for either Rab27A or PDI.
Again, channels are separated and the fourth channel is rescaled in order to view the
channel in the final quality control.

Step Il - Import of organelle object identified in the OrganelleProfiler pipeline

In this step, the organelle object as identified in the OrganelleProfiler pipeline is
modified. The objects are initially identified using the staining for VWF, which is a
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cargo protein that is contained within the organelle. The secondary protein of interest,
Rab27A, is a membrane protein that is located on the cytoplasmic face of the WPB
membrane. To ensure full encapsulation of the Rab27A signal the object is therefore
expanded by 2 pixels in all directions.

Step Il and IV - Identification of the secondary protein of interest “inside” and
outside the organelle

In these parallel steps, the expanded organelle objects and the rescaled secondary
staining channel are used. The expanded objects are used as a mask to remove all signal
of the Rab27A or PDI staining outside the organelle (step lll) and inside the organelle
(step IV). The remaining signal is then identified as object, resulting in two new objects
containing the signal inside the organelles and outside the organelles respectively.
These new objects are processed according to step V from the OrganelleProfiler
including the measurements, relating, quality control and export.

Step V and VI - Measurements, quality control and analysis of results

In the OrganelleContentProfiler pipeline, different stainings on the same ECFC
control are compared. In addition to the output from the OrganelleProfiler, the
OrganelleContentProfiler provides measurements of the intensity of a secondary
signal inside the organelle. Furthermore, it can quantify the cytoplasmic intensity values
outside of the organelle which can be used for correction of the “inside” organelle
signal. Signal intensity is noted as arbitrary intensity units (A.U.) as microscopes are
not calibrated to an absolute scale.

We first confirmed that the number of WPBs quantified using OrganelleContentProfiler
does not depend on the co-staining used (Rab27A: 204.8 + 70.48; PDI: 146, + 56.38;
p=0.24) (Figure 9A). ECFCs were stained with Hoechst and with antibodies against
VE-cadherin, VWF and Rab27A or PDI. Figure 9B shows the A.U. inside and outside
organelles and the A.U. inside the organelle corrected for the outside value. First, the
VWF A.U. was analyzed as a measurement of a protein that is located predominantly
in the WPB. The results show that the VWF A.U. values outside the WPBs was nearly
zero (0.00076 + 0.00033) and differed significantly from the inside A.U. (0.028 + 0.0040)
(p=0.0016) indicating that VWF is almost exclusively present in WPBs. Secondly, it was
determined that the Rab27A staining shows a significantly higher A.U. inside (0.081
+ 0.0085) the WPBs when compared to the outside measurement (0.052 + 0.0041)
(p=0.0062). From this it can be concluded that part of the Rab27A protein is present
in or on the WPB. Finally, the A.U. of the PDI staining was analyzed. PDl is only present
inside the endoplasmic reticulum and should not yield increased A.U. inside the WPB.
Indeed, the A.U. inside (0.074 + 0.016) and outside (0.062 + 0.0082) the organelle were
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similar (p=0.20), indicating that PDI is not located specifically in or on WPBs. Once more,
to validate the quantitative data obtained by CellProfiler, we also performed a manual
scoring using Fiji for the A.U. of the Rab27A and VWF staining inside and outside of
all WPBs (n=199) in one cell. We observed that the results determined manually using
Fiji (A.U. VWF inside = 0.039, VWF outside = 0.000029; Rab27A inside = 0.094, Rab27A
outside = 0.053) lie within the same range as those determined by CellProfiler. This
shows that the OrganelleContentProfiler can determine organelle specific stainings
and measure the intensity of the staining corrected for the cytoplasmic value.
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Figure 9. Quantification of signal intensity inside cell organells. A group 1 ECFC control
as defined previously (6) was stained with Hoechst and with antibodies against VE-cadherin,
VWF and PDI or Rab27A. One image (12769 pm?) per staining was analyzed using the
OrganelleContentProfiler pipeline. A) Both images had the same number of cells (n=4) and roughly
the same number of WPBs. B) the mean intensity in arbitrary intensity units (A.U.) per cell for
the PDI (left), Rab27A (middle) and VWF (right) staining. Each graph shows the measured mean
intensity inside (in) the WPBs, outside (out) the WPBs and the intensity inside the WPB after
correcting for the out signal (corr). Data is shown as median with min/max boxplot. RM one way
ANOVA was performed with Geisser-Greenhouse correction; *p<0.05 **p<0.01, ***p<0.001.

Discussion

Quantifying large numbers of organelles is challenging due to the density and
morphological heterogeneity of the organelles. The pipelines described here can be
used to overcome these challenges and can provide organelle analysis in great detail
on a larger scale. The OrganelleProfiler allows for measurement of cell and nucleus
quantity and shape, and organelle quantity, shape, size and location within the cell.
The organelles are also related to the cells which allows for cell-by-cell analysis. This
information can be used to determine differences between a heterogeneous cell
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population or between patient and control cells. The OrganelleProfiler pipeline has
shown significant differences between group 1 and group 3 ECFC controls based
on only 5 images. Moreover, we were able to quantitatively determine differences in
WPB length upon treatment with cytoskeletal drugs and differences in intracellular
localization after induction of retrograde transport of WPBs. Once optimized for a set
of images, the pipeline can analyze thousands of cells and hundreds of thousands of
organelles within hours without potential bias associated with manual image processing
and quantification. As shown with the early endosome staining, it is possible to adjust
the pipeline to quantify other cell types and organelles. The pipeline was able to
quantify differences between ECFCs and HEK293T cells and showed clear differences
in eccentricity of the elongated WPBs compared to the round early endosomes.

With the OrganelleContentProfiler, secondary organelle markers can be measured
and quantified. We showed 3 stainings of proteins with different localizations; PDI,
which is only present on the endoplasmic reticulum, Rab27A which is present in the
cytoplasm, but is also trafficked to the WPBs, and VWF which is mostly present in WPBs.
Using the OrganelleContentProfiler pipeline we were able to quantify these stainings
and determine the localization of these proteins. It is also possible to measure other
organelle stainings at the same time by duplicating modules 3 to 8 of this pipeline and
adjusting these for the additional channels.

Finetuning of the smoothing, thresholds and enhancement of the signal is necessary
to ensure correct identification of objects. For every image set, a balance must be
found to prevent over and under segmentation of organelles. Despite optimization,
perfect segmentation of organelles is not always possible, especially in areas
where organelles are crowded together. These imperfections may lead to incorrect
identification of organelles, which could play out as underestimations of WPB numbers
or overestimation of WPB dimensions. However, as all images are analyzed by the
same pipeline, this error is expected to occur to a similar extent in all samples. One
point of improvement on the OrganelleContentProfiler pipeline could be the correction
of the organelle secondary staining with the intensity levels directly surrounding the
organelle instead of the mean intensity in the entire cytoplasm. This was not possible
within the CellProfiler software but could be done in data processing afterwards using
the MeasureObjectintensityDistribution module and relating this to the distance of
WPBs to the nucleus (7).

A comparison with manual scoring using Fiji was performed to check the validity
of the results generated by our automated pipelines. We generally found that the
results obtained with OrganelleProfiler and OrganelleContentProfiler correspond very
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well with manual quantifications using Fiji, although subtle differences were found
for two parameters. First, the maximum ferret diameter is calculated based on the
smallest convex hull that is created around the WPB. The manual scoring measured
the length of the WPB in a line and not as the inside of a convex hull. This could cause
the slight difference in length as measured between CellProfiler and Fiji. Second, VWF
and Rab27A intensities inside WPBs as determined by manual scoring was slightly
higher than from the OrganelleContentProfiler measurements. Possibly, the outlines
that were drawn around WPBs manually were more strict than those generated by
OrganelleContentProfiler, because the human eye is less capable at detecting the very
small changes in signal intensity near the edges of the organelles. As such, the signal
intensities in these edges may have not been included in the manual analysis, resulting
in a higher mean value per WPB.

To conclude, the OrganelleProfiler and OrganelleContentProfiler pipelines provide
powerful, high-processing quantitative tools for analysis of cell and organelle count,
size, shape, location and content. These pipelines were created with the purpose of
analyzing morphometric parameters of WPBs in endothelial cells, but as shown for the
HEK293T cells and early endosomes, they can be easily adjusted for use on different cell
types or organelles. This can be especially useful for analysis of large datasets where
manual quantification of organelle parameters would be unfeasible.
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Supplemental Table 1. Antibodies used in immunofluorescence (IF)

Antibody Manufacturer Cat. Number Dilution
IF Primary (OP)
VWEF (rabbit) DAKO A0082 1:1000/
1:50000
VE-cadherin (mouse) BD Pharming 55561 1:250
B-catenin (rabbit) Santa Cruz Sc7199 1:500
EEAT (mouse) BD Biosciences 610457 1:500
Hoechst Sigma-Aldrich H3569 1:10000
DAPI Thermo Fisher D3571 1:33000
VE-cadherin (goat) R&D systems AF938 1:250
VE-cadherin (mouse) Santa Cruz 59989 1:250
TGN46 (sheep) Serotec AHP500 1:1000
IF Primary (OCP)
VWE (sheep) Abcam ab11713 1:1000
VE-cadherin (mouse) BD Pharming 55561 1:.250
Hoechst Sigma-Aldrich H3569 1:10000
Rab27A (rabbit) Protein Tech 17817 1:100
PDI (rabbit) Enzo Life Sciences SPA-890 1:250
IF Secondary
Donkey-anti-Rabbit AF647 Invitrogen Molecular Probes  A31573 1:750
Donkey-anti-Mouse AF568 Invitrogen Molecular Probes  A10037 1:750
Donkey-anti-Sheep AF488 Invitrogen Molecular Probes  A11015 1:750
Donkey-anti Rabbit AF568 Invitrogen Molecular Probes  A10042 1:400
Donkey-anti Goat AF647 Invitrogen Molecular Probes ~ A32849 1:400
Donkey-anti Mouse CF568 Biotium 20105 1:1000
Donkey-anti Mouse CF488A Biotium 20014 1:1000
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Chapter 4

Abstract

Background

Endothelial colony forming cells (ECFCs) derived from patients can be used to investigate
pathogenic mechanisms of vascular diseases like Von Willebrand disease. Considerable
phenotypic heterogeneity has been observed between ECFC clones derived from
healthy donors. This heterogeneity needs to be well understood in order to use ECFCs
as endothelial models for disease. Therefore, we aim to determine phenotypic and gene
expression differences between control ECFCs.

Methods

A total of 34 ECFC clones derived from 16 healthy controls were analyzed. The
transcriptome of a selection of ECFC clones (n=15) was analyzed by bulk RNA sequencing
and gene set enrichment analysis. Gene expression was measured in all ECFC clones by
gPCR. Phenotypic profiling and migration speed of the ECFCs was done using confocal
microscopy, followed by automated quantification of cell morphometrics and migration
speed.

Results

Through hierarchical clustering of RNA expression profiles, we could distinguish
two major clusters within the ECFC cohort. Major differences were associated
with proliferation and migration in cluster 1, and inflammation and endothelial to
mesenchymal transition in cluster 2. Phenotypic profiling showed significantly more
and smaller ECFCs in cluster 1 which contained more and longer Weibel-Palade bodies
(WPBs). Migration speed in cluster 1 was also significantly higher.

Conclusion

We observed a range of different RNA expression patterns between ECFC clones mostly
associated with inflammation and clear differences in WPB count and structure. We
developed a gPCR panel which can be used for the characterization of ECFC clones
which is essential for the correct analysis of pathogenic mechanisms in vascular
disorders.
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Introduction

Due to their role in hemostasis, endothelial cells play a major part in many bleeding
disorders, which are caused by the disruption of normal functioning hemostasis.
Von Willebrand factor (VWF) is a main component of hemostasis and is produced by
endothelial cells and megakaryocytes and can bind to collagen at sites of injury and
mediate the formation of a platelet plug. VWF is stored in endothelial specific cigar-
shaped organelles called Weibel-Palade bodies (WPB) (2, 23). These organelles can
secrete their contents without stimulation to provide a steady level of VWF in the blood,
thus maintaining homeostasis. WPBs secretion can also be stimulated by vascular
damage to quickly increase local concentration of VWF. Von Willebrand disease (VWD)
is the most common inherited bleeding disorder worldwide, occurring in roughly 1 in
100 people (24), caused by defects in concentration or structure-function of VWF (25).

One model that can be used to study pathogenic mechanisms involving the endothelium
are endothelial colony forming cells (ECFCs), first described by Lin et al. (26). A major
advantage of this model is that ECFCs can be derived from whole blood and when
cultured, display endothelial characteristics such as the production of VWF, storage
of VWF in WPBs, a typical cobblestone like morphology, and response to endothelial
specific stimuli (27). When these cells are derived from patients, they can be used
to study the pathogenic mechanisms of vascular diseases like VWD in their native
environment (28-33). These studies performed patient-specific ex vivo analysis of
endothelial cell function, endogenous production and secretion of VWF and WPB
morphology.

Unfortunately, despite the advantages, there is also a challenge with using ECFCs.
Substantial phenotypic heterogeneity can exist between ECFC controls from different
donors, but also between clones from the same donor (5, 6). Our group has previously
shown that, when comparing ECFCs categorized by their morphology, clear differences
can be observed in expression of cell surface markers, proliferation, and storage and
secretion of VWF (6). In the study by de Boer et al. (6), ECFCs were categorized into three
groups. Group 1 consisted of ECFC clones with classic endothelial morphology, and
group 2 and 3 consisted of larger, more elongated ECFCs. ECFCs in all groups expressed
endothelial cell surface markers. However, group 1 ECFCs produced and secreted
more VWF in steady state and after stimulation than groups 2 and 3. Furthermore, cell
proliferation was lower in group 3. Itis currently unclear what causes the heterogeneity
observed among healthy control ECFCs.
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In order to use ECFCs as a robust model to study pathogenic mechanisms in patients
with bleeding disorders or other diseases involving endothelium and to compare
with healthy donor ECFCs, it is essential to match proper control ECFCs which are
characterized similarly to patient ECFCs. Use of non-characterized control ECFCs could
lead to invalid conclusions when analyzing patient ECFCs. Therefore, in the current
study, we analyzed differences in ECFC RNA expression, WPB count, morphology and
cellular location, and migration speed of ECFCs. We found significant differences in
RNA expression between ECFCs clones and these results were used to categorize the
EFCFs in two distinct clusters. Between these clusters, large differences were found in
WPB count, morphology and in ECFC migration speed.

Methods

ECFC isolation and culture

The study protocol for the acquisition and culturing of the ECFCs was approved by the
Leiden University Medical Center ethics review board. From 16 healthy participants
informed consent was obtained in accordance with the declaration of Helsinki.
Participants were 18 years or older and were not diagnosed with a bleeding disorder nor
known to have a bleeding phenotype. Isolation and cell culture of ECFCs was performed
as described (6). In short, whole blood was obtained via venipuncture and peripheral
blood mononuclear cells (PBMCs) were isolated and cultured in EGM-10 (EBM-2 Basal
Medium with EGM-2 supplements & growth factors (Lonza, Basel, Switzerland or
PromoCell, Heidelberg, Germany)). In general, clones appeared between days 10 and
21 and were frozen once they confluently filled 3 T75 flasks at passage 3. Multiple
clones were isolated per donor, totaling 34 clones for this study. The experiments
were performed on the clones at passage 5. See Supplemental Table 1 for a detailed
description per clone.

RNA isolation and sequencing

All ECFC clones were cultured in 6-well plates, after they reached confluency they were
kept in culture for 5-7 days. ECFC lysates were collected in 400 pl RNA lysis buffer +
4 pl B-Mercaptoethanol. RNA was isolated using RNeasy Mini Kit, according to the
manufacturers' protocol (Qiagen, Hilden, Germany). 20 ng/ul of isolated RNA from 15
samples (Supplemental Table 1) was further processed by the GenomeScan facility
(Leiden, The Netherlands) using the NEBNext Ultra Direction RNA library Prep Kit from
lllumina (San Diego, United States). All 15 samples met the quality criteria and were
selected for Bulk mRNA sequencing (polyA enriched) using lllumina NovaSeq6000.
RNA sequencing (FASTQ) files were processed using the opensource BIOWDL RNA
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sequencing pipeline v5.0.0 (https://zenodo.org/record/3975552) developed at the
Leiden University Medical Center (Leiden, The Netherlands). This pipeline performs
FASTQ preprocessing (including quality control (QC), quality trimming, and adapter
clipping), RNA sequencing read alignment, read quantification, and optionally transcript
assembly. FastQC (v0.11.9) was used for checking raw read QC. Adapter clipping
was performed using Cutadapt (v2.10) with default settings. RNA sequencing reads’
alignment was performed using STAR (v2.7.5a) on the GRCh38 human reference
genome. The gene read quantification was performed using HTSeg-count (v0.12.4)
with the setting “-stranded=yes". The gene annotation used for quantification was
Ensembl version 105.

RNA quantification with quantitative PCR (qPCR)

RNA isolate was acquired as mentioned above. Complementary DNA (cDNA) was
synthesized using SuperScript Il Reverse Transcriptase (Thermo Fisher Scientific,
Waltham, United States) with poly(T) primers (Sigma-Aldrich, Saint Louis, United
states). Sybr Select Master Mix (Thermo Fisher Scientific) was used for gPCR which
was measured on the ViiA 7 Real-Time PCR system (Thermo Fisher Scientific). GAPDH
was used as housekeeping gene. Results were analyzed using the comparative Ct
method. One gene panel was used on all 34 samples. The primer sequence is available
as Supplemental Table 2. For analysis and creation of the heatmaps, the heatmaply
package was used in R (version 4.2.1) (34). See Supplemental File 1 for an R script
template that can be used to generate the heatmaps (also made available on GitHub
https://github.com/Clotterdam/Laan-et-al-2023-ECFC).

Expression analysis

For the gene expression based clustering analysis, R was used. First, the edgeR package
(v3.36) was used to calculate CPM (Count Per Million) of all genes in our samples. Then
we selected expressed genes with a CPM higher than 1 in at least 25% of all samples
(4 out of 15 samples). 12663 genes passed this filtering step. Using the dgeAnalysis
package (v1.5.2), Principal Component Analysis (PCA) was performed using these 12663
genes. Plotting principal component (PC) variance showed that PC 1-4 explained most
of the variance (Supplemental Figure 1A). Samples were then hierarchically clustered
based on these four PCs with package cluster (v2.1.6) (Supplemental Figure 1B). The read
count data of the 15 samples was labelled either as cluster 1 or cluster 2 based on the
hierarchical clustering mentioned previously. Next, EdgeR (v3.36) was used to detect the
differentially expressed genes between cluster 1 and cluster 2 with the trimmed mean
of M values (TMM) normalization. All genes with a False Discovery Rate (FDR) adjusted
p-value < 0.05 were declared significant. Gene set enrichment analysis (GSEA) was
performed using the enrichplot package (version 1.18.4) and ClusterProfiler (version
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4.8.2)in Ron the GO:BP, GO:CC, GO:MF, KEGG and Reactome databases (35, 36). GSEA
results were also visualized as a GSEA map using the enrichplot package. In the map,
each node represents a significantly enriched gene-set and edge thickness represents
the similarity between nodes. Node clusters were identified by the package and given a
generated label. This label was later manually revised to fit the contents of the cluster.

Immunofluorescence of ECFCs and Image Acquisition

When ECFCs were plated for RNA isolation, 48-well plates (Nunclon) filled with collagen
(50 pg/mL Collagen type | rat tail (BD Biosciences, Franklin lakes, United states) coated
9 mm glass coverslip (VWR, Radnor, United States) were also plated. Cells were left
confluent for 5 days before fixation with 70% ethanol on ice for 10 minutes. After
fixation, samples were blocked using blocking buffer (PBS; 1% bovine serum albumin
(Sigma-Aldrich); 1% fetal calf serum (Gibco)). Then, samples were stained with antibodies
against VWF and VE-cadherin (Supplemental Table 3 for supporting information on
antibodies) diluted in blocking buffer. After, samples were stained with secondary
antibodies diluted in blocking buffer and then with Hoechst in PBS, coverslips were
placed on a glass slide and mounted with ProLong® Diamond Antifade Mountant
(Thermo Fisher Scientific). Imaging was performed with the Imagexpress Micro Confocal
System which made a tile scan (4x4) using the 63x objective without extra magnification.
A z-stack was made which spanned the entire thickness of the confluent cell layer. This
was transformed into a maximum Z-projection using ImageJ (version 2.3.0) (13).

Migration assay and image acquisition

Six ECFC clones were selected for the migration assay (Supplemental Table 1). We
chose clones from each identified cluster 1 and cluster 2 (for both clusters n=3). These
clones also belonged to each of the previously identified morphological groups 1, 2
and 3 (6) (for all groups, n=2). These clones were cultured in 48-well plates. Each clone
was plated in six randomly chosen per plate. Three days post-confluency, cells were
washed once with PBS and then labeled with CellTracker Green (Life Technologies)
diluted 1:10,000 in 200 pL EGM-10 for 45 minutes. Three of the wells per clone were
then treated with 12.5 pg/mL Mitomycin C (Sigma-Aldrich) diluted in 200 pyL EGM-10
for 2 hours. The remaining wells just received EGM-10. After 2 hours, the confluent cell
layer was scratched using a p100 pipet tip. Cells were washed once to remove debris.
Live cell imaging was performed using the confocal AF6000 (Leica, Wetzlar, Germany)
microscope with a 10x lens at 37°C and 5% CO,. A grid was prepared so that the same
spot in the center of each well was imaged for 20 hours at 30 minutes intervals, with
auto-focus correction.
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Automated quantification of morphology and migration speed using
CellProfiler

For the quantification of cell and organelle morphology and migration speed, CellProfiler
(version 4.2.1) was used (7). We used the OrganelleProfiler (37) which is a pipeline
specifically designed for the identification and quantification of cell shape, size and
organelle count, shape, size and relative location in the cell. The pipeline was optimized
for the antibodies and intensity in this set of tile scans. For the migration assay, a new
pipeline was developed. Using the CellTracker Green signal, each cell is identified as
an object. Then, cells in close vicinity to each other (confluent cells) are combined
as one object. The surface area of that object was then measured. Closing speed
was calculated as the increase in number of covered pixels per hour over the first 10
hours. The pipeline developed for the migration assay is available in the supplement
(Supplemental File 2) and made available on GitHub (https:/github.com/Clotterdam/
Laan-et-al-2023-ECFQ).

Statistical Analysis

Data analyses was performed using GraphPad Prism 9.3.1 (GraphPad Software, San
Diego, CA, USA) if not otherwise indicated. Results with p-value < 0.05 were considered
statistically significant. P-values are indicated in the figures where applicable. Unpaired
T-test was performed on normally distributed data and Mann-Whitney U test was
performed on not normally distributed data to compare ECFCs. A two-way ANOVA was
used for the migration assay.

Results

RNA expression profile-based characterization identifies two clusters of ECFCs
A total of 34 ECFC clones derived from 16 healthy controls were analyzed, covering
the previously defined phenotypic groups 1, 2 and 3 (6). Since these groups have been
shown to differ in terms of surface levels of endothelial markers and storage and
secretion of VWF, we also wanted to analyze differences in the RNA expression profile.
Bulk RNA sequencing was performed as an unbiased method to examine transcriptional
heterogeneity between healthy ECFC clones. The transcriptomes of a selection of ECFC
clones (n=15) (Supplemental Table 1) were analyzed. Principal Component analysis
(PCA) (Figure 1A) revealed considerable variety between the ECFC clones. Hierarchical
clustering of the samples (Supplemental Figure 1) based on the PCA resulted in 2 main
clusters, from here on named cluster 1 (n=11, green) and cluster 2 (n=4, blue). There
is an unbalanced number of replicates between the clusters, which may cause a slight
bias towards the detected differentially expressed genes to be more robust towards
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cluster 1 and less robust towards cluster 2. The clusters somewhat correspond to the
previously defined phenotypic groups 1 and 3 (Figure 1A). However, group 2 ECFCs
do not fall specifically in either of the two clusters and showed high variation in RNA
expression, likely due to this group of cells being difficult to categorize based on their
morphological characteristics. Morphological group 2 ECFCs possibly represent an
intermediate between cluster 1 and 2.
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Figure 1. RNA expression analysis showing differential gene expression between ECFC
clones. A) PCA plot of 15 ECFC clones, color-coded by their associated cluster as measured
by hierarchical clustering. Circles, squares and triangles indicate the original categorization of
ECFCs based on cell morphology in group 1, group 2 and group 3 respectively (13). B) Bulk RNA
sequencing transcriptome analysis shows differential gene expression between ECFC clusters.
The volcano plot shows significantly upregulated genes (grey, adjusted P-value < 0.05) between
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cluster 1 and cluster 2 (3758 genes). Dashed lines represent the threshold where fold change was
>2 and counts per million (CPM) were > 7.5. Genes involved with proliferation and migration are
shown in pink and endothelial markers are indicated in green. Genes involved in endothelial to
mesenchymal transition (EndoMT) and epithelial to mesenchymal transition (EMT), inflammation,
apoptosis, and senescence are shown in red, orange, cyan and blue respectively. Gene names
of genes with the highest fold change and count per million are displayed. C) Heatmap showing
the log nFOLD difference of the RNA expression with the median of 33 ECFC clones as measured
by gPCR. Hierarchical clustering of the ECFCs is shown by the dendrogram (top). All ECFCs were
tested on a panel of genes (Supplemental Table 2). White squares marks data points that could
not be measured. D) Normalized RNA count per million (CPM) for endothelial, mesenchymal and
EndoMT markers. The y-axis is shown as a log(10) scale. Based on differential gene expression
analysis between clusters, PECAM1, VWF and all EndoMT markers were significant (adjusted
p-value). CD34, CDH5 and all mesenchymal were not significant. Each dot represents the CPM
per clone.

Gene expression differences between cluster 1 and cluster 2 ECFCs were analyzed.
From all samples, 11,817 genes were measured and 3,758 genes showed significant
differential expression (Figure 1B). Genes with a fold change higher than 2 and a count
per million (CPM) higher than 7.5 were further investigated. This cut-off resulted in 54
genes of interest (Supplemental Table 4). Fold change is reported as the difference in
expression in cluster 1 compared to cluster 2. Genes with a positive fold change are
thus upregulated in cluster 1. Genes of interest involved in processes like endothelial
to mesenchymal transition (EndoMT), inflammation, apoptosis, and senescence were
upregulated in cluster 2 ECFCs. In contrast, upregulated genes in cluster 1 ECFCs are
associated with proliferation and migration. Cluster 2 ECFCs also showed significant
upregulation of Collagen Type I Alpha 1 Chain and GX-C Motif Chemokine Ligand 8, and
cluster 1 ECFCs showed upregulation of SRY-Box 18, Ephrin B2 and Thrombomodulin
which corresponds with previous findings of de Jong et al. (5).

We designed a minimal gPCR panel with the aim to easily characterize the clones
based on their gene expression. The panel was created based on the results of the
bulk RNA sequencing and consists of genes which showed the strongest fold change,
highest CPM and biological relevance to characterize ECFC clones (Supplemental
Table 2). The gPCR panel was used to analyze the RNA expression of all clones. Per
clone, gene fold change was compared to the median of all ECFC clones, as shown in
a heat map (Figure 1C). Considerable variation between the clones can be observed,
especially for the genes Interleukin-8 (CXCLS8), Interferon alpha-inducible protein 27
(IFI27), Bone Marrow Stromal Cell Antigen 2 (BST2) and Collagen type | alpha (1TCOLTAT)
which where downregulated in cluster 1 ECFCs. Whereas VWF, P-selectin (SELP) and
aldehyde dehydrogenase 1 family member A1 (ALDH1AT) were upregulated in cluster 1.
The hierarchical clustering of the clones based on this selection of genes results in the
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same clusters as those observed in the PCA plot. This indicates that the gPCR panel
can accurately categorize ECFC clones using a minimal list of targets.

Differential expression indicates a role for EndoMT. To further substantiate this claim, we
have highlighted endothelial markers (VWF, CD34, CD144 and PECAMT)(38), mesenchymal
markers (CNNT, THY1 and FSPT) (39), and early and late EndoMT markers (TAGLN, CD44,
FNT, 1COLTA1, MMP2, VCAM, ICAM1 and SNAIT) (39, 40) from the RNA sequencing results
(Figure 1D). All the ECFCs show strong expression of endothelial markers although
cluster 2 cells show significantly decreased expression of endothelial markers PECAM1
and VWF. It was also observed that the mesenchymal markers CNN7, THYT and FSP7 had
very low expression in almost all samples which were not significantly different between
clusters, indicating that the cells are not fully mesenchymal. Interestingly, the EndoMT
markers where expressed by all ECFCs and were all significantly upregulated in cluster
2 compared to cluster 1. This further emphasizes that ECFCs are still endothelial and
not fully mesenchymal cells and that the EndoMT pathway plays a significant role in
the heterogeneity between clones. These findings give an indication of the differences
between clones on an expression level, but additional experimental evidence is needed
to confirm this.

Inflammation and endothelial to mesenchymal transition pathways are
differentially regulated in cluster 1 and cluster 2 ECFCs

To formally identify and prioritize relevant gene sets associated with the observed
differences between the cluster 1 and cluster 2 ECFCs (Figure 2), we employed Gene
Set Enrichment Analysis (GSEA). GSEA is a powerful computational approach that
offers several advantages in the analysis of bulk RNA sequencing data like reducing
the impact of random noise in large-scale transcriptomic datasets (41). We applied
GSEA to the Gene Ontology (GO) Biological Process (BP), Cellular Component (CC) and
Molecular Function (MF) databases. GSEA from the GO:BP (Figure 2A) demonstrated
significant differences (g-value < 0.05) with a positive normalized enrichment score
(NES) (meaning an upregulation in cluster 1 ECFCs) in the gene set “regulation of
endothelial cell migration” (NES = 1.56), and a negative NES (meaning a downregulation
in cluster 1 ECFCs) in “inflammatory response” (-1.60), “extracellular matrix organization”
(-1.69), and “endodermal cell differentiation” (-2.20). Furthermore the “epithelial to
mesenchymal transition” (-1.57) gene set showed borderline significant differences
(g-value of 0.06). This highlights the potential variation in cytokine regulation, migration
and differentiation.
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Figure 2. Gene Set Enrichment Analysis of cluster 1 versus cluster 2 ECFC RNA expression.
(A-C) GSEA showed the significantly enriched gene sets (FDR < 0.05) between cluster 1 and
cluster 2 ECFCs for various databases; GO:BP (A), GO:CC (B) and GO:MF (C). D) GSEA map of the
top 50 gene sets from the GO:BP database constructed with the enrichplot package. Red nodes
indicate gene sets with a negative NES while blue indicates a positive NES score. Thickness of lines
between nodes correspond with the similarity between gene sets. Abbreviations: Normalized
enrichment score (NES); Genome Ontology (GO); Biological Processes (BP); Cellular Component
(CC); Molecular Function (MF).

Additionally, GSEA from the GO:CC (Figure 2B) and GO:MF (Figure 2C) databases
resulted in gene sets scoring negatively for “collagen-containing extracellular matrix”
(-1.90), "extracellular matrix” (-1.78), “CXCR chemokine receptor binding” (-2.12), “cytokine
receptor binding” (-2.16), “extracellular matrix structural constituent” (-1.96) and
“fibronectin binding” (-2.01). The Gene set “Brush border membrane” had a positive
NES (1.94). Genes often participate in multiple pathways and GSEA can thus yield
large numbers of broadly overlapping gene sets. Therefore we collapsed redundant
pathways into single functional or biological themes and created a GSEA map for the
top 50 enriched GO:BP gene sets (Figure 2D), thereby further aiding in interpretation.
Clusters of gene sets indicate that most negatively enriched gene sets are associated
with inflammation and immune responses, either to viruses or bacteria. These findings
collectively provide a view of the transcriptional distinctions between the clusters,
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offering novel insights into the underlying molecular mechanisms regulating their
distinct characteristics.

Quantitative differences in cell and WPB morphology between ECFC clusters
RNA expression showed a significant difference in genes associated with cell proliferation
and VWF production. It has been shown that VWF production is directly linked to the
length of WPBs (14). Previous research has also shown significant differences in VWF
protein production, cell size and proliferation between ECFC clones (5, 6). Therefore,
we imaged cluster 1 and cluster 2 ECFC clones (Figure 3A) to quantify the cell count,
cell size and shape number (Figure 3B-D). To analyze WPB count and morphology we
also quantified their eccentricity and maximum ferret diameter as an approximation of
roundness and length respectively (Figure 3E-H), using a specialized CellProfiler pipeline
for automated WPB identification and quantification (37). Data is shown as mean + SD.
Cell count was significantly lower in cluster 2 ECFCs (n = 152.90 + 109.60) than in cluster
1(n=409.90 + 164.80, p=0.0003). As endothelial cells form a confluent layer, it follows
that we observed a larger cell size in cluster 2 ECFCs (4490 pm? + 2799) compared to
cluster 1 ECFCs (1529 pm? + 684.90, p=0.0006). We also observed that cluster 2 ECFCs
were significantly rounder (0.77 + 0.02) than cluster 1 ECFCs (0.83 + 0.04, p=0.0006) as
measured by their eccentricity. Furthermore, WPB count per cell was significantly lower
in cluster 2 ECFCs (n = 25.40 + 30.40 vs. 118.00 + 44.40, p=0.0001). WPB eccentricity
and length of the WPBs were measured and WPBs were both rounder and shorter in
cluster 2 ECFCs (0.66 + 0.03 vs. 0.72 + 0.05, p=0.0024 and 0.76 ym £+ 0.12 vs. 0.97 pm
+0.26, p=0.017 respectively). Finally, the relative distance of the WPBs to the nucleus
in percentage was measured. We found that WBPs of cluster 1 ECFCs (56.48% + 7.20)
tend to locate more to the periphery of the cell than cluster 2 ECFCs which seem to
locate relatively closer the nucleus (46.09% + 13.79, p=0.06). This is likely explained
by the larger size of the cluster 2 ECFCs. Collectively, these findings could explain the
reduced VWF production and secretion observed in previous research (6).

82



ECFC heterogeneity in RNA expression and morphology

-
T
2
w
=
S
o™
&
2
[}
3
o
B k% c HKk kK D sk ok %k
800 ' 10000 0904 ! ' g% Cluster 1
= & e® o8
= 600- o® < 7500 2085 0% ®
5 ® @, Cluster 2
= :‘ E - £ S0 ‘=
c
= o —— © wul ) .
g 400155~ @ g 5000 g 080 .:. @
2 0ol o0 3 v )
[} [ ] = = @
S 200 098 825004 § o 8 0.754
b & y
o
0 T T 0 T T 0.70—7—1—
E *k % F * G *k & H 00623
250 I 159 0.804 | — 100
E @ : .!. é
= 200+ T 124 g® Z074 @ o B0
8 Y 3: 2 .i' @ °
5 1504 o £ 09 %8 e Eoss{ Q0 8 2 5o ®
o @ 2 - s )
= c [} ® 3 ® e
3 1004 % E:-’ 061 g0 @ @ 062 @ s T o ee
2 h L g 2 .-
D 504 oo 2 0.31 = 0.56 g 201
= e
o—ﬁ—z— 0.0 ; T 0.50 . T m 0 T I
LN V. L% 4 LY Vv
& & & o & & 2 g #
& N N & & S & &
< @ @ e e G G G

Figure 3. Morphological differences of cell and organelle count and shape. Phenotypic
profiling of the ECFCs was done using tile scans (707381 pm2). ECFC clones were divided by
hierarchical clustering based on RNA expression in cluster 1 (n=13) and 2 (n=9). A) Representative
confocal images of ECFCs stained with Hoechst (blue) and antibodies against VE-cadherin (red)
and VWF (green) from cluster 1 (top) and cluster 2 (bottom, scale bar represents 25 um). The
white box shows a 2.5x zoom in of the merge (scale bar represents 10 pm). Images were taken
with a 63x times objective. B) Cell count per surface area of the tile scan. C) Median surface area
of cells per clone. D) Median cell eccentricity. E) WPB count per cell per ECFC clone. F) Median
WPB length per ECFC clone. G) Median eccentricity of WPBs per ECFC clone. H) Distance of the
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WPB to the nucleus relative to their position in the cell in percentage. Values are median per
clone. Line shows median. Unpaired T-test was performed on normally distributed data (B, D, F,
G and H). Mann-Whitney U test was performed on not normally distributed data (C and E); * p
<0.05, ** p < 0.01, *** p <0.001.

Decreased cell migration in cluster 2 ECFCs

According to the GSEA, genes associated with regulation of endothelial cell migration
were differentially expressed between cluster 1 and cluster 2. To determine the rate of
migration of the ECFCs, a scratch assay was performed three times on a selection of
cluster 1 and cluster 2 ECFCs (n=3 per cluster) and closing speed was quantified (Figure
4A). The mean cell count per cluster at TO was 418.01 £ 52.25 in cluster 1 and 252.06
+82.43in cluster 2. We observed that the closing speed in the first 20 hours after the
scratch was significantly higher in cluster 1 ECFCs (29143.67 + 6713.37) than in cluster
2 ECFCs (13889.50 + 1278.76, p=0.0097) (Figure 4B). Furthermore, the same effect was
seen when the potential contribution of proliferation to the closing speed was excluded
by inhibition of proliferation using Mitomycin C (26901.67 + 6882.52 vs 12610.83 +
399.18, p=0.0138). This indicates that the difference in closing speed is caused mostly by
the migration capabilities of the cells within this time frame. This is in line with previous
research where proliferation between clones of different morphological groups was
analyzed (6). There, the phenotypic groups of ECFCs showed no significant difference
in proliferation in the first 24 and 48 hour period, but group 1 did show increased
proliferation after 48 hours in culture.

84



ECFC heterogeneity in RNA expression and morphology

A

Raw
image

Pixels
covered

40000+

30000 . Cluster 1
e
2000 :‘: Cluster 2
@ -

20 g

Closing speed
(pixels/hour)

100004

o

+ <

Mitomycin C

Figure 4. Delayed migration of cluster 2 ECFCs. ECFCs were stained with a live cell marker
(Cell tracker), scratched and then imaged every 30 minutes. A) Top, representative image of the
scratch at three time points in a cluster 1 ECFC clone. Bottom, a graphic representation of the
calculated pixel coverage in white as calculated by a CellProfiler pipeline. Average pixel closing
speed per hour was quantified. B) Mean closing speed of three cluster 1 ECFCs and three cluster
2 ECFCs (showing the average of three measurements). On the left without (-) and on the right
with (+) inhibition of proliferation by Mitomycin C. Statistical analysis by two-way ANOVA, * p <
0.05, ** p < 0.01.

Discussion

ECFCs have been used to study the pathogenic mechanisms of various diseases in vitro (29,
32, 33, 42). However, considerable phenotypic heterogeneity has been observed in ECFC
clones isolated from healthy controls (5, 6), which may preclude unambiguous interpretation
of such work. Therefore, we aimed to determine phenotypic and gene expression
differences between control ECFCs. In this study, we found that 2 major clusters of ECFCs
could be discerned that, in all our subsequent morphological and functional analyses,
were phenotypically distinct. Cluster 1 ECFCs are smaller cells that contain large numbers
of elongated WPBs and show high migration capacity, whereas cluster 2 ECFCs are large,
contain fewer WPBs that are also significantly shorter and display a reduced migratory
potential. Elongated morphology of WPBs correlates with their secretion competence as well
as the hemostatic potential of their main cargo protein VWF (3), while abnormalities in WPB
size and shape can be a direct consequence of the pathogenic mechanisms that underpin
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some forms of VWD (32, 33, 43). Moreover, it was reported that ECFCs isolated from VWD
patients also have alterations in their migratory and angiogenic potential (29, 31, 44). Our
observation that these key parameters already show significant differences between the 2
phenotypic clusters within healthy controls highlights the need for care when interpreting
data obtained with ECFCs from healthy as well as diseased subjects. It also offers a potential
strategy to minimize the impact of ECFC heterogeneity on experimental results (see below).

Despite unbalanced numbers of replicates between clusters, the high number of detected
differentially expressed genes was sufficient to detect biological process changes. Cluster
1 ECFCs showed upregulation of genes associated with proliferation and migration, while
cluster 2 ECFCs have upregulated genes associated with inflammation, senescence and
apoptosis. This included Pannexin 1 (data in repository), a senescence marker that was
recently found to modulate angiogenic activities and cellular activity in ECFCs (45). RNA
expression profiling also showed that TGFB), TGFB2, BMP2 and SMADT were upregulated in
cluster 2 which are EndoMT/EMT associated genes (39). EndoMT transforms endothelial cells
into mesenchymal cells, leading to reduced expression of endothelial markers, increased
extracellular matrix proteins, and loss of endothelial functions (46-48), including reduced
synthesis of VWF (49). Our transcriptional, morphological and functional data fit with the
notion that cluster 2 ECFCs are in the process of EndoMT or are transitioning towards
mesenchymal cells. Transcriptional analysis of ECFCs by Kutikhin et al. showed that ECFCs
overexpress endothelial markers NRP2, NOTCH4 and LYVET when compared to human
coronary artery endothelial cells and human umbilical vein endothelial cells (50). These
markers were also strongly expressed in our data. Interestingly, LYVET was expressed in all
samples, but was strongly upregulated in cluster 1 ECFCs, suggesting cluster 1 ECFCs have
more potential to differentiate into the lymphatic endothelial lineage. Higher levels of TGFB2
in cluster 2 which has been shown to induce EndoMT and downregulate expression of LYVET
may also explain the difference in expression (51).

Why some ECFCisolations result in clones that correspond to cluster 2 clones with EndoMT
characteristics, while also yielding cluster 1 clones that have not progressed to that state
is currently unclear. It has been shown that EndoMT can be regulated by epigenetic
mechanisms (52), which could have led to some of the circulating cells from which ECFC
clones originate having been primed upfront towards generating cluster 2 ECFCs. The origin
of circulating ECFCs remains unclear. Tura et al. showed that ECFCs are likely not originating
from bone marrow but are derived from a CD34(+), CD133(-), CD146(+) cell fraction potentially
arising from vessels (53). The transcriptome of ECFCs closely resembles that of cultured
microvascular endothelial cells and HUVECs (54). Heterogeneity between clones may arise
from different vascular beds, influenced by specific microenvironmental cues (55). Lin et al.
identified a fraction of CD34°"" and PROCR* umbilical vein cells as a potential ECFC origin.
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Interestingly, the genes used by Lin et al to characterize this subset (PROM1, PTPRC, CDH5,
PECAM1, MCAM and FLI1) are also expressed similarly by the ECFCs used in our study
(56) (see repository). This makes it likely that they are derived from the same pool. Lack
of differential expression of these genes between ECFC clusters suggests differentiation
occurred after isolation.

Multiple studies have shown that inflammation can cause EndoMT in primary endothelial
cells (57-59). This is in line with our findings as the transcriptional profiling and the subsequent
GSEA showed a strong upregulation of inflammation and immune response pathways in
cluster 2 ECFCs. Collectively, these data suggest that cluster 2 ECFCs create, or are a result
of, an inflammatory environment. Additionally, our data shows that expression of the pro-
inflammatory cytokine interleukin 8 (/L-8) is significantly upregulated in cluster 2 ECFCs.
Medina et al. showed that endothelial cells after ex vivo expansion became enlarged and
senescentin an /-8 dependent manner (60). We speculate that this represents an autocrine/
paracrine inflammatory loop that can initiate or perpetuate the transdifferentiation into
cluster 2 ECFCs. Whether this is an ongoing process in which even cluster 1 ECFCs are
destined to eventually become cluster 2 is not clear from our data, since the bulk RNA
sequencing analysis that we performed is unable to identify single cell differences within
clones. Longitudinal studies and single cell RNA sequencing analysis will be necessary to
reveal whether ECFC clones are homogenous populations or in various stages of transition.

Lastly, the phenotypic differences in ECFCs could be attributed to isolation and culture
conditions, influenced by factors such as prolonged culture times, frequent media changes,
and clonal expansion from a single cell. Previous studies have shown the impact of variables
on the characteristics of ECFC clones, such as day of first appearance of ECFCs (6), passaging
(60), time in culture (61, 62) and as a result, replicative stress that some ECFCs may have
experienced during expansion. Anumber of questions remain regarding the unpredictability
of ECFCisolations. Firstly, it has been observed that some isolations from donors or certain
disease phenotypes yield no clones, so termed “zero colonies” (63). For example, ECFC
isolation from patients with VWD type 3 is possible but with low success rate (29), suggesting
a role for VWF in this process. Secondly, donor age also seems to influence outcome as
isolations from children (0 to 10 years) yield significantly more ECFCs than adult isolation, but
no differences are seen between adults ranging from 20-73 years of age (63). The donors
included in the current study were all adults and no age-related differences were observed
in this study. Ongoing efforts by the ISTH SSC Vascular Biology aim to standardize ECFC
isolation and culturing, proposing recommendations for seeding density, passaging, and
clone expansion to reduce variation between laboratories and clone heterogeneity (63, 64).
Whether these recommendations will favor the emergence of relatively more cluster 1 or
2 ECFCs remains to be seen.
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This study provides crucial insight into the heterogeneity of ECFC clones derived from healthy
donors. Whether this heterogeneity between ECFC clones relates to a predisposition within
the cell of origin, or if it is introduced as a result of the inherent variations associated with
primary cell isolation and culture conditions, remains unclear. In a previous, multicenter
study using ECFCs isolated from Dutch and Canadian donors in 2 separate laboratories
we showed that, using classification of ECFC clones based on morphology, we could
distinguish 3 separate groups that also differed in terms of proliferation, VWF secretion
and expression of cell surface receptors (6). We now show that an even further and simpler
dimensionality reduction can be achieved using gPCR profiling. While this has only been
performed in our laboratory, it broadly aligns with the previous classification of the Dutch
and Canadian ECFCs (6). This highlights that these discrete phenotypic clusters are probably
not restricted to ECFC isolations from our laboratory, but may also be present within ECFC
collections from other investigators. Whether our strategy to dichotomize ECFCs into two
distinct clusters can be more generally applied as a solution for phenotypic heterogeneity
that is observed by other investigators, will need to be validated in other labs. This should
include standardized methods such as proposed by the SSC (65), to rule out the effect of
experimental variation during isolation and ex vivo maintenance of ECFCs. Furthermore, it
is vital to acknowledge that there are other key aspects of ECFCs not addressed in this study
like angiogenic capacity, proliferation, apoptosis or endothelial barrier function. For studies
that aim to use ECFCs with such phenotypic readouts it is thus important to confirm that
the phenotypic variability that has been observed for those aspects (44) also relates to the
2 ECFC clusters that we identify.

In order to use the ECFCs as a robust model to study pathogenic mechanisms, it is essential
that one takes the phenotypic heterogeneity into account in the experimental design. This
ensures that findings are not incorrectly attributed to pathogenic mechanisms rather than
phenotypic heterogeneity in ECFCs. So far, no objective criteria were available that could be
used to stratify ECFCs for this purpose. The benefit of this study is that we present a minimal
gPCR panel that can be used as a tool to pre-characterize and dichotomize clones during the
isolation workflow into two ECFC subsets, each with distinct morphological and migratory
features. The relatively small number of genes that need to be screened, combined with
the wide availability of gPCR platforms means that this should be a quick and cost-effective
tool that is accessible for all laboratories that study ECFCs. Furthermore, gPCR offers an
unbiased approach to pre-select clones, without selection based on outcome parameters.
The raw gPCR data of the panel of 34 ECFC clones is made readily available and can be used
to aid characterization of small numbers of samples (data in repository). When applying
the gPCR panel to match ECFC clones, we recommend to select neighboring clones after
hierarchical clustering, or to select clones which, in gene expression, don't differ more than
1 fold change from one another. Classification of ECFC clones provides a rationale to select
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matching ECFCs in experimental comparisons. Owing to, among others, their favorable
growth characteristics, one would preferentially compare cases with controls using cluster 1
ECFCs. In cases where only cluster 2 ECFCs are available, for instance with rare patients with
persistent low yield of ECFCs, this classification can help to minimize the effect of phenotypic
variability on experimental outcome by selecting matching cluster 2 control ECFCs. Finally,
this knowledge offers an excellent platform for follow-up research to be performed. Our
data suggests a strong role of an inflammatory mechanism that could cause, or be the
result of, the differences between ECFCs clones. Further understanding of the cause of this
inflammatory milieu could lead to improved standardization of the isolation and culturing
protocol.
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ECFC heterogeneity in RNA expression and morphology
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Supplemental Figure 1. Principal Component analysis (PCA) of bulk RNA transcriptomes.
A) Percentage of explained variance is shown in a scree plot. The first 10 principal components
are shown. B) Dendrogram of the hierarchical clustering of samples based on PCA 1-4 shows 2
distinct clusters.

93



Chapter 4

ON ON 3 - ON 4 6l 7l 9¢ k| 6 8l
ON ON 3 L SOA 4 6l 7l 9¢ k| 6 LL
ON SOA 3 L SOA 4 144 6l 9¢ k| 8 9l
SOA SOA 4 4 SOA 4 7S L 6¢ N L Sl
ON SOA 3 L SOA L 6l Sl ec k| 9 14
ON ON L - ON L 14 Sl €C 4 9 €l
ON ON 3 - ON L 6l Sl ec k| 9 45
ON SOA 14 4 SOA € 33 8¢ €C 4 9 Ll
ON SOA  xxxl - ON € 9¢ Sl 914 N S oL
ON SOA 3 - ON 4 0€ 6l 8¢ k| 14 6
ON SO9A 4 - ON 4 14 6l ec k| € 8
ON S9A L 3 SOA € ec el ec k| € L
ON EEN 4 4 SOA € LC Sl €c k| € 9
ON SOA 4 - ON € 9¢ 7l 8¢ N 4 S
ON ON L 3 S9A L 8l el 79 N L 14
ON SOA L - ON L 144 el 79 N L €
ON SOA L - ON 4 8l el 79 N L 4
ON SOA L 3 BEN 4 9l el 79 N 3 L
Aesse siskjeue Supuanbas dnou8 ,424n3INd  LUOIIDIIBP Jagwinu  Jaquinu
uoneJSiN ‘ydioy ¥ddb basvNy VNYIng ‘ydion ulawi] Jo Req 28y PEIS Jouoq 9jdwes
SuiLisny

'S3UOD D417 Jo sonsisdeley) *L a|qe] [eausawsa|ddns



ECFC heterogeneity in RNA expression and morphology

(‘bas) Bupuanbas ‘(ydio) |ed180j0ydIol :SUOIIBIARIQQY "PRUSISSe Sem 7 421sn|D
'SIUDWRINSEAW |Ce[IBAR U0 PaSeQ Palalsn|d A|[NJSSaddNS 94 10U PIN0Dxxx (SABP Ul) 8UIZaal) 01 UOIID2I9P JO AP W04y "UOISN|DUI J91Je SABP JO ISQUINN «

ON SOA 4 - ON € 6l Gl 144 k| oL 143
ON SOA 3 - ON € L el LC k| 9l €
SOA SOA 3 - ON 4 ec el LC k| 9l [43
ON SOA 4 - ON € [01% 9l ec k| Sl 23
SOA SOA 3 L SOA L Gl 4" 0c¢ k| 14 0€
ON ON 3 - ON L L cl 0c¢ k| 7l 6¢
ON EEN 3 - ON L €c Cl 0¢ k| 7l 8¢
ON SOA L - ON 4 €c 7l LC N el Ll
ON SOA L 3 SSA 4 [44 LL Ll N el 9¢
ON SOA L 3 SOA € ec 7l Ll N el S¢
SOA EEN 4 - ON € €5 9l ec N Cl 144
EEN S9A L 3 SOA L LL Sl 9¢ N Ll ec
ON SOA L - ON L Sl Sl 9¢ N Ll [44
SOA SOA 4 - ON € 1% 6l 144 k| ol L
ON SOA 4 4 EEN € 144 9l 144 k| ol 0¢
ON SOA L 3 SOA 3 8l cl 9¢ k| 6 6l
Aesse sisAjeue Supuanbas dnou8 ,424n3Nd  Lu013d319p Jagqwinu  Jaqwnu
uoneJSin ‘ydioy ¥ddb basvN¥ VYNYIng -ydion ulawig jo e a8y Xas Jouoq 3jdwes
SuLIsny

panuiuo) °| alqel |eauawsa|ddns

95



Chapter 4

“(1NT) uonisuel) [ewAydussaiA 01 [elayndl ‘(LINOPUT) uonisue. [PWAYIUSSIIA O [elj2y10pud (gdA) Apog ape|ed-|2qIap :SUoneIARIqqY

L119VI2OVI5D1D1020VVIVD DVIOVOOLIOVOVOLIYOIOVOVYD uonewwelu| 810XD
JVYVYVYOHLIIOVILOVYOLODDLOVD VYODOVVVODLIVIOIOVILYILD uonewweu| LINIJHY3S
OOVILLIDOVIDIVIILDLIDIDD DD9DIVOIVVVLIIIVIVIDLLDD 9IU3ISaUsS dgelgy
1V2DOOVVYOOHOVIDILIVIDLDIDL DOVOLODYOVVYIVYIDLIDLIDL sisoydody ¢1s4g
YVYOLVOOVYIIIOVDHOLVVIIIV 1VOVVYIIOVYIOVIVIILDD1DD sisoydody yadk]
DD1D1DVOVYILVYIVIOVOOLDLD 99DIVVILVLIOVILODIVIOVOHD LINF/LINPUT 19451
DDOL1IDIDIDVOIVYILIVIOLLLL DOVOVLIOVOL1D9DID9VD LINF/LINPUZ L1102
DLID11DVIDDID1119D10VDD VO1DOVILIVIODDVYIDDIVIDL 1NF/LNPUT JO JONqIyul ¢dINg
1290VOD11DD109VOLLD HVYDIVHOVYVYVYIHODIDID uoheJ941j04d 81XOS
D5DDIDVIVVYIVIVIIDDIDIVD PRRLIBSLVASIBINABSRIAAADLDS) uohieJ941jo04d LVIHATV
OVYVYOOLIVOVOILLDL1DDD1IVD S1021VOIL1ID1DOVIVIIVYI u13104d JUBIU0D GdM €900
DOVIOVVYYIIDILIVOIIVDLIDD OO09OVVLLIDIDOVIODIDDL u12104d 1U31U0D gdM 1vd
OOVIOVOOHVYILLIDDIDIDIY O191VVYOLDDVDHODDIVOL L u12104d JUBIUOD GdM AMA
SOVOHOIVOOVVYILILIDDIVVYVYDLD ABLLORIBIBLLINNBRIDEBIE u12104d JUSIUOD GdM d13s
11920VOVIVIDLOL1DVHOVD VOVOHVYIDILIVIDVIVIIOVYD u12104d JUSIUOD GdM V,cavd
DOVILOVIDIVOHIVIDOLIVD VOVDIOVYOOVIILLIDIVIOV SuideaasnoH HddVD
asuas-nuy asuas Ki1o08a3e) auan

|aued ¥Yodb ayy Jo) pasn sedusnbas Jawiid *z djgel |eyuawsajddns



Supplemental Table 3. Antibodies used in immunofluorescence

Antibody

VWEF (rabbit)
VE-cadherin (mouse)

Hoechst

Donkey-anti-Rabbit AF647

Donkey-anti-Mouse AF488

ECFC heterogeneity in RNA expression and morphology

Category Concentration Dilution

Manufacturer
number
IF Primary
DAKO A0082
BD Pharming 555661
Thermo Fisher H3569
Scientific
IF Secondary
Invitrogen Molecular A31573
Probes
Invitrogen Molecular A21202

Probes

4.1 mg/mL
0.5 mg/mL
10 mg/mL

2 mg/mL

2 mg/mL

1:1,000
1:250
1:10,000

1:750

1:750

Abbreviations: Von Willebrand factor (VWF), Immunofluorescence (IF)

Supplemental Table 4. Bulk RNA sequencing genes of interest with >7.5 CPM and >2 log2FC

Gene genelD Average Average P-values Category
Log2CPM Log2FC (FDR
corrected)

BST2 ENSG00000130303 777 -6,98 9,04E-06 Apoptosis
IFI27 ENSG00000165949 8,45 -4,04 1,48E-02 Apoptosis
IFI6 ENSG00000126709 794 -5,07 5,80E-05 Apoptosis
CLu ENSG00000120885 9,91 4,69 5,80E-05 Apoptosis*
GIMAP4 ENSG00000133574 7,84 2,82 1,22E-04 Apoptosis*
GIMAP6 ENSG00000133561 7,68 2,40 2,70E-04 Apoptosis*
GIMAP8 ENSGO00000171115 7,86 2,67 3,00E-04 Apoptosis*
SCARA3 ENSG00000168077 7,55 4,09 3,37E-04 Apoptosis*
ANGPTL4 ENSGO00000167772 7,71 -3,42 2,73E-03 EndoMT/ EMT
TGFBI ENSG00000120708 8,63 -4,45 1,21E-03 EndoMT/ EMT
ALCAM ENSGO00000170017 8,51 -2,43 2,53E-04 EndoMT/ EMT
CADM3 ENSG00000162706 8,10 -6,60 4,71E-04 EndoMT/ EMT
Cb44 ENSG00000026508 7,59 2,93 4,71E-04 EndoMT/ EMT
COL1A2 ENSG00000164692 9,24 -5,22 1,59E-03 EndoMT/ EMT
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Supplemental Table 4. Continued

Gene genelD Average Average P-values Category
Log2CPM Log2FC (FDR
corrected)
COL5A1 ENSG00000130635 10,00 2,72 1,13E-03 EndoMT/ EMT
COL5A2 ENSG00000204262 9,77 -2,09 1,27E-03 EndoMT/ EMT
COL8A1 ENSG00000144810 9,86 2,14 4,88E-03 EndoMT/ EMT
FN1 ENSG00000115414 12,95 -2,07 2,13E-03 EndoMT/ EMT
ITGAV ENSG00000138448 9,73 -2,87 7,20E-04 EndoMT/ EMT
LTBP1 ENSG00000049323 8,64 -2,58 113E-03 EndoMT/ EMT
NRCAM ENSG00000091129 7,55 -2,67 2,35E-03 EndoMT/ EMT
PLOD2 ENSG00000152952 8,63 -2,18 5,76E-04 EndoMT/ EMT
PVR ENSG00000073008 8,44 -2,65 1,22E-03 EndoMT/ EMT
TPM1 ENSG00000140416 9,93 -2,48 3,30E-04 EndoMT/ EMT
TPM2 ENSG00000198467 7,76 -2,41 9,64E-03 EndoMT/ EMT
MMRN1 ENSG00000138722 11,20 518 9,45E-05 Endothelial
marker
TFPI ENSG00000003436 8,46 218 1,19E-03 Endothelial
marker
TSPAN18 ENSGO00000157570 7,57 2,78 1,82E-04 Endothelial
marker
VWF ENSG00000110799 12,67 2,63 5,04E-04 Endothelial
marker
CXCL1 ENSG00000163739 8,65 -3,72 6,97E-03 Inflammation
CXCL6 ENSG00000124875 9,28 -6,10 5,18E-03 Inflammation
CXCL8 ENSG00000169429 8,81 -3,67 1,15E-02 Inflammation
ILTRLY ENSG00000115602 7,64 -2,86 2,29E-03 Inflammation
IL32 ENSG00000008517 7,58 -2,09 9,14E-03 Inflammation
PTX3 ENSG00000163661 10,89 -2,72 3,98E-03 Inflammation
SERPINE1 ENSG00000106366 12,90 -2,62 7,28E-03 Inflammation
SLC7A2 ENSG00000003989 7,89 -3,86 2,56E-04 Inflammation
MYH10 ENSG00000133026 8,87 2,24 2,72E-04 Migration
EMCN ENSG00000164035 8,12 2,11 1,32E-02 Proliferation
ADGRG6 ENSG00000112414 7,54 2,10 2,08E-02 Proliferation
ALDH1A1 ENSG00000165092 9,54 7,20 5,64E-04 Proliferation
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Supplemental Table 4. Continued

ECFC heterogeneity in RNA expression and morphology

Gene genelD Average Average P-values Category
Log2CPM Log2FC (FDR
corrected)
ELK3 ENSG00000111145 8,32 2,55 5,76E-04 Proliferation
NDRG4 ENSG00000103034 7,57 2,63 2,40E-03 Proliferation
PPP1R16B ~ ENSG00000101445 8,13 2,29 1,66E-04 Proliferation
CAVIN2 ENSG00000168497 9,28 2,85 3,45E-05 Proliferation/
migration
DCBLD2 ENSG00000057019 7,87 -2,23 4,69E-03 Proliferation/
migration*
PDE2A ENSG00000186642 7,89 3,40 9,48E-04 Proliferation/
migration
SOX18 ENSG00000203883 7,99 3,35 2,49E-04 Proliferation/
migration
TAGLN ENSG00000149591 7,95 -3,02 3,73E-02 Senescence
ABI3BP ENSG00000154175 9,24 -4,49 3,30E-03 Senescence
SOD2 ENSG00000112096 9,66 -2,96 7,67E-03 t
ABLIM1 ENSG00000099204 793 2,44 2,15E-03 t
ESM1 ENSG00000164283 8,31 2,13 2,32E-02 t
HLA,B ENSG00000234745 9,61 -2,29 4,35E-04 T
DIPK2B ENSG00000147113 7,71 2,10 4,34E-03 t

Abbreviations: Count Per Million (CPM), Fold Change (FC), False Discovery Rate (FDR), Endothelial/
epithelial to Mesenchymal Transition (EndoMT/EMT) Symbols: *negatively regulates or inhibits
this process, tcould not be placed in a category
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Abstract

Background

Endothelial cells generated from induced pluripotent stem cells (hiPSCG-ECs) show
the majority of endothelial cell characteristics and markers, such as cobblestone
morphology and the expression of VEGF and VE-cadherin. However, these cells are
failing to show a mature endothelial cell phenotype, which is represented by the
low expression and production of von Willebrand factor (VWF) leading to the round
morphology of the Weibel Palade Bodies (WPBs). The aim of this study was to improve
the maturation process of hiPSGECs and to increase the levels of VWF.

Methods

hiPSCG-ECs were differentiated by a standard differentiation protocol from hiPSCs
generated from healthy control donors. To induce maturation, the main focus was
to increase the expression and/or production of VWF by the adjustment of potential
parameters influencing differentiation and maturation. We also compared alternative
differentiation protocols. Cells were analyzed for the expression of endothelial cell
markers, WPB structure, and the production and secretion of VWF by flow cytometry,
confocal microscopy and ELISA.

Results

The generated hiPSCG-ECs have typical endothelial cell surface expression profiles,
with low expression levels of non-endothelial markers as expected. Co-culture with
pericytes, varying concentrations and timing of differentiation factors, applying
some level of flow, and the addition of HDAC inhibitors did not substantially improve
maturation of hiPSCG-ECs. Transfection with the transcription factor ETV2 to induce a
faster hiPSGEC differentiation process resulted in a limited increase in VWF production,
secretion, and elongation of WPB structure. Alternative differentiation protocols had
limited effect.

Conclusion

hiPSCs-ECs have the potential to show a more mature endothelial phenotype with
elongated WPBs after >30 days in culture. However, this comes with limitations as
there are very few cells detected, and cells are deteriorating after being in culture for
extended periods of time.
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Introduction

Human endothelial cells are an essential source and tool to study a wide variety of
diseases, especially vascular and bleeding disorders. However, obtaining primary
endothelial cells or the use of endothelial colony forming cells (ECFCs) (1, 2) remains a
challenge with limitations such as the phenotype of interest and in vitro culture. The
success rates of ECFC isolations is rather low (reported ranging from 46-70%), with
some donors never yielding any colonies (3-5). Furthermore, if successful, there is a
high probability heterogeneity is observed between ECFC clones (2). Nowadays, human
induced pluripotent stem cells (hiPSCs), that can be generated from almost any somatic
cell type, are an attractive and versatile cell model that has been used in a wide variety
of studies (6, 7). Generated hiPSCs are capable of self-renewal and have the potential
to differentiate into almost any cell type of interest, thereby overcoming the lack of
disease-specific cells and tissues in several disorders.

We have an interest in cell models for the study of von Willebrand disease (VWD).
This bleeding disorder is characterized by reduced circulating levels of functional von
Willebrand factor (VWF), which is a multimeric protein that is produced mainly by
endothelial cells (8). Even though there are several methods to differentiate hiPSCs
into endothelial cells (hiPSCG-ECs), the most common and straightforward approach
is through 2D protocols (9, 10). These protocols can be divided into a mesoderm and
endothelial differentiation phase, with minor alterations in the differentiation factors
and/or concentrations used. On average, this two-step differentiation process will take
8-10 days, with a CD31 purification step to follow. CD31 is platelet endothelial cell
adhesion molecule (PECAM-1), which is a mature vascular marker and involved in cell
adhesion, activation and migration. The CD31* population can be further differentiated
into hiPSGECs, whereas the CD31- group can be differentiated into pericytes (hiPSC-
PCs) for co-culture purposes. Approaches like this will generate substantial numbers
of both cell types, derived in just 2-3 weeks.

Generated hiPSGECs show the typical endothelial cell-like morphology and express
endothelial markers at levels comparable to primary endothelial cells such as vascular
endothelial (VE-)cadherin (CD144) and melanoma cell adhesion molecule (MCAM;
CD146), and have been used in functional studies (11, 12). However, there are some
concerns about the efficiency and maturity of hiPSGECs using these protocols (9, 10,
13). Most endothelial differentiation protocols that have been developed to date have
relatively low endothelial cell yields to use for assays to generate proper power. Like
primary endothelial cells in vitro, hiPSGECs have restricted proliferative potential and
either undergo senescence or endothelium-to-mesenchymal transition after multiple
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passages (11, 12). Even though hiPSGECs mimic endothelial cells very accurately in
their overall endothelial marker and characteristic profiles, the maturity of these cells
is lacking behind. While it has been shown that hiPSGECs do produce and secrete VWF,
levels are significantly lower than in primary endothelial cell sources, such as human
umbilical vein endothelial cells (HUVECs) and ECFCs. This is mainly reflected in the shape
of the Weibel-Palade bodies (WPBs), which are tubular shaped in mature endothelial
cells, but visible as round structures in hiPSGECs, indicating immaturity (9, 14).

To produce more mature, differentiated hiPSCG-ECs we tried several different
madifications following published protocols. This study showed that these adjustments
lead to partial improvements in the phenotype. However, more optimization is needed
to generate a robust and reproducible endothelial cell model.

Materials and Methods

Study design

The study protocol for peripheral blood mononuclear cell (PBMC) isolation and iPSC
generation was approved by the ethics review board of the Leiden University Medical
Center (LUMC), the Netherlands (medical research ethics committee (MREC) Leiden
Den Haag Delft). Written informed consent was obtained from all participants in
accordance with the Declaration of Helsinki. Participants were 18 years or older and
healthy donors had not been diagnosed with or known to have VWD or any other
bleeding disorder. Participants for this study where recruited between March and April
2019.]. Eikenboom, as the responsible physician of the study, was the only investigator
with access to information that could identify individual participants during and after
the data collection.

iPSC generation

Blood samples were obtained from three healthy donors (Supplemental Figure 1A) via
venipuncture and drawn in sodium heparin Vacutainers (BD Biosciences, Franklin Lakes,
NJ, Unites States of America (USA)) for PBMC collection with a Ficoll Paque gradient
(LUMC Pharmacy, Leiden, the Netherlands). The PBMC fraction was isolated and washed
twice with PBS/10% fetal bovine serum (FBS) (Gibco Invitrogen, Carlsbad, CA, USA),
and then cryopreserved until reprogramming. Cells were reprogrammed into hiPSCs
using episomal vectors to deliver the reprogramming factors (15), and characterized
for pluripotency at the LUMC iPSC Hotel (Supplemental Figure 1B).
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ECFCs

Endothelial colony forming cells (ECFCs) were isolated from healthy control donors
following the protocol described in de Boer et al (2020) (2). In short, peripheral blood
was taken from healthy individuals and isolated PBMCs were put in culture in endothelial
growth medium (EGM) for up to 4 weeks. When ECFC colonies appeared, these were
expanded and frozen down for further experiments.

Endothelial cell differentiation protocols

Orlova protocol

hiPSCs were differentiated into hiPSG-ECs with a protocol by Orlova et al. (9)
(Supplemental Figure 2A). In short, hiPSCs were dissociated with TrypLE (Gibco) and
seeded as single cells at 2x10% cells/cm? on day -1 on vitronectin (Stem Cell Technologies,
Vancouver, Canada) coated plates in E8 medium (Stem Cell Technologies) supplemented
with ROCK inhibitor (ROCKi, Y-27632) (Stem Cell Technologies) (10uM). On day 0 cells
were replated and cultured in BPEL medium (Supplemental Table 1) supplemented with
VEGF (50ng/ml) (R&D Systems, Minneapolis, MN, United States), Activin A (25ng/ml)
(Miltenyi, Bergisch Gladbach, Germany), BMP4 (30ng/ml) (R&D Systems) and CHIR99021
(1.5uM) (Tocris Bioscience, Bristol, United Kingdom). On day 3 medium was changed
to BPEL supplemented with VEGF (25ng/ml) and SB431542 (10uM) (Tocris Bioscience),
followed by a CD31 bead (Invitrogen) isolation step on day 10. Cells were then plated
on 0.2% gelatin (Sigma-Aldrich, St. Louis, MO, United States ) and cultured in expansion
EG-SFM medium (Gibco) supplemented with VEGF (30ng/ml), FGF (20ng/ml) (Miltenyi),
and PPP (1%) (Bio-Connect, Huissen, The Netherlands).

Aoki protocol

hiPSCs were differentiated into hiPSCG-ECs with an adjusted protocol by Aoki et al.
(16) (Supplemental Figure 2B). hiPSCs were dissociated with TrypLE and seeded as
single cells at 2x10% cells/cm? on day -1 on vitronectin coated plates in E8 medium
supplemented with ROCKi (10pM). On day 0 medium was changed to modified DMEM/
F12 (Gibco) (Supplemental Table 1) supplemented on day 0 with 5uM CHIR99021, day
1 with 50 ng/ml FGF, day 2-4 with 50 ng/ml VEGF and on day 5 with 30 ng/ml BMP4,
cells are incubated for 1 hour with ROCK inhibitor (10uM) before being dissociated
with TrypLE. Cells are then plated at 3.5x10% cells/cm? on 0.2% gelatin coated vessels in
endothelial progenitor cells (EPC) medium (supplemented with 50 ng/ml VEGF and 50
ng/ml FGF). On day 8, cells are incubated for 1 hour with ROCK inhibitor (10pM) before
being dissociated with TrypLE for 45-60 seconds at 37°C until some cells are floating.
Then, extra cells were stripped completely by tapping the vessel several times. After
washing with PBS three times (and aspirating the edge of the dish), purified hiPSGECs
were treated with TrypLE Select for 6-12 min at 37°C, collected, and centrifuged at
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100g for 5 min. Then, purified hiPSGECs were resuspended in fresh EPC medium,
supplemented with VEGF (10ng/ml), FGF2 (20 ng/ml), ROCKi (10pM), SB431542 (0.5uM)
and CHIR99021 (3uM), and seeded onto 0.2% gelatin (1 ug/cm?)-coated dishes (1.5x10*
cells/cm?). Medium was refreshed 3 times a week and cells were passaged 1:3.

Transfection with transcription factor E26 transformation-specific variant 2
(ETV2)

hiPSCs were differentiated into hiPSG-ECs with an adjusted protocol by Wang et al. (14)
(Supplemental Figure 2C). In short, iPSCs were dissociated with TrypLE and seeded
as single cells at 5x10* cells/cm? on day -1 on vitronectin coated plates in E8 medium
supplemented with ROCKi (10uM). After 24hrs (day 0), the medium was changed to
S1 medium to induce the mesoderm stage (basal medium with CHIR 6uM), repeated
after another 24hrs (day 1) (total of 48hrs). Basal medium is DMEM/F12, 1x GlutaMax
(Gibco) and L-Ascorbic acid (60 pg/ml; Sigma-Aldrich). After 48hrs of ST medium, cells
were harvested seeded on gelatin at 70,000/cm?in modETV2 medium and transfection
mix (ETV2 mRNA and Lipofectamine MessengerMAX (ThermoFisher)) was added at a
final concentration of 26.4uM. The next day (72h), medium was changed with modETV2
medium supplemented with VEGF (50ng/ml).After 96h (day 4) cells were replated onto
gelatin in EGM2 medium to expand the iPSGECs.

Chemically modRNA encoding ETV2 was generated by TriLink BioTechnologies/Tebu-bio
as an unmodified mRNA transcript using wild type bases and capped using CleanCap
(Poly-Atail). All the steps were performed by the manufacturer and after the transcript
was cloned into the mRNA expression vector pmRNA, we received the purified
modRNA-ETV2 product. Besides the modRNA-ETV2 we also ordered an identical
construct with modRNA-EGFP as an uptake control. Both constructs are CleanCap
and we used Lipofectamine MessengerMAX as transfection reagent (lipofection to
deliver the exogenous ETV2).

Confocal microscopy

Cells were plated on glass coverslips coated with collagen | in 24 well plates and grown
to 3-5 days post confluency. Cells were fixed and permeabilized with methanol without
washing. Cells were then rinsed with PBS and blocked for 20 minutes in blocking buffer
(phosphate buffered saline (PBS) (LUMC Pharmacy, Leiden, the Netherlands), 1% bovine
serum albumin (BSA) (Sigma-Aldrich) and fetal bovine serum (FBS) (Bodinco, Alkmaar,
the Netherlands)).

After fixation, permeabilization and blocking, cells were stained with primary antibodies
for VWF and VE-cadherin diluted in blocking buffer. Nuclear staining was performed
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with Hoechst (Thermo Fisher Scientific, Waltham, MA, USA) diluted in PBS. Coverslips
were mounted by Mounting Media (DAKO, Glostrup, Denmark ) or ProLong Diamond
Antifade Mountant (Thermo Fisher Scientific) and cells were imaged using the Leica
TCS SP8 inverted confocal microscope (Leica Microsystems, Concord, ON, Canada) with
the white light laser (WLL), Hybrid detectors (HyD) and the HC PL APO CS2 63x/1.40
oil immersion objective. Images were acquired and analyzed using the LAS-X Software
(Leica Microsystems).

Flow cytometry analysis

Cell surface marker expression was analyzed using flow cytometry (FACS). Either
cells (100,000 cells/antibody mix) or CompBeads (Thermo Fisher Scientific) were
resuspended in FACS buffer (PBS; 1% BSA; 0.01% sodium azide (Sigma-Aldrich)) and
incubated on ice for 30 minutes with labelled primary antibodies or isotype controls.
Cells and beads were fixed with 2% Paraformaldehyde (PFA, Alfa Aesar, Ward Hill, MA,
USA) diluted in PBS. After washing, samples were resuspended in FACS buffer before
being analyzed on the BD™ LSR I (BD Bioscience, San Jose CA, USA). Data was analyzed
with FlowJo software (FlowJo LLC v10.6.1, BD Bioscience).

VWF production and secretion

Basal VWF secretion of the cells was determined by the release of VWF:.Ag over 24 hours
in EGM20 medium. For regulated VWF secretion, cells were incubated for one hour in
release medium (Opti-MEM™ | Reduced serum media GlutaMAX™ supplement (Gibco);
10mM HEPES, pH 7.4, 0.2% BSA) supplemented with 100 pM histamine (Sigma-Aldrich)
and immediately after that one hour of stimulation, release medium was collected.
To determine intracellular VWF, wells with hiPSG-ECs were lysed overnight at 4°C in
Opti-MEM 1/0.1% Triton X-100 (Sigma-Aldrich) supplemented with cOmplete Protease
Inhibitor cocktail with EDTA (Roche Diagnostics, Basel, Switzerland). Wells were scraped
before lysates were collected. VWF production and secretion was measured as VWF.Ag
by ELISA as previously described (2, 3).

Results

hiPSC generation

PBMCs from three healthy donors were reprogrammed into hiPSCs followed by
characterizations. Flowcytometry showed that all clones expressed the pluripotency
markers (OCT3/4, NANOG and SSEA4) at sufficient levels (expression seen in >86%
of cells) indicating that the cells are pluripotent which is a characteristic of stem cells
(Supplemental Figure 1A). hiPSCs were also differentiated into cells of the three germ
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layers, and showed expression for several markers that identify the three layers
(Ectoderm: 33-tubulin, PAX6 and SOX1; Endoderm: SOX17 and FOXA2; Mesoderm:
NCAM and Brachyury) (Supplemental Figure 2B). This confirms that the generated
hiPSCs are embryonic stem cell like. The hiPSCs were grown to passage =10 before
being differentiated into hiPSCGECs.

Comparing hiPSC-ECs and ECFCs

We used an endothelial differentiation protocol from Orlova et al (9) which has been
developed at the LUMC. Over time, this protocol has had several small adjustments
that we also applied (Supplemental Figure 2A). However, the immature phenotype of
hiPSG-ECs is a reoccurring issue independently of the frequently used protocols. Even
though characterizations, both at cellular and expression levels, have shown these
cells are indeed of the endothelial lineage, the expression and production of VWF is
lacking behind.

Even though the hiPSGECs generated by us show endothelial morphology and
endothelial markers by immunofluorescence (IF) and flowcytometry (FACS) analysis
(Figure 1A-B), the difference is particularly evident when looking at the WPBs, the storage
organelles containing VWF in endothelial cells. These organelles are formed at the Golgi
network as round structures and elongate during maturation when VWF multimers are
stored as tubular structures. Therefore, round WPBs indicate an immature endothelial
phenotype. Because VWF and the WPBs are important key players in VWD research, it
is critical to improve the maturation process of hiPSG-ECs. As VWF production remained
low when using the standard Orlova protocol, we have tried to increase the levels of
VWEF with different approaches, to produce an improved endothelial cell model.
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Figure 1. Morphology and endothelial markers of hiPSC-ECs. A) VWF and VE-Cadherin in
hiPSCG-ECs (left) and ECFCs (right). B) FACS analysis showing endothelial and hematopoietic cell
marker expression in the three hiPSGECs and ECFCs.

Co-cultures

Our first step was to try coculturing the hiPSGECs with hiPSCG-PCs (pericytes) which
are differentiated in parallel. The Orlova protocol applies a CD31 purification step on
day 10 of the differentiation process. The CD31 positive population was differentiated
further into hiPSGECs, while the negative population give rise to hiPCs, which are also
part of the endothelium. By co-culturing these with the hiPSG-ECs, the idea is, that the
vasculature is mimicked closer, which might lead to better maturation of the hiPSGECs.
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We have successfully generated these hiPSG-PCs and performed co-cultures with the
hiPSCG-ECs. Even though the cells seem to grow for a short period in culture, we did not
observe an increase on the VWF levels or improvement of the WPB structures of the
hiPSCG-ECs (Supplemental Figure 3A).

Endothelial growth factors

Next, we focused on different factors from the endothelial differentiation protocols
and started adjusting the VEGF concentrations during the differentiation process. This
was driven by a protocol published by Rosa et al. (17), in which they used VEGF to
induce different endothelial phenotypes. VEGF is a signaling protein and plays central
roles in regulating both vasculogenesis and angiogenesis by inducing endothelial cell
proliferation, promoting cell migration, and inhibiting apoptosis. During the vascular
induction step, we added either a low or high concentration of VEGF (10 or 50 ng/
ml) to generate either venous (low) or arterial (high) like hiPSGECs (Figure 2A, C and
D). In parallel, we placed the plates on a circular rocker to induce some level of flow
to test whether flow would have an influence on the maturation process (Figure 2B);
unfortunately we had no methodology available to mimic actual vascular flow. Even
though higher VWF production and secretion is seen at 50ng/mL VEGF (Figure 2D), this
increase is minimal and the overall levels of VEGF remain far below levels expected at a
mature phenotype. Therefore, different VEGF concentrations and/or some flow during
and after differentiation does not seem to have an effect on hiPSG-EC maturation, VWF
production and secretion, and WPB shape.
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Figure 2. hiPSC-ECs cultured under variable conditions. hiPSGECs differentiated with low
or high concentrations of VEGF. A) VWF and VE-Cadherin levels by confocal microscopy. B) VWF
and VE-Cadherin levels by confocal microscopy when cultured under static (left) or flow (right)
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conditions. C) FACS analysis showing endothelial and hematopoietic cell marker levels in hiPSC
ECs. D) ELISA showing VWF production (Lysates) and secretion (medium).

Besides VEGF, we have tried different concentrations of CHIR99021 (1.5-5uM), which
is a chemical compound acting as an inhibitor of the enzyme GSK-3 which plays a
role in a number of central signaling pathways, but did not observe a difference in
differentiation parameters either. Other factors such as SB431542, which is a TGF beta
inhibitor (ALK4, 5 and 7) and BMP4, an inducer of mesoderm specification have also
been tested at different time points during differentiation and likewise, no improvement
in the differentiation process was observed (Supplemental Figure 3B).

pH lowering of culture environment

Parallel to this study, our collaborating group published a paper in which the intracellular
pH of hiPSG-ECs was lowered with acetic acid (18). They showed that, in combination
with the (adjusted) Orlova protocol, elongated WPBs appeared in the hiPSCG-ECs upon
lowering the pH, however, the total amount of VWF protein did not show an increase.
Following these results, we have tried a similar approach with different substrates
to lower pH of the culture environment, to test whether this would lead to increased
levels of VWF and elongated WPBs. We tested this on ECFCs, which show a mature
endothelial phenotype, to see the effect on the WPBs of the cells. After addition of
acetic acid, there was no effect seen on the VWF levels and WBP structures in the cells
by IF, but we did notice that the cells started to deteriorated at higher concentrations
(Figure 3A). However, when we looked at the lysates, an increase in VWF levels was
observed at 5mM acetic acid, but decreased rapidly at higher concentrations (Figure
3B). This increase was not measured in the VWF secretion, and was almost diminished
at concentrations over 5mM (Figure 3Q).
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Figure 3. ECFCs cultured with acetic acid. A) Confocal microscopy showing VWF (green) and VE-
cadherin (red)after the addition of different concentrations of acetic acid at days 8 (top panel) and
12 (bottom panel). B) ELISA showing VWF production (lysates). C) ELISA showing VWF secretion
(medium). HAc, acetic acid.

HDACi

As mentioned before, the formation and elongation of WPBs is driven solely on the
production of VWF protein. Therefore, instead of trying to mature the WPBs, we
subsequently focused on the production of VWF. We added histone deacetylase
inhibitors (HDACI), chemical compounds that inhibit histone deacetylases. This will lead
to a state of hypoacetylation which will result in loosening of the chromatin, making it
more accessible for transcription factors, leading to active gene expression. The balance
of acetylation and deacetylation is important in development and differentiation
processes.

We used the HDACIi sodium butyrate, which inhibits Class | HDACs, and tested this during
multiple steps in the differentiation process and also at different concentrations (0.25-
2.5mM). There was a slight increase in VWF:Ag production, measured with ELISA when
HDACi was added to the cells, but this did not increase with increasing concentration
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of HDACI (Figure 4B). This was confirmed with IF analysis, but unfortunately, the WPBs
retained their immature round shape. The cells also started to deteriorate at sodium
butyrate concentrations higher than 1mM (Figure 4A). However, at the level of gene
expression, we did see an upregulation of the VWF gene in hiPSGECs grown with sodium
butyrate at low concentrations. Also, several transcription factors involved in VWF
transcription showed an increase in expression after the addition of sodium butyrate
(Figure 4C). Besides sodium butyrate, we tested Vorinostat (suberanilohydroxamic acid,
SAHA) which is a more general HDACi and the substrate sodium acetate which leads
to increased acetylation levels. Also with these compounds, there was no significant
increase in VWF production and/or the WPB structure ( Supplemental Figure 3C).

No Treatment

) hiPSC-EC
B hiPSC-EC c nFOLD relative to NT

Day 10 (16h after SB
addition)
D11 (24h after CD31
isolation)

VWF:Ag (U/dL)

0.25mM 0.5mM 1mM  2.5mM

Sodium Butyrate — =
concentration 5333""!321:’§

Figure 4. hiPSC-ECs cultured with HDAC inhibitor sodium butyrate. A) Confocal microscopy
showing VWF and VE-cadherin after the addition of different concentrations of sodium butyrate.
Bottom panel 2x zoomed in. B) ELISA showing VWF secretion (medium). C) Gene expression
heatmaps of VWF and VWF related transcription factors. SB, sodium butyrate; NT, no treatment

Aoki protocol

As we did not reach our goal of mature hiPSG-ECs using the in house developed Orlova
protocol, we evaluated the efficiency of other published protocols to produce mature
hiPSCG-ECs. The Aoki protocol (16) uses similar factors as the Orlova protocol, but at
slightly different concentrations and time points during the differentiation process
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(Supplemental Figure 2B). This paper showed a gradual increase in VWF during and
after the differentiation process with comparable mRNA expression in day 35 hiPSGECs
compared to HUVECs, but did not show any IF stains of VWF. However, this paper only
looked at mRNA levels of VWF expression, and did not look at the VWF protein levels
and therefore information on the morphology of the WPBs was lacking.

For optimization we also introduced several adjustments to this protocol (Supplemental
Figure 2B). When we stained the hiPSG-ECs at the end of the protocol (day 8) for VWF, we
detected round and immature WPBs in the early days of expansion (> day 8-20; P1-2).
When we continued to passage and expand the cells for more than 23 days (up to day
28; P3), we started to observe elongated WPBs in the cells. However, these were very
few and scattered (Figure 5) and the hiPSC-ECs deteriorated substantially over time.
Eventually they stopped proliferating with clear changes in their morphology, from the
classical endothelial cobble stone into elongated cells. After several rounds, we did not
seem to be able to expand this population of ‘mature’ hiPSC-ECs. However, this shows
that it is possible to produce elongated WPBs with VWF in hiPSC-ECs differentiated
with the Aoki protocol.
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Figure 5. hiPSC-ECs differentiation using the Aoki protocol. A) Timeline and corresponding IF
images from day 8 onwards of the expansion of hiPSGECs. During this time the hiPSGECs were
expanded for up to 28 days (passage 3) before they show deterioration in cell morphology. B)
IFimages showing hiPSCG-ECs at day 23 (passage 2) and 28 (passage 3). Some hiPSCGECs showed

elongated WPBs. However, these were very few, surrounded by cells showing the immature
rounded WBPs.
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This confirmed that the existing protocols are far from optimal in producing hiPSC
ECs with mature phenotypes and emphasizes the complexity associated with these
development processes. The majority of endothelial differentiation protocols consist
of two stages, where iPSCs transitioning through an intermediate mesodermal phase
and an endothelial specification phase. As is described here, and known in literature,
current differentiation protocols remain inefficient (about 10% of the differentiated
cells may actually be hiPSCG-ECs) and lack reliability. Additionally, the differentiation
with these protocols take over a week (8 days for Acki and 10 days for Orlova) before
the hiPSGECs can be expanded, which can take up additional days to weeks before
sufficient cells numbers are reach for further experiments.

ETV2

During our experiments with both Orlova and Aoki protocols, the Wang protocol was
published (14). This involves transfection with a vascular transcription factor, which
results in hiPSGECs within 96h (4 days) (Supplemental Figure 2C). In this approach,
cells at the mesodermal phase are transfected with the transcription factor E26
transformation-specific variant 2 (ETV2), differentiating iPSCs into endothelial cells in
96h (4 days). ETV2 plays a crucial role in vascular cell development, however, is only
required transiently. It is known that inefficient activation of ETV2 during differentiation,
leads to poor outcomes. By using chemically modified mMRNA (modRNA) vectors, which
are nonviral, nonintegrating, and transient, this paper showed for 13 different iPSC lines,
a rapidly and robust differentiation into endothelial cells, with high efficiency (>90%).
However, the rationale to go for this approach was to generate hiPSG-ECs in a relative
short period of time and proceed from here with optimization steps of the protocol
and differentiation factors to produce mature hiPSCG-ECs to use for further studies.

With some optimizations and adjustments, we differentiated the cells according to the
protocol as outlined in Supplemental Figure 2C. The cells showed the typical endothelial
cell morphology, and IF showed cellular VE-Cadherin with low levels of VWF at D8 (PO).
When trying to expand and passaging the hiPSCGECs, up to day 40 (P3), the cells started
to deteriorate (Figure 6). Surprisingly, there were few cells with rather high levels of
VWEF, with several elongated WPBs. Comparable to the Aoki protocol, this approach
shows promising results and can have the potential, possibly with some adjustments,
to induce the endothelial maturation needed in hiPSGECs.
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Figure 6. hiPSC-ECs differentiation using the ETV2 protocol. Timeline and corresponding IF
images from day 4 onwards of the expansion of hiPSGECs. During this time the hiPSGECs were
expanded for up to 40 days (passage 3) before they show deterioration in cell morphology A
limited number of iPSC-ECs showed elongated WPBs, but again, these were very few, surrounded
by cells showing the immature rounded WBPs.

Discussion

In recent years, hiPSG-ECs have become an interesting source of experimental
endothelial cells, not only for research but also for potential cell therapeutics. Research
is developing rapidly to improve the differentiation efficiency of endothelial cells from
hiPSCs by new signaling pathways and novel culture conditions. Since our research
focuses on VWF and VWD, we are particularly interested in (cell) models mimicking
or showing normal levels of functional VWF in cells. After comparing several hiPSGEC
differentiation papers and protocols, we noticed that the reported VWF protein levels
are low and the WPBs show round structures instead of their mature tubular shape.
Since this protein is important in coagulation and a key endothelial marker, it is of
importance to reach normal expression and production levels for hiPSG-ECs to be a
proper endothelial cell model.
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Here we differentiated hiPSCs from three healthy controls into cells of the endothelial
lineage, using different protocols and approaches to attempt to generate more
mature hiPSCGECs. By changing culture conditions, such as altering the timing and
concentrations of standard (growth) factors used for endothelial cell differentiation,
introducing some level of flow, and/or the addition of different compounds, we made an
attempt to induce a more mature endothelial phenotype in these cells than previously
reported. The approaches we used were based on information taken from published
protocols, but also from the expertise within our institute. The Orlova protocol (2014)
(9) was established in-house and has since been adjusted, and additionally, we used
two more recently published protocols (2020) (14, 16). The Acki protocol (16) uses similar
differentiation factors, but the timeline is different to the Orlova protocol (9), and finally,
we transfected hiPSCs with transcription factor E26 transformation-specific variant 2
(ETV2) (14). This has been shown to lead to hiPSGECs in a shorter timeframe (within
4 days) which would give us the opportunity to adjust the differentiation factors and
other substances in a more time efficient approach.

WPBs are unique to endothelial cells and the levels of produced VWF induce the
formation and maturation of WPBs. The elongated form of the WPBs gives an indication
of the matured state of endothelial cells. Therefore our main focus was to increase
VWEF production to give rise to mature WPBs, like seen in ECFCs. In recent years, we
and others have been using ECFCs as an endothelial cell model, to study different
diseases. However, heterogeneity is often observed between ECFC clones (2, 3). This
inter- and intra-donor variability requires further understanding and standardization
in order for ECFCs to be used as a robust cellular model for applications in vascular
studies. Therefore, hiPSCG-ECs might be a good alternative when a standardized robust
differentiation protocol has been established.

We were able to successfully differentiate these iPSCs into endothelial cells (iPSG-ECs)
with all three protocols. Generated hiPSCG-ECs were analyzed at different timepoints for
endothelial cell morphology and characteristics. Literature shows that the expression
levels measured with gPCR for VWF in iPSGECs vary over time when compared to
primary endothelial cells (14, 16). A number of papers do include IF stains, but mostly
without using high magnifications to show the structure of WPBs in greater detail (9).
This refers to different approaches and protocols for endothelial cell differentiation,
such as the monolayer, embryoid body or organoid formation. Nevertheless, there
is a paper by Nakhaei-Nejad et al. showing elongated WPBs, using embryoid bodies
for differentiation. However, endothelial cells (HUVECs) were the cell source for the
generation of iPSCs (13). Therefore it is plausible this could be due to the epigenetic
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memory of cells which is not completely erased during the reprogramming process
(19-21).

In our modified differentiation and maturation procedures, generally, VWF protein levels
remained low compared to primary endothelial cells, but overall, the iPSG-ECs show
an endothelial profile looking at morphology, cell surface markers (flow cytometry),
proteins (immunofluorescence) and gene expression (qPCR). Even though a slight
increase in VWF production was seen at several of the mentioned adjustments before,
this was of insignificance when compared to primary endothelial cells. However, most
interestingly, we did detect elongated WPBs in hiPSG-ECs when differentiated either with
the Aoki or ETV2 protocols. These observations were seen in very few cells that have
been in culture for at least 30 days (passage number 3). At this timepoint, the hiPSC-
ECs start to deteriorate and are of such low quality, they cannot be used in further
experiments. It is known from literature that hiPSGECs, have a limited life span before
going into senescence in vitro, and are difficult to expand to sufficient numbers to be
used in following experiments (11, 12). Nevertheless, this indicates that it is possible
with the correct conditions to induce a mature phenotypes in hiPSGECs at such a level
that VWF production is increased leading to elongated WPBs. As the more mature,
elongated WPBs seem to arise after a long culturing period, the challenge will be to
improve prolonged culturing times which are currently a limiting factor.

Our attempts to increase VWF levels by using co-cultures with iPSG-PCs or introducing
some level of flow into the differentiation process, did not seem to have the desired
effect. When looking at factors, VEGF was the evident choice, since this growth factor and
signaling protein is an inducer of endothelial cell growth and promotes the formation
of new blood vessels. A paper by Rosa et al, showed that with different concentrations
of VEGF during the differentiation process, EPCs would either go towards an arterial or
venous phenotype (17). However, this and other factors tested did not seem to induce
a mature endothelial phenotype in the hiPSGECs. In conclusion, some adjustments
and/or additions show a slight increase in VWF gene expression and some related
transcription factors, however this is still not translated into higher VWF protein levels
and morphologically elongated WPB formation. We should, however, consider that
there are major differences relating to VWF expression and WPB formation between
ECs from different vascular beds. As reviewed by Randi et al. (22) there are differences
in VWF expression between ECs from larger vessels and microvessels, and between
ECs from veins versus arteries, and there may even be variability within the same
vascular bed. Furthermore, not all ECs that express VWF do form WPBs. Based on
this existing variability it could be possible that the hiPSG-ECs indeed mimic ECs that
may never express high levels of VWF nor form elongated WPBs because of their
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potential directionality of differentiation towards a specific EC signature.Research into
the maturation of these differentiated endothelial cells into more specific types of
endothelium (arterial, venous, lymphatic) through the manipulation of culture media
is ongoing. Because these are differentiated in vitro, they are not exposed to impacts
from the (tissue) specific environment, such as blood flow and pressure, that play roles
in endothelial cell differentiation in vivo. To mimic these in vivo environments more
closely, micro-fluidic 3D systems, like organ-on-a-chip, have been developed (23).

We would recommend other groups to, besides reporting there is VWF production in
the hiPSCGECs, also report the maturation status of these differentiated cells. Itis highly
informative to report the levels of VWF, both as expression and protein levels and to
show the WPB structures. This is necessary for the applicability of the hiPSCG-ECs and
can lead to improved and better standardized differentiation protocols.

The generation and differentiation of iPSCs into endothelial cells, along with the
availability of the human genome and genome editing tools has transformed disease
research immensely, leading to the development of new strategies to treat or study
vascular diseases. This is especially relevant for cells of the internal organs for which
biopsies are not routinely available, such as megakaryocytes and endothelial cells. A
deeper understanding of the development of the endothelial cell lineage is required for
differentiated cells to become a robust model for vascular diseases and the potential
to the safe use of these cells as a patient-specific cell therapy in future. Acquiring
these cells through patient-specific hiPSC differentiation can enable better insights
into VWD and other bleeding disorders, in combination with additional aims such as
(high-throughput) drug screening, development and cell therapy.
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Supplemental Figure 1. Reprogramming characterization of PBMCs into hiPSC. Donor
information and FACS data of pluripotency markers. B) IF images of markers showing
differentiation potential into the three germlines.
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Supplemental Figure 2. Schematic overviews of the (adjusted) three endothelial

differentiation protocols used in this study. A) Orlova protocol.

protocol.

B) Aoki protocol. C) ETV2
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A hiPSC-PC and hiPSC-EC B CHIR99021 C HDAC inhibitors

Control

hiPSC-PCsy, 5mM Sodium acetate |

Co-cultures

Supplemental Figure 3. Additional optimization strategies. hiPSC-EC cocultures with hiPSC-
PCs. B) Varying concentration of endothelial differentiation factor CHIR99021. C) Addition of
different HDAC inhibitors.
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Supplemental Table 1. Medium and supplements used in this study.

Orlova medium

Aoki medium

B(P)EL (day 0-9)

IMDM

Ham’s F12 Nutrient
mix

PFHM
BSA

Lipid concentrate
ITS-X

1-Thioglycerol
(aMTG)
L-ascorbic acid
phospahte

magnesium salt
n-hydrate (AA2P)

GlutaMax
supplement

Pen/Sterp

EC-SFM full
medium (day >10)

EGSFM

Platelet Poor Plasma

Final
concentration

Tx

Tx

5%
0,25%

0.1x
0.1x
450uM

0.05mg/mL

2mM

0,50%

Final
concentration

1%

Modified DMEM/
F12 (day 0-4)

DMEM/F12

Lipid concentrate

ITS-X

GlutaMax
supplement

aMTG
AA2P
Pen/Strep

EC-SFM full
medium (day >5)

ECGSFM
Platelet Poor Plasma

Pen/Strep

Final
Concentration

Tx

0.1x

0.1x
2mM

0.05mg/mL
0,50%

Final concentration

1%
0,50%
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Chapter 6

Abstract

Desmopressin (DDAVP) can be used to prevent or stop bleeding. However, large inter-
individual variability is observed in DDAVP response and determinants are largely
unknown. In this systematic review and meta-analysis we aim to identify the response
to DDAVP, and the factors that determine DDAVP response in patients.

We included studies with patients with any bleeding disorder receiving DDAVP. First and
second screening round and risk of bias assessment were performed by independent
reviewers. The main outcome was proportion of patients with complete (factor level
> 50 U/dL), or partial (30-50 U/dL) response to DDAVP. Determinants of response
including disease type, age, sex, Von Willebrand factor (VWF) and factor VIII (FVI)
mutations, and baseline factor levels were investigated.

In total, 594 articles were found and 103 were included. Of these, 81 articles (1982
patients) were suitable for the study’s definition of response. Meta-analysis showed
a pooled response proportion of 074 [0:68;079] and a significant difference in
response between disease subtypes. For hemophilia A, baseline FVIII:C was a significant
determinant of response. In von Willebrand disease (VWD) type 1 patients, VWF.Ag,
VWEF:Act and FVIII:C were significant determinants. A large variation in response was
observed for specific mutations in VWF and F8.

Response to DDAVP varied between disease subtypes, and was largely determined by
the baseline levels of FVIII:.C for hemophilia A and VWF.Ag for VWD. Our findings highlight
the significant differences in response and emphasize the need for a standardized
response definition and further research into response mechanisms.
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Introduction

Patients with bleeding disorders experience frequent bleeding from mucocutaneous
tissue of nose, uterus, and bleeding in joints and muscles, causing discomfort and pain.
Von Willebrand disease (VWD) and hemophilia A (HA) are two of the most common
bleeding disorders worldwide with a prevalence of 1:10000 individuals and 1:5000
males, respectively (1). VWD is characterized by quantitative or qualitative defects
of von Willebrand factor (VWF), a large multimeric glycoprotein (2). VWF is produced
by endothelial cells and megakaryocytes, can bind to collagen at sites of injury, and
mediates the formation of a platelet plug. Furthermore, VWF protects coagulation
factor VIII (FVIII) from degradation (3). FVIII is the protein that is (partly) deficient in
patients with HA and a cofactor in the FIX mediated activation of FX which is crucial for
thrombin generation (4).

The main goal of treatment in patients with bleeding disorders is to prevent or treat
bleeding. Treatment options aim to increase plasma FVII levels in HA or VWF and/
or FVIII in VWD (2,5). The most common treatment options are replacement therapy
that supplements the (partly) deficient coagulation factor and 1-deamino-8-D-arginine
vasopressin (DDAVP), also known as desmopressin (6). DDAVP is a synthetic vasopressin
analogue thatincreases endogenous VWF and FVIII levels by an average of three- to five-
fold. The ability to increase plasma FVIIl and VWF levels in response to DDAVP depends
largely on the availability of stored FVIII/VWF, the efficacy of FVIII/VWF secretion and
rate of clearance (7). DDAVP is therefore mostly prescribed in patients in which VWF
and FVIIl are not completely deficient, such as patients with VWD type 1, moderate and
mild HA patients (8), and patients with platelet function disorders (PFD) (9).

DDAVP is one of the cheapest and readily available treatments for patients with
bleeding disorders. Furthermore, the intranasal formulation of the drug, which can be
administered by patients themselves, greatly improves convenience of use. Large inter-
individual differences exist in the response to DDAVP, therefore, each individual patient
receives a DDAVP test dose with multiple blood drawings to investigate how well they
respond to the drug. When patients do not respond, they are fully dependent on the
alternative treatments, which are more costly and may require hospital visits. Several
studies have reported that DDAVP response is partly influenced by certain factors such
as age, blood group type, disease severity or mutation type (7,10-23). However, most
studies were conducted in smaller patient cohorts with a large heterogeneity in patient
characteristics. Therefore, it is still largely unknown which factors determine a DDAVP
response. For that reason, in this systematic review we aim to identify the response
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rate in different diseases and to identify possible determinants that influence DDAVP
response in order to gain a better understanding of the reason behind a non-response.

Methods

Search strategy and selection criteria

We performed a systematic review and meta-analysis to explore the factors that
determine DDAVP response in patients with a bleeding disorder. Our PROSPERO study
protocol is available at https://www.crd.york.ac.uk/prospero/ (CRD42021259033). We
performed a comprehensive search in PubMed, Embase, Web of Science, COCHRANE
Library, Emcare on October 16, 2020. The search was re-run once before the final
analysis on September 12, 2022 (Supplemental File 1). All studies were entered in
Covidence (24), where duplicate records were removed. Title and abstract screening
and full text screening was performed by at least two reviewers independently (SL,
IvM, JdCA). Published studies were included that were performed in patients with any
bleeding disorder treated with DDAVP in any dose or form of administration for the
indication to improve hemostasis. Papers written in languages other than English,
animal studies, reviews and studies on patients without a bleeding disorder were
excluded. Any disagreements were resolved by consensus.

Data extraction

The primary outcome was the DDAVP response classified according to the following
definition: complete response is defined as VWF Antigen (VWF.Ag) and/or FVIII activity
(FVIIEC) above 50 U/dL, for VWD and hemophilia A respectively after 1 hour. Partial
response is VWF:Ag and/or FVIII.C between 30 U/dL - 50 U/dL, and non-response is
VWF:Ag and/or FVIIIC levels below 30 U/dL. This definition is a slight adjustment on
the ASH ISTH NHF WFH 2021 guidelines (25). In these guidelines, a complete response
is defined as VWF or FVIII level increasing at least two-fold over baseline, and levels
reach >50 U/dL. We will refer to the adjusted definition as the “study definition”. This
response definition was used to compare complete responders with partial- and
non-responders between studies. DDAVP response was also collected based on the
response definitions applied in the respective papers, which usually comprised of
the categories; complete-, partial- and non-response, and will be referred to as the
“article definition”. Data from articles where no definition was given were also collected,
referred to as “undefined definition”. Data were extracted by three reviewers (SL, VM,
JC) independently, using a template custom made within Microsoft Excel (Supplemental
File 2 - Data extraction template). For all articles, summary data were collected and
individual patient-level data were obtained if possible. Raw data was requested from
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the authors of papers if summary data could not be extracted directly from the article.
We collected potential determinants of a DDAVP response in patients with bleeding
disorders. Expected determinants were diagnosis, blood group, mutations in VWF or
F8, weight, age, sex, baseline factor levels of VWF or FVIII, multimer pattern of VWF, and
dose and administration route of DDAVP. Note that VWF activity was measured with
different platelet binding assays, the majority using VWF ristocetin cofactor activity. In
this article all VWF activity levels will be indicated as VWF:Act.

Study grouping and data analysis

Analyses were performed separately per disease but also in one of five main disease
types. Namely, VWD type 1, VWD type 2, VWD type 3, HA and if not fitting in one of these
four disease types, “other”. We categorized VWD subtypes as a result of their completely
different pathophysiology. Most of the studies reported DDAVP as categorical outcome
(e.g. non-, partial-, or complete response), other studies reported continuous variables
(VWEAg, VWFACct, FVIII:C). Meta-analysis per disease subtype was performed when data
from at least three studies was available. As we were interested in the determinants of
the DDAVP response with regard to the actual physiological mechanisms of secretion
of factors from endothelial cells we based the “study definition” on the increase in
VWF:Ag or FVIII:C. This definition, however, does not necessarily reflect an increase of
functional VWF:Act as is usually considered in the context of clinical responsiveness
and applicability of DDAVP in VWD. Response in VWF levels in the quantitative sense
(on antigen level) or in a qualitative sense (on activity level) both offer different insights
into the mechanisms of DDAVP response. Therefore, we also compared VWF.Act as
a factor next to VWF:Ag over time in type 1 VWD compared to type 2 VWD patients,
which are known to have qualitative defects of VWF. Meta-regression (Supplemental
Methods) was performed when the association between a prognostic factor and DDAVP
response was evaluated in at least three studies. Finally, the effect of VWF/F8 mutations
on response was analyzed per patient.

Results

Study selection and data extraction

The search strategy identified 570 studies and another 21 original articles were added
after the re-run of the search. After 1st and 2nd round of screening, 103 studies
(ranging from publication date 1980 to 2022) were included as shown in the PRISMA
flow diagram (Figure 1) (7,10-23,26-113). The characteristics of all studies are presented
in Supplemental Table 1. The majority of the included studies, are prospective case
reports/series.
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Figure 1. PRISMA flow diagram of inclusion and exclusion of articles.

Data on DDAVP response could be extracted and classified according to the “study
definition” in 81 articles and according to the “article definition” in 36 articles
(Supplemental Table 1). The definitions that were employed for the “article definitions”
are listed in Supplemental Table 2. Data from studies with an “undefined definition”
of DDAVP response were also extracted from 52 articles. Unfortunately, due to
heterogeneity between article definitions and small patient numbers in the studies
only reporting the “article definition” and “undefined definition”, these could not be
used for further meta-analysis and meta-regression. Risk of bias (RoB) was assessed,
with most articles being low (40/103) or moderate RoB (52/103) with some high RoB
studies (11/103). AlImost all studies reported only intravenous (71/103) or intravenous
or subcutaneous administration of DDAVP (13/103). A few reported subcutaneous
administration (14/103), intranasal (1/103) or not reported administration (5/103). All
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extracted data, e.g. the RoB score, study design, bleeding disorder and administration
route, per study can be found in Supplemental File 3.

Meta-analysis on response to DDAVP per disease subtype

For the meta-analysis, 81 articles were used where the “study definition” of response
could be applied. In Supplemental Table 1, patient number reflects the patients from
which data could be extracted based on the “study definition” (total of 1982 patients).
Of these patients, the average age was 342 + 11:6 and 25:6% was female. A large
part of the patients were male hemophilia A patients (396 patients). Patient numbers
per disease subtype are shown in Figure 2A. Data from three or more articles were
obtained for the following subtypes of disease: VWD type 1 (28 studies), VWD type 2A
(eight studies), VWD type 2B (nine studies), VWD type 2M (five studies), VWD type 2N
(four studies), VWD type 3 (three studies), VWD undefined (four studies), HA carriers
(three studies), HA mild (nine studies), HA mild & moderate (11 studies), HA moderate
(five studies), PFD (ten studies) and Other (seven studies). As seen in Figure 2A, most
patients had either HA (n=923) or VWD type 1 (n=669).
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Figure 2. Complete response rate varies per disease subtype according to the study
definition. A) Number of patients per disease type. Disease types with <3 articles are excluded
from this analysis. “Other” is, everything that is not VWD type 1, 2 or 3, Hemophilia A or PFD. B)
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Meta-analysis on response to DDAVP at one hour in patients with various bleeding disorders
per subtype according to the study definition. Using a random effect model the proportion of
complete response per disease type are shown. The proportion of response is not zero in zero-
event studies due to the continuity correction that was performed to prevent mathematical
errors. C) Response to DDAVP of patients with VWD type 1 and VWD types 2A, 2B, 2M. In the top
panel, VWF:Ag (U/dL) before (light red) and after one hour of DDAVP (dark red) are shown. In the
bottom panel, VWF:Act (U/dL) is shown. VWD type 2N is not displayed in this figure as only two
studies had data on both VWF:Ag and VWF:Act. Abbreviations: HA = Hemophilia, PFD = Platelet
function disorder, VWD = Von Willebrand disease.

The results of the meta-analyses for the complete response rate are given in Figure 2B.
Forest plots presenting data points per study instead of subtype summaries are shown
in Supplemental Figure 1. Meta-analysis showed a pooled response proportion of 074
[0-68;0-80] for all patients and a significant difference in DDAVP response between
disease subtypes. The overall proportion of complete response was 0-89 (Cl 0-83-0-93)
in VWD type 1 patients, 0-83 (Cl 0-75-0-89) in type 2 and 0-10 (Cl 0-02-0-39) in type 3. The
response in HA carriers was 0-93 (Cl 0-74-0:99), mild HA 0-54 (CI 0-43-0-64), mild and
moderate HA 0-45 (Cl 0-31-0-61), and moderate HA only 0-16 (CI 0-11-0-22). We observed
significant differences in proportions of complete response between disease subtypes
in HA patients with a lower response in moderate patients. VWD type 1 and 2 also
showed large differences in proportion of response between subtypes although most
subtypes responded quite well to DDAVP according to the “study definition”. Finally,
the observed proportion of response in PFD patients was 0-81 (Cl 0-63-0-92). It should
be noted that levels of VWF and FVIII at baseline were above 50 U/dL in almost all PFD
patients leading to complete response according to the “study definition”.

We analyzed the increase from baseline in VWF.Ag in VWD patients and observed a
large increase in VWF.Ag in all type 1 VWD patients as well as in patients affected by
types 2A, 2B and 2M VWD (Figure 2C). Median VWF:Ag levels (U/dL) with standard
deviation one hour after DDAVP administration is 12120 + 35-39 in type 1 VWD, in
type 2A, 2B and 2M the levels are 140-28 + 5977, 17079 + 6523 and 15130 + 54-82
respectively. All subtypes increase above 100 U/dL. However, levels of VWF:Act only
increase strongly in VWD type 1 and VWD type 2B (106-93 + 42:38 and 73:06 + 32:41).
Although limited data was available, the average platelet count in type 2B patients
(12 patients in four articles (31,57,76,104)) was reported to be reduced after DDAVP
(90x10%/L) compared to before administration (172x10°%/L). In VWD type 2A and 2M
median levels remain low (59-36 + 37-84 and 5620 + 10-84). Both barely reaching levels
above 50 U/dL. In VWD type 2B VWF:Act levels do increase, which makes sense, as type
2B mutations do not cause less activity of VWF, but rather, increased binding affinity to
platelets. VWD type 2N was not included in this analysis as only two studies had data
on both VWF:Ag and VWFAct.
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Determinants of DDAVP response in patients with bleeding disorders

Based on the meta regression analyses, determinants of DDAVP response, according
to the “study definition” differed per disease type (Figure 3). For HA patients higher
baseline factor levels of FVIII:C (U/dL) and female sex showed a significant association
with higher proportion of complete response (OR=1-054 per U/dL, 95%CI 1-014-1-095
and OR=1-024 per percentage point more women, 95%Cl 1-:007-1:040). As all females
were carriers of HA they logically had higher baseline FVIII levels compared to men
which explains the difference is response. Although increased baseline VWF.Ag levels
per unit and higher age per year showed a positive association with complete response,
these were not significant (OR=1-009 per U/dL, 95%Cl 0-973-1-045 and OR=1-055 per
year, 95%Cl 0-965-1-153 respectively). In VWD type 1 patients, VWF.Ag (OR=1-055
per U/dL, 95%Cl 1-:016-1-096), VWF.Act (OR=1-048 per U/dL, 95%C| 1-008-1-090) and
FVII:C (OR=1-023 per U/dL, 95%Cl 1-002-1-045) were associated with the proportion
of complete response, age (OR=1-006 per U/dL, 95%Cl 0-935-1-082) and VWF Collagen
Binding (CB) did not (OR=1-058 per U/dL, 95%CI 0-896-1246). No determinants showed
a significant association with response in VWD type 2 patients. However, blood group
non-0 and weight did show some trend (OR=1-037, 95%Cl 0-996-1-080 and OR=1-027
per kg, 95%Cl 0-986-1-069), respectively. Route of administration is presented in
Supplemental Figure 2. However, meta-regression was not performed on the route of
administration as not enough data of different routes was available. Other determinants
like bleeding time and sex in VWD, showed no positive nor negative effect in our study.
All estimated odds ratios with 95% Cl of the determinants per disease type are shown
in Supplemental Table 3.

Assessing F8 and VWF mutations as determinants of DDAVP response

Genetic variants of F8 and VWF may impact folding, storage, secretion and interaction
with other proteins, thereby affecting DDAVP response. We collected patient mutation
information from the articles when available (18 studies, eight reported F8 mutations
and ten VWF mutations). For HA, data of 389 patients with known £8 genetic annotations
were extracted. Of these patients, 215 were complete-, 113 partial- and 61 non-
responders. In total, 165 distinct missense variants were recorded while the rest of
the variants represented mutations at noncoding regions, repetitions and possible
exon deletions. We plotted peak FVIII:C levels against amino acid positions affected
by missense mutations to investigate whether missense mutations at specific protein
locations associated with response (Figure 4A). This revealed that mutations were
distributed over all FVIIl domains, but scarcely along the B domain. Importantly, we
observed that mutations in the same location were associated with different responses.
Forinstance, in 26 subjects with the variant Arg2169His, nine had a complete response,
13 partial and four were non-responders.
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Figure 3. Baseline factor levels and other determinants affect DDAVP response. Complete
response rate according to the study definition is plotted against possible determinants for DDAVP
response per disease. Bubble size indicates the population size per study. Color indicates risk of
bias of the study: low (light red), moderate (red) or high (dark red) risk of bias. The fitted values of
the meta regression are indicated by the black dotted line. Odds ratio with Confidence interval
and p-value) are shown in the lower right corner. Abbreviations: Odds ratio (OR), Confidence
interval (Cl).

For VWD data on 209 individuals with genetic information were collected; 136 VWD type
1 patients and 73 VWD type 2 patients. Of these patients, 189 had missense mutations,
of which 172 were complete, 13 were partial and only four were non-responders. The
majority of the response profiles originated from two studies (10,12). Altogether, 85
different VWF missense mutations were reported. To assess possible associations
between protein structure and DDAVP response, peak VWF:Ag levels were plotted
against amino acid position (Figure 4B).
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Figure 4: Mutation landscape of individual responses to DDAVP. Each dot represents
a patient. Colors represent non (dark red), partial (red) and complete (light red) response.
Missense mutation position relative to the protein sequence are plotted on the x-axis against
response. A) Variants in HA; y-axis represents peak FVIII:C levels after DDAVP. B) Variants in
VWD; y-axis represents peak VWF:Ag levels after DDAVP. Shape depicts VWD type 1 (circle) and
type 2 (triangle). Protein domains and relevant annotations are plotted at the top of each graph.
Abbreviations: Factor 8 (F8), von Willebrand factor (VWF).

Risk of bias sensitivity analysis

The sensitivity analysis with removal of high RoB studies from the meta-analysis showed
that high RoB studies did not substantially influence the results of the meta-analysis
on proportion of response. The total proportion of response remained 0-74. The
proportion per subtype stayed the same except for a small change in mild & moderate
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HA (0-45 to 0-48), PFD (0-81 to 0:79) and VWD type 2B (071 to 0:66). The results of the
meta regression on the influence of determinants also did not change significantly. An
overview of the slightly changed results after removing high RoB articles can be seen
in Supplemental Table 4.

Discussion

Patients with bleeding disorders experience frequent bleeding which is often treated
by administration of DDAVP. However, despite that DDAVP has long been used, there
is still an unexplained large inter-individual heterogeneity in DDAVP response. It is
still largely unknown which factors determine a complete DDAVP response. In this
systematic review we aimed to identify factors that determine DDAVP response in
bleeding disorders from the collective data available in the literature. Our meta-analysis,
which was based on 81 out of 103 included articles and contained 1982 patients, found
that subtype of disease is a strong determinant of response. Furthermore, we show
higher baseline levels of FVIII:.C significantly increase response rate in HA and that
higher FVIII.C, VWF.Ag and VWF.Act baseline levels increase response rate in VWD type
1. Furthermore, although not significant, a trend is shown that higher age (per year) and
weight (per Kg) correlates with better response in HA and VWD. Finally, comparison
of mutations with response profiles revealed heterogeneous responses to DDAVP for
patients carrying the same mutation. Remarkably, for both £8 and VWF we observed
that the same amino acid substitution could be present in complete, partial and non-
responders and that in VWD only mutations in the D3 and A1 domain led to non/partial
responders.

Our results indicate that disease subtype is an important determinant, which aligns
with previous reports (10,22). It is important to note that there is a large discrepancy
in VWF:Ag and VWF:Act response for patients with VWD type 2. Especially VWD type
2A and 2M show a strong increase in antigen levels after DDAVP administration, while
activity levels only rise slightly, indicating low hemostatic efficacy as the secreted protein
is dysfunctional. However, in many patients the activity level did rise above 50 U/dL
which may be sufficient for milder bleeding episodes. It is therefore important to test
DDAVP effectivity in these patients as well. In addition, we show that patients with VWD
type 2B respond quite well to DDAVP. However, due to the risk of thrombocytopenia,
DDAVP is contraindicated.

Specific mutations, which are tied to disease type, have also been shown to influence
DDAVP response based on activity levels of VWF (10,12) and FVIII:C (7,14,16,21), even
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showing that similar mutations lead to similar responses to DDAVP (19). It may be
explained by comparable baseline levels of FVIII that is present among patients with
the same F8 mutation (114). Our data showed that missense mutations were present
along the whole VIWF sequence. It also revealed that all partial and non-responders
had mutations in the D3, AT and A2 domain (position 1149-1584). This region is
nestled between the intra- and interchain disulfide bridges in D3 and the cleavage site
of ADAMTS13 in A2. Interestingly, this section influences VWF multimer stability and
includes the binding site for the platelet glycoprotein GP1ba, which is important for
platelet plug formation (115). Notably, in both HA and VWD, we observed that mutations
on the same location were associated with different responses to treatment. Recently,
Guillet et al. analyzed a link between desmopressin response and F8 genotype in
hemophilia A patients (116). The authors proposed that mutations could be categorized
in four groups of response effectiveness. Our analysis contains 5 similar mutations.
Although those classified as group 1 and group 2 mutations seem to respond similarly,
group 3 and 4 mutations, labeled as moderately and frequently ineffective (116), also
showed complete and partial responders in our dataset. For a complete analysis,
adjustments for other determinants should be performed in a multivariate model, but
this was not possible in our analysis due to insufficient sample size. Furthermore, as a
result of combining diverse groups of patients with the same mutations, we captured
a more heterogeneous sample of other determinants that may outweigh the influence
of mutations on DDAVP response. Taken together, our analyses suggests that F8 and
VWF mutations are not the main determinants of response, which precludes prediction
of DDAVP response based on mutations alone.

Other determinants have been described in literature extensively. For instance, higher
baseline factor levels have been associated with better response (11,14,17-19) which
is confirmed by our meta-regression analysis in the case of FVIII:C in HA and FVIII:C,
VWF:Ag and VWF:Act in VWD type 1. This observation may be explained by lower
clearance of VWF, higher production rate or storage of VWF. Age was not found to be
a significant determinant in our analysis. However, this has been shown previously in
children (17-19), and adults (14). This finding was recently confirmed by Atig et al. in
low VWF and type 1 VWD patients (117) (not in systematic review). Our study shows
no significant effect of blood group on response. Literature has shown a correlation
between blood group and response in VWD type 1C Vicenza (13), while no effect was
seen in patients with platelet normal VWD (23) and children with VWD type 1 (18).
This could be explained by the inherent higher VWF baseline levels of patients with
blood group non-0 (118). Previously, route of administration has been tested, but no
differences in response were observed (15,20). It has also been reported that onset
of effect after DDAVP does not differ significantly between administration routes
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(199,120). Unfortunately, in our study, administration route could not be analyzed due
to insufficient data, although intravenous and subcutaneous administration seem to
yield similar responses in HA. For the remaining determinant, weight, no effect was
observed in our data and no effect has been described in the literature.

Our meta-analysis has some limitations. First, variation in the setting and route of
administration of the DDAVP test might influence the response rate. Most studies
reported DDAVP response measurements in steady state, but 21 studies reported
measurements perioperatively or in the context of bleeding episodes. Second, none of
the included articles excluded patients based on their DDAVP response. However, this
does not exclude selection bias as some studies excluded patients with VWD type 3
or type 2B as these patients were expected to have a weak response or where DDAVP
is considered contra-indicated. Third, the included studies ranged from 1980 to 2022.
As such, the definitions of response as stated by the articles laboratory tests used are
exceptionally heterogeneous. Definitions of response varied with respect to time to
peak, if fold change was calculated, cut-off for complete response and whether activity
or antigen was measured. Due to this heterogeneity, we could not pool the extracted
data for our analysis. We therefore strongly recommend standardized definitions of
response should be maintained and data should be made available for other definitions
of response to be calculated. Fourth, we calculated response based on the rise of
VWF:Ag and FVIIl above 50 U/dL. Therefore, the “study definition” was not applicable on
patients with baseline levels above 50 U/dL. This was the case in PFD, VWD type 2 and
HA carriers which could have resulted in an overestimation of response rate. For VWD
type 2 we therefore performed an additional analysis on VWF.Act response. Whereas
for PFD and HA carriers an alternative definition of response should be used. Fifth,
the potential misdiagnosis between severity types in HA and VWD due to variation in
assays could influence the response rate calculated in this study. Finally, as we used
aggregated data, we can only study the effect of determinants on the response rates
between studies, but not assess the effect on individuals within a study. For future
research we suggest performing studies using individual patient data.

Our study also has several strengths. First, to the best of our knowledge, this is the
first meta-analysis to show the response rate of DDAVP in various bleeding disorders
and identify determinants influence this response rate. Second, the high number of
studies and disease types included, allowed us to analyze many different aspects of
DDAVP response. Furthermore, the large patient numbers with VWD type 1 and HA
allowed for accurate analysis in these subtypes. We were able to extract mutation data
of 389 patients with HA and 209 patients with VWD. Finally, after sensitivity analysis we
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determined that removal of high RoB articles did not significantly change the analysis
outcome.

This study offers a comprehensive overview of DDAVP response proportions in various
bleeding disorders and which determinants might play a role in DDAVP response.
Especially coagulation factor base levels have been found as an important determinant
for the response to DDAVP. These factors should be kept in mind when performing
DDAVP tests. Our analysis, which indicates that the vast majority of patients with VWD
type 1 (baseline VWF.Ag >30 U/dL) have a complete DDAVP response, lends support
to the current guidelines regarding DDAVP testing in patients with VWD type 1 (121).
Furthermore, the relative low proportion of response in mild and mild/moderate
hemophilia A indicates that DDAVP response should be tested in those patients to
ensure a sufficient response. This information can be used as a guide by clinicians
treating patients with bleeding disorders. However, despite the strong relationship
between DDAVP response with baseline factor levels and disease subtype, individual
DDAVP tests may still be required in these heterogeneous bleeding disorders.
Furthermore, heterogeneity in article definition precluded meta-analysis and therefore
we strongly recommend the use of a clear and uniform definition of response in future
studies. Finally, our detailed analysis on mutations and DDAVP response can be used
in future studies into the biological mechanisms of DDAVP response.
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Supplementary Methods

Risk of Bias

Risk of bias was assessed using an adjusted Quality in Prognostic Studies (QUIPS) (1)
checklist (see Supplemental File 2 for the edited QUIPS checklist). Each article was
evaluated by two reviewers and disagreements were resolved by consensus. In short,
questions per domain were weighted based on relevance. A cut-off to decide whether a
domain is low, moderate or high risk of bias is reported in the adjusted quips checklist.
A DDAVP testis completed a few hours after administration and most studies gathered
the data retrospectively. Therefore, the study attrition domain was removed from the
checklist as these questions were not applicable for this review. Furthermore, sub
question b and ¢ were removed from domain Statistical analysis and reporting. These
were removed as data from each study were collected and not values as calculated by
statistical analysis. A study was considered as low overall risk of bias when all domain
scores were rated as low or if one domain was scored moderate. We scored a study
as having high overall risk of bias if two or more of the domains were judged as high. A
study was scored as moderate if the criteria for ‘low’ or 'high’ were not met.

Statistical analysis

Logistic random-effects models were applied to pool proportions of complete
responders to DDAVP both pooled and separately by disease type according to the
“study definition”. Heterogeneity between studies was assessed by calculating I?
and Tau? and by calculating a prediction interval for new studies. Forest plots were
generated to show the variation between studies. Studies that could not be combined
due to lack of sufficient data were assessed qualitatively. Median response in VWF
levels over time in the quantitative sense (on antigen level) or in a qualitative sense
(on activity level) were reported. The association between the different determinants
and the response rate was assessed by performing meta-regressions; bubble plots
were generated to visualize the association. As sensitivity analysis, the analyses were
repeated using only low or moderate risk of bias studies. All analyses were performed
using R (version 4-2-3) (2) with the packages meta (version 7-0-0), to pool the proportions
and metareg to perform meta regression. The package forestplot (version 42:3) was
used to make forest plots and ggplot2 (version 3-4-4) to make bubble plots. P-values <
0-05 were considered statistically significant.

1. Evaluation of the Quality of Prognosis Studies in Systematic Reviews. Annals of
Internal Medicine. 2006;144(6):427-437.

2. R development Core Team. R: Alanguage and environment for statistical computing:
R foundation for statistical computing; 2024.

151



Chapter 6

‘A1IADY 10y lepndadold
‘dd ‘Suipuig uasej0D ‘gD ‘UsSnuy ‘8y ‘swin unsejdoquwolyl |ended pateAndyY ‘I 1dY ‘uIssaidosea suluigie-g-g-oulueap-| ‘dAvYaad ([eAIa1ul 92UspLuUoD
‘1D ‘01el SPPO YO 25e3SIP PUBIG||IM UOA ‘AMA SUONRIASIGQY "Pawlojlad 9g 10U pjNod UOISSaI8aJ-e19W 23Ul YdIYM J0J SIUBUIWIDIBP S21LDIPpUl X

X X X 9/Z'L €860 0cCl'L  980'L 7860  €E0L 6LLL v.6'0 v¥0'L (8%) ySiemApog
9%¥0'L  €/6'0 600'L €0l 1S6'0 1660 X X X 060l 800'L 8v0'lL (p/N) PYAMA
X X X X X X X X X X X X (p/N) ddi4ma

X X X GE0'L  Ove'0  986'0  LZ0'L  9/6'0 6660  9¥Cl 8680 850'L (ap/N) 2HMA
8€0’L 956'0 966'0 S¥0'L  €46'0 600'L X X X G0 9L0'L SS0'L (1p/N) 8Y:AMA
L00'L 866’0 000 X X X Q¢0'L 7860 100l 7501 9¥6'0 8660 UN0d 19|91e|d
0S0'L  ¥¥6'0 9660 S60'L 710l ¥S0'L X X X Svo'L 200'L €20l p/n) DAL
X X X X X X X X X X X X (Ip/N) 8Y:NIA4
7'l S840 1860 X X X 060l  7z8'0 96’0 60L'L 650 L16'0 (Ulw) awn Sulpa3|g
el 108’0 ST0’L 9Pl 9040  OLO'L X X X 950l 8€6'0 $66'0 (S) L1dV dAVAQ 240429
0€0’l €960 9660 O¥O'L  £00'L  ¥20'L X X X 0€0'L 9/6'0 €00'L (%) °|eWa
X X X 8¢0'L  0¢6'0  7L6'0  080L 9660 LEO'L LS0'L L¥6'0 1660 0 SA O-uou dnoug poolg
680l ¥EQ'0  €S6'0 €Sl S96'0  SS0'L ¥90'L 1S6'0 900'L Z80°L G€6'0 900'L (sieaA) 28y
12%S6 b [0) 12%S6 :[e] 1D %S6 :[e] 12%S6 40 jueulwialad

a4d v eljiydowsH z2dfy ama L 2dAy amA

"U0ISSaJ8a1-e19W WOJS JUPUIWIILP Jad asuodsal Jo ollel sppO :€ a|qel [eauawsa|ddns



Determinants of DDAVP response

‘A11A110y 106 ‘opndadoud ‘dd ‘Buipuiq uage|jo) ‘gD ‘uadnuy 8y ‘awn unsejdoqwolyy [enJed
P1BANDY ‘1 14V ‘UISSaJdoseA auluidie-g-g-oulweap-| ‘dAvAd ||eAISIUl 92U3PIIUOD ‘|ID 01kl SPPO ‘YO ‘9SeasIp puelga|im UOA ‘AMA :SUOIBIAIQQY €
9|ge] |eusuwalddng 01 paleduwod usaym pasueyd aAeY paJ Ul S1aquinN ‘paullojiad 90 10U pjnod UoISsaJ3aJ-e1aW 3y YdIym 10} SJUBUILIIDIDP S31EDIPUl X

X X X 9/7'L  €86'0  0TlL 980'L  786'0  €£0'L 6LL'L  ¥/6'0  vYO'L (31) 1y8lemApog
ov0'L  €46'0  600'L Z€0'L 1S6'0 1660 X X X 880'L  L00'L  /v0'L (IP/N) YAMA
X X X X X X X X X X X X (p/N) ddi4mA

X X X GEO'L  0¥6'0 9860 LZ0'L  9/6'0 6660 €8¢'L  ¥06'0  LL0'L (1p/N) @DHMA
SP0'L  Tw6'0 7660 SP0'L  €46'0  600'L X X X S60'L  ¥LO'L SOl (1P/N) BYAMA
L00'L  866'0  000'L X X X vZ0'L  €86'0  t00'L 7S0'L 9¥6'0 8660 1UN0213J918|d
SOl S¥6'0 /660 S60°L  EL0'L  €S0'L X X X €70'L 000l 120'L (1p/N) DAL
X X X X X X X X X X X X (p/N) 8Y:NIAS
lwl'e 7650 STll X X X 90L'L  LLL'0  [T6'0 60L'L 6540 LL6O (Uiw) swn Bulpe3|g
767l L0 0001 9v¥'L  90L'0  0LO'L X X X 950'L  8€6'0  S660 (S) L1dY dAYAQ 2Joseg
LEO'L 796’0 9660 ov0'L  £L00'L  ¥20'L X X X 0€0'L  9/6'0  €00'L (COEILVEE!
X X X 8¢0'L 060 T/60 080'L 9660  LEO'L L[S0l P60 L66'0 0 sA Q-uou dnous poojg
960'L /80 6760 €SL'L G960 SS0L 790'L  1S6'0  900'L 780°L  SE6'0 900'L (s1eah) a8y
1D%56 0 1D%56 o) 1D %S6 0 10%S6 0 jueulwIRIag

aid v eljiydowsy zadfyama L 9dAy ama

ueuIwWJa19p Jad asuodsal Jo 011ed SPPO U0 SisAjeue ANANISUDS ¢ d|gel |eauawajddns

153



Chapter 6

Study Events Total Proportion  §8%-CI Weight Study Events Total Proportion  98%.C1 Weight
YWD yoe s Ha carier
¥ P — SRR oas 5 — b —m ompmom 2
Toiovana 210 § om————— L okei i ey zain ] . IBRRE R
freiteh 7o [——— A ey et 2u1e . —= iBkaid iR
Eoyer 1508 H = Tojoortml 2% Random vigcs mode @ —=" G e s
Royer 1088 i e BRI N Pemeprty RS2 87 5 <03
o 1) T T/—————T2 lopoio sow A mia
Gl 3007 P ot Bl I8 Kad 2007 @) R e — 025 12
S s Thes fr S oo Bar ol ARG P - 83 i
e i o Bag sl 2% Sty 2o B @ 84 i
Ghuraeddun 1965 r a8 D40 0871  A5% Hance 2013 w2 048 6%
= Rodegtuer 1958 oo 079 |040 095 57 At 2015 s 0 050 3%
8 Gl iR H = BRI W Haneagors 28 - 88 bl
gmi 3 —TEE 1 A S 78 - [y b
Somre Sox2 H o inkeis iR Randor efests modet 0 —— = el win
S S L =T S
2 A mb & maserste
S R b I 8RR W & peme P 000 000050 1%
Akin 2013 "o 1.00 1077 1. 24% z m"’% § zg - g;g E%gg 3;:
s 1 noa S e iod e 5 M iB % snbieel i
fite ion BRI 2 Sl e 1985 HE : 83 Biea im
L o6 SRR i E o 3 8a a1 8a et
Rt ok 8% 8% 18 3% Sr 013 @ o o8 BB IR
Random stiects e o (063, 093] 100.0% T cehime cous L . Ompaen s
Hietessgueety © % 8% 4 0 PEI7. b & 018 0 1550 w7 —. 078 055091  45%
Random 009 - om 0.8 093] 100.0% model ] — 04 (o3t 03] a2rd
e it Vgt R T F=0108 5 <081
et AR o P St Gad Ak ab 3 A moserate - [
= 7 I bl e
3 i i
iy : s mp - 20: ERUEE 1 818 BT 0H 238
iy ) 3 —8 B 1 T ATe T  impuem im
FiEnocut) 3 ———= kRN R - 38 e e
Handon s H —— ol Gseoan
firirelric Lo PR oar o aon
VWD type 24 s
QulaF umrile 1965 4 —— 057 [0 180! BN
Troman 1385 3 ——a BRI 2R
S s 5 e @ e I
Pesoric, 7031 i ————=  IRERIN R
P i % 3 TE of oieos| a1e 0 9w jom o Be
P 3 —E, R RR 1 100 ooz Tl s
£ bicousm) P & oo josiod 1 190 Jooz 1ol e
Tandom viecis E — Gk (ara: aosf sae 1 1Rl ads
b TEIR RN AN 1 100 [0.021 a4%
H 1BREIE
oo et o om0 joo0 os 2em H 16 oz o sew
Vikareshy § I/ Rpa H 0 joE T S
‘doloF uonte 1985 1 T—s 100 1002 1. 4% 3 140 fo4s. 1 192%
g— Fowler 1985 1 —_— 100 002 1 Zan s 100 loge. 1 laon
£ Casonao 1990 1 —_— 100 fo02" 1. 2% o8 (08002 100.0%
e eaton 2017 VT BEE R
g Eemide H == ou gy oo
G | d :
£ i == BEEE
ety PR
ihiiad ot g p———— ampomosm 2
2022 s 8 — og2 023 091 BE% [ 000 [000; 097 0%
3 3 — 1 T H 2% [2%% o SE
08 i ——w ompEin o A
Toiigouon LA 5. IR 3R :
o sfecin modst 3 — o7t (053 007) i 67 (G40 R i
A s pmom T
R Bactoms icta nar fpaz o en tonme
Pt T R — N T L) ST 1465
Falgoute 8 = impmie 3w gt . i
by s ) 3 3 —— 5 i8gRiE m
iabiriar 1034 LR ——= iflari 3%
Handcm sacts mos e —=" il e enr vien
tribesibar o e JPY
Randem efects model ™ o om s g woon
" 87208 G
ety =g =04
et AR L TR o s e disees 1
VWO type 3
2 Cosiomon 1995 (3) 0 E 000 1000 048 4T%
@ Patrass 1992 o 000 fooo a7i] 327
8 B 5 {BEBLN ER
5 Radcm erects mosel 12— 8% (002 0.391 108.0%
i e S
a Rancom affects mocel 17 —— 010 llﬂ;e)l 100 0%
2 rracames o ———— (3]
L e P 5 Geeace

Supplemental Figure 1. Complete response rate varies per disease subtype according
to the study definition. Meta-analysis on response to DDAVP at one hour in patients with
various bleeding disorders per subtype. Using a random effect model the proportion of complete
response per study, divided by subtype, are shown. Random effects are calculated per subtype
of disease but also by main type of disease. The proportion of response is not zero in zero-
event studies due to the continuity correction that was performed to prevent mathematical
errors. Other is, everything that is not VWD type 1, 2 or 3, Hemophilia A or PFD. Abbreviations:
HA = Hemophilia, PFD = Platelet function disorder, VWD = Von Willebrand disease.
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Supplemental Figure 2. Response to DDAVP per disease per administration route. Response
to DDAVP of patients with VWD type 1, 2 and 3, Hemophilia A, PFD or Other are shown per
administration route of DDAVP. Intravenous is shown in light red and Subcutaneous is shown in
dark red. Studies that did not clarify which route was used are excluded from this figure. Intranasal
administration is not displayed in this figure as only two studies had this data. Other is everything
thatis not VWD type 1, 2 or 3, Hemophilia A or PFD. Abbreviations: VWD = Von Willebrand disease,
PFD = Platelet function disorder.

155






Von Willebrand disease-specific
defects and proteomic signatures
in endothelial colony forming cells

Laan SNJ, Groten S*, Dirven RJ, Burgisser PE, Leebeek FWG,
van Moort |, van Biggelaar M, Bierings R**, Eikenboom J.

*shared first author, ** shared last author

Journal of Thrombosis and Haemostasis. 2025; May 6:51538-7836(25)00275-2.
doi: 10.1016/].jtha.2025.04.024.
Accepted after revision



Chapter 7

Abstract

Endothelial cells are crucial for hemostasis as they produce Von Willebrand factor
(VWF). Von Willebrand disease (VWD) results from a deficiency of, or defects in, VWF.
Here, we analyze the endothelial compartment of VWD patients with an unexplained
decrease in VWF level or non-response to DDAVP using endothelial colony forming
cells (ECFCs).

13 healthy controls and 10 VWD type 1 and 2 patients were included and a total of
29 ECFC clones were derived. Plasma was analyzed and ECFCs were morphologically
and functionally characterized by gPCR, ELISA, imaging, migration assay and mass
spectrometry.

VWEF plasma levels were reduced in all patients. ECFCs were categorized into 2
previously defined transcriptional clusters and matched between patients and controls.
Three ECFC clones, all from DDAVP non-responders, retained VWF in the endoplasmic
reticulum (ER). Cluster 1 ECFCs from DDAVP non-responders had slower closing speeds
in the migration assay and secreted more VWF antigen in rest than control ECFCs.
Proteomic data of ECFC lysates showed overlap in clustering with RNA profiles, including
ALDHAT1, TGFB1 and other EndoMT/ inflammatory markers. However, no patient group
specific phenotype was observed. Finally, regulated secretion of VWF and Weibel-Palade
body count in ECFCs were correlated with various secretory machinery components.

Lower plasma VWF was linked to reduced production and secretion by patient-derived
ECFCs. Furthermore, non-response to DDAVP in some patients was explained by
retention of VWF in the ER. The correlation between functional aspects of ECFCs and
their gPCR and proteome profile yielded potential targets for further research.
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Introduction

Endothelial cells play a key role in hemostasis. Von Willebrand factor (VWF) is one of
the main components of primary hemostasis and is produced by endothelial cells and
megakaryocytes. VWF is a large multimeric glycoprotein that binds to collagen and
platelets, thereby initiating platelet plug formation upon vessel damage. VWF also binds
to factor VIl and protects it from degradation. The protein is stored in specialized cigar-
shaped secretory organelles called Weibel-Palade bodies (WPBs) (1, 2). These organelles
can secrete their content continuously into the vessel which provides a steady level
of VWF. However, endothelial cells can also be stimulated by injury or stress to rapidly
secrete their content to increase circulating VWF levels (3).

When VWEF is deficient or qualitatively defect, bleeding can occur, known as Von
Willebrand disease (VWD) (4). This is the most common inherited bleeding disorder in
humans found in ~1 in 100 individuals (5). The disease can be divided into 3 subtypes.
Type 1 is hallmarked by low levels of functionally normal VWF, whereas in type 3,
VWEF is not present at all, making it the most severe type. Type 2 VWD is associated
with qualitative defects in VWF, like impaired multimerization (type 2A), enhanced or
spontaneous binding to platelets (type 2B), decreased binding to platelets or collagen
(type 2M) or decreased binding to Factor VI (FVIII) (type 2N) (4). VWD is usually treated
by either administration of 1-deamino-8-D-arginine vasopressin (DDAVP), or by VWF
concentrates (6). However, large inter individual differences in response to DDAVP
are observed. Several studies have reported differences in response due to disease
subtype, mutation, age or blood group (7-20), but the cause of the variation is not
fully understood. Although, VWD is the most common bleeding disorder, it is difficult
to diagnose due to the large heterogeneity and number of mutations or deletions
in the VWF gene observed within patients (21). Adding to the complexity, roughly
30-50% of VWD type 1 patients do not have VWF gene variants and have been shown
to present with a distinctly different bleeding phenotype (22-24). Current assays and
genetic testing often do not explain the cause of bleeding in these patients and it is
hypothesized that other modifiers cause the low levels and associated bleeding (25).

As endothelial cells are vital in the synthesis, storage and secretion of VWF, we
hypothesize that they may play a role in the unexplained VWD phenotype of patients
without VWF variant and may yield insight into the cause of the poor response to DDAVP.
One way to study the molecular and pathophysiological aspects of patient endothelial
cells is the endothelial colony forming cell (ECFC) model. One significant benefit of this
model is its capability to generate clonally proliferative cells which exhibit endothelial
traits, including the production and storage of VWF within WPBs, response to stimuli
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and characteristic endothelial cobblestone-like morphology (26). When derived from
patients, these cells can be used to study the pathophysiological mechanisms of VWD
in the patients (27-31).

In this study, we aimed to investigate the endothelial compartment in the context
of VWD as the endothelial cells may play a role in the unexplained low levels of VWF
or poor DDAVP response in some patients. We found distinct retention of VWF in
the endoplasmic reticulum (ER) in the ECFCs of some patients that did not respond
to DDAVP. Furthermore, we highlight the inverse correlation between secreted VWF
antigen (VWF:Ag) by ECFCs after stimulation and WPB count with cell area and the
correlation between VWF levels and exocytotic machinery.

Materials & Methods

Patient inclusion and ethical approval

Patients were selected from the previous nationwide cross-sectional Willebrand in the
Netherlands (WiN) study (32). Informed consent was obtained from 10 patients and
13 healthy donors. Healthy donors had not been diagnosed with VWD or any other
bleeding disorder. Inclusion criteria for the patients were as follows: diagnosed with
VWD and either 1) no known VWF variants or 2) with a VWF variant, but non-responsive
to DDAVP. Complete response was defined as 2 times increase in VWF platelet binding
activity (VWF:Act) from baseline at 1 hour after DDAVP and VWF:Act =50 1U/dL until
4 hours after DDAVP (32). At the moment of inclusion, the International Society on
Thrombosis and Haemostasis Bleeding Assessment Tool (ISTH-BAT) (33) was obtained
and blood samples were drawn (10 mL citrated and 50 mL heparinized blood).

Plasma coagulation factor levels

Citrated plasma samples from patients and controls at the time of inclusion were
centrally measured for VWF:Ag, VWF:Act, VWF collagen binding (VWF.CB) and FVIII
coagulant activity (FVIIL:C). The assays that were used for these central measurements
are described in the Supplementary Methods section. Furthermore, from the WiN
database, historically lowest plasma levels and levels at the time of inclusion in the
WIN study were also used in this study (32). Note that historical VWF activity was
measured with different platelet binding assays. In this article all VWF activity levels
will be indicated as VWFAct.
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Endothelial Colony Forming Cells acquisition

ECFCs were obtained following study protocols which were approved by the Leiden
University Medical Center (LUMC and Erasmus MC (EMC) ethics review boards. Isolation
and cell culture of ECFCs was performed as described previously (34). In short, isolation
and culture procedures involved venipuncture to collect whole blood, isolation
of PBMCs, and subsequent culture in EGM-18 medium (EBM-2 Basal Medium with
EGM-2 supplements & growth factors (Lonza, or PromoCell) with 18% heat inactivated
FBS (Thermo Fisher). At the EMC, not heat inactivated FBS was used. Clones typically
emerged between days 10 and 21, and upon reaching confluency in three T75 flasks (at
LUMC) or in four T75 flasks (at EMC) at passage 3, were frozen. A total of 29 clones were
isolated in this study, with experiments conducted on clones at passage 5. Detailed
information regarding each clone is provided in Table 1.

Brightfield and immunofluorescence image acquisition

For brightfield imaging, ECFCs at passage 5 were imaged three days after confluency
was reached with the Leica MC170 HD camera attachment to the DMIL LED (2.5 and 5x
lens) (Leica). For immunofluorescence imaging, staining and imaging were performed
as described before (35). All samples were stained with antibodies against VWF,
V-cadherin and nuclei were stained with Hoechst diluted in blocking buffer. In addition,
ER was visualized by staining with antibodies against Protein Disulfide Isomerase (PDI).
See Supplemental Table 1 for details on antibodies. Imaging for large tile scans was
performed similarly as described before (35) although a 5x5 tile scan was made for
a total area of 1059.84 x 1059.84 um (23261 um?). For super resolution imaging, cells
were imaged using the Zeiss LSM900 Airyscan2 upright confocal microscope with an
63x oil immersion objective.

Migration assay and image acquisition

For the cell migration assay, all samples were cultured in 48-well plates at passage 5.
The protocol was followed as described previously (35). Briefly, each clone was randomly
plated in six wells of a 48-well plate. Three days after confluency was reached, cells
were labeled with CellTracker Green (Life technologies) diluted 1:10,000 in EGM-18 for
45 minutes. Three wells per clone were treated with 12.5 pg/mL Mitomycin C (Sigma-
Aldrich) for 2 hours while the remaining three wells received medium only. The confluent
cell layer was damaged by making a scratch using a p100 pipet tip, after which the cells
were imaged using the AF6000 (Leica) microscope with a 10x lens at 37°C and 5% CO2.
Each well was imaged every 30 minutes for 24 hours for visualization of cell migration.
Time points 1, 2 and 3 had to be removed from analysis due to shifting of the plate
during image acquisition.

161



Chapter 7

Automated quantification of ECFC morphology and migration

Automated quantification of ECFC-parameters was done mostly with CellProfiler (version
4.2.1)(36). Confocal imaging tilescans of ECFCs were analyzed using the purpose-made
OrganelleProfiler pipeline as described previously (37). The pipeline was optimized as
needed for the antibodies used and the measured intensity. For the current study we
adjusted the OrganelleProfiler pipeline so that artefacts with high intensity, usually 6 to
7 times higher than the VWF signal, were identified and masked out of the image prior
to WPB analysis. For the migration assay analysis, a previously developed CellProfiler
pipeline was used to identify, count and track individual cells (35). Analysis parameters
and pipeline modifications specific for this study are detailed in the Supplementary
Methods section. The CellProfiler pipelines used for morphology and migration analysis
are supplied in the Supplemental Files (file 1 and 2) and are made available on GitHub
(https://github.com/Clotterdam).

Basal and stimulated release of VWF

Basal and constitutive release of VWF in EGM-18 medium by ECFCs was determined
over 24 hours before the cells were stimulated as described previously (34). In addition
to histamine, ECFCs were also exposed to 10 uM Epinephrine (Sigma-Aldrich) with
100 pM IBMX (Sigma-Aldrich) to trigger cAMP-mediated secretion of VWF. Cell lysates
were collected and media and lysates were measured by VWF.Ag enzyme-linked
immunosorbent assay (ELISA) as was described previously (38).

Mass spectrometry sample preparation and acquisition and analysis

For mass spectrometry analysis of EC proteomes, samples were digested with trypsin
as described previously (39). Tryptic digests were transferred to an Evotip Pure (Evosep)
according to manufacturer’s guidelines and analysed with an Evosep One liquid
chromatography (LC) system (Evosep) coupled to a TimsTOF HT mass spectrometer
(Bruker). Peptides were separated on a 15 cm x 150 pm, 1.5 pm Performance Column
(EV1137 from EvoSep) with the 30 samples per day gradient. Buffer Awas composed of
0.1 % formic acid, buffer B of 0.1 % formic acid in acetonitrile (Biosolve, NLD). Peptides
were ionized and electro sprayed into the mass spectrometer. Data was acquired in
DIA-PASEF mode, using an MS1 scan range of 100 - 1700 m/z. Accumulation time was set
at 100 ms with a duty cycle of 100%. MS2 acquisition was performed using 32 pyDIAID
(40) optimized mass and ion mobility windows, ranging from 400.2 - 1500.8 m/z and
0.70 - 1.50 1/k0 with a cycle time of 1.80 s. A collision energy of 20.00 eV at 0.6 1/kO
and 59 eV at 1.60 1/k0 was used. Raw mass spectrometry data files were processed
using the DIANN software (version 1.8) as previously reported (39). Data was analyzed
using R 4.2.3 / Rstudio (2022.07.02). Sample S34 could not be included in the analysis
due to technical reasons. Detected proteins were filtered for proteotypic and at least
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one unigue peptide per protein. Proteins should be quantified in at least six different
samples. Label free quantification (LFQ) values were transformed in log, scale. Missing
values were imputed by normal distribution (width = 0.3, shift = 1.5), assuming these
proteins were close to the detection limit. All LFQ values are available in Supplemental
File 3.

RNA isolation and quantification with quantitative PCR (qPCR)

All ECFC clones were cultured in 24-well plates at passage 4 and were kept in culture
for 5-7 days after they reached confluency. Isolation of RNA, synthesis of cDNA and
subsequent characterization of ECFCs into clusters by a qPCR gene panel were
performed as described previously (35). Primer sequences of all genes tested are
available in Supplemental Table 2. Measurements were analyzed using the comparative
Ct method where GAPDH was used as the housekeeping gene. Results from the gPCR
were analyzed using the prcomp function from stats in Rstudio (version 3.6.2). The
scriptis supplied as Supplemental File 4 (also made available on GitHub (https:/github.
com/Clotterdam).

Statistical Analysis

Functional aspects of ECFCs between controls and patient groups were compared
by Mann-Whitney U test (not normally distributed) and unpaired T test with Welch's
correction (normally distributed). Kruskal-Wallis one way ANOVA was used when
comparing more than 2 groups. Plasma measurements are presented as boxplot
with median or as points per ECFC clone with mean for all others. P value < 0.05 was
considered statistically significant. Data were analyzed using GraphPad Prism 9.3.1
(GraphPad Software, San Diego, CA, USA) unless otherwise indicated. For proteome
analysis, partition around medoids (PAM)-based clustering was performed using the
Cluster package (41), employing a Kmax of 20 with 100 iterations each. To determine
differentially abundant proteins, moderated t-tests were performed using LIMMA (42,
43). A BH adjusted p < 0.05 and log?2 fold change > 1 was considered significant and
relevant. Spearman correlations were calculated using Hmisc (44). Gene ontology term
enrichment was performed using the clusterProfiler package (45), enrichments with a
BH adjusted p-value < 0.05 were considered significant.

Results
VWD study population and ECFC isolation

In this study, we aimed to investigate the endothelial compartment as a potential
modifier of VWD phenotype by studying ECFCs derived from 13 healthy controls and
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from two groups of VWD patients in which an endothelial contribution to their disease
etiology is plausible: (1) patients without pathogenic VWF gene variants with a normal
response to DDAVP and (2) patients with VWD with a known pathogenic mutation in
VWF who do not respond to DDAVP (Figure 1A). Patients were classified as type 1 (6
patients) or type 2 (4 patients) VWD based on the current VWD diagnostic guideline
(46). Detailed characteristics of the patients and controls are shown in Table 1. Plasma
coagulation factor levels (VWF.Act, VWF.Ag, VWF.CB and FVIII:C) were determined again
at time of inclusion in this study (Figure 1B-E). All measured coagulation factors were
significantly lower in DDAVP non-responders when compared to healthy controls. VWF
and FVIII levels were also reduced in VWD patients without pathogenic VWF variants,
but this was only statistically significant for VWF:.CB. When compared to historically
lowest levels until WiN inclusion and levels measured during the WiN inclusion (12-16
years ago) (32), current levels have partially corrected (Figure 1B-E) which is likely due
to age-dependent increase in plasma VWF levels (23, 47-49).
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Figure 1. Patient and control plasma levels and ECFC characteristics. A) Schematic overview of
donor inclusion. Boxplots of B) VWF:Ag, C) VWF:Act, D) FVIII:.C and E) VWF.CB in the plasma of VWD
patients and controls at inclusion in the current study. Furthermore, historically lowest factor
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levels and levels at time of inclusion in the WiN (32) are shown. Statistical analysis by Kruskal-Wallis
one way ANOVA, * p < 0.05, ** p < 0.01. values 1.5 times outside the interquartile range (IQR)
are shown as black dots. Note that previously, VWF activity was measured with different platelet
binding assays. In this article all VWF activity levels will be indicated as VWF.Act. F) PCA plot
showing heterogeneity between ECFC clones. All clones on the left of the y-axis were categorized
as cluster 1, and clones on the right as cluster 2. Numbers correlate with sample numbers and
color indicates which group the clone belongs to, controls (yellow), VWD patients without DDAVP
response (red) and VWD patients without VWF variant (purple). Abbreviations: PCA = Principal
Component Analysis; Hist. = Historically; VWF = von Willebrand factor; Ag = Antigen; Act = Activity;
WIN = Willebrand in the Netherlands; CB = Collagen binding; DDAVP = 1-deamino-8-D-arginine
vasopressin.

ECFC isolation and RNA based characterization

To study VWD-specific signatures of endothelial cells, we isolated at least 1 ECFC clone
from all patients and controls. When multiple clones were isolated per donor 2 were
taken along in this study, which resulted in 15 clones from controls and 14 from patients
(Figure 1A). A complete overview of the ECFC clone and donor characteristics is shown
in Table 1. All clones displayed characteristic cobblestone-like endothelial morphology
although with large heterogeneity (Supplemental Figure 1) It is widely recognized that
substantial phenotypic heterogeneity can exist between ECFC clones isolated from
healthy controls and even from the same individuals (34, 38), which can be explained by
the existence of at least two discrete transcriptional clusters of ECFCs (35). We carried
out a gPCR-based transcriptional analysis of ECFC clones as described previously (35)
(Supplemental Table 2) that can distinguish between the aforementioned phenotypic
clusters of ECFCs. To visualize the variation between clones we performed principal
component analysis (PCA) (Figure 1F), which revealed large intra- and inter-individual
heterogeneity and allowed us to categorize ECFC clones in cluster 1 and cluster 2 ECFCs
(Table 1). To ensure correct comparison between control and patient ECFCs, we will use
this categorization in all following assays to compare ECFC clones with clones within
their assigned cluster.

Morphological and migratory characterization of VWD patient-derived ECFCs

Morphology of ECFCs was studied to investigate whether defects in the secretory
pathway or abnormal distribution, count and/or shape of WPBs contribute to the VWD
phenotype of the patients. All ECFCs were imaged for VWF, VE-cadherin and their
nuclei (Figure 2A). Clone S38 is shown as a representative for the control ECFCs and
shows typical cigar-shaped WPBs. We observed that 3 out of 5 ECFCs from patients
with DDAVP non-response showed signs of retention of VWF in the ER (529 shown as
representative clone of other ECFCs S25, S27 and S35), which was confirmed by PDI
staining (Supplemental Figure 2). No uniform morphological phenotype was seen in
patients without pathogenic VWF variants, but S11 did display very large cells and small
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and round WPBs. ECFC characteristics were quantified using an automated image-
analysis pipeline developed in CellProfiler (37). Great variation in cell count, WPB count
per cell, organelle eccentricity and relative distance to the nucleus between all ECFCs
was observed (Figure 2B-E) as was also shown previously in healthy controls (35, 37).
Between patient groups and controls, only mean organelle eccentricity was found to be
significantly lower in cluster 1 ECFCs of patients without DDAVP response. This effect
was primarily attributable to the ECFCs that showed ER retention, which on average
had lower organelle eccentricity (0.63740.015 vs. control 0.721+0.039) and WPB count
per cell (35.97+24.20 vs. control 132.30+27.60). Together this data highlights a distinct
phenotype in ECFCs of DDAVP non-responders that results in retention of VWF in the
ER, thereby reducing its availability for stimulus-induced release of VWF from WPBs.
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Figure 2. Morphological differences of VWD derived ECFCs. Phenotypic profiling of all ECFCs
was done using tile scans (1123261 pm?). ECFC clones were analyzed per cluster and stained
with Hoechst (blue) and antibodies against VE-cadherin (red) and VWF (green). A) Representative
confocal images of a control ECFC clone (top - S38), a patient with retention of VWF in the ER
(middle - S29) and a patient ECFC with round WPBs (bottom - S11). Scale bar represents 30
pum. The white box indicates the area that is enlarged by 3x of the merge (scale bar represents
10 pm). Images were taken with a 63x objective. B) Cell count per surface area of the tile scan.
C) Mean WPB count per cell per ECFC clone. D) Mean eccentricity of WPBs per ECFC clone. E)
Distance of the WPB to the nucleus relative to their position in the cell in percentage. S29 and
S11 values are indicated by x and xx respectively in B-E. Values per ECFC clone are shown and the
line shows the mean. Kruskal-Wallis one way ANOVA was performed; * p <0.05. Abbreviations:
VWEF =von Willebrand factor; DDAVP = 1-deamino-8-D-arginine vasopressin; ns = not significant;
resp = responder; mut = mutation.
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It has been shown that VWF plays a role in migration, proliferation and angiogenesis
of endothelial cells (50) and that some type 1 and 2 VWD patient-derived ECFCs had
lower directionality in wound healing assays (51). Therefore, we also analyzed the
migration behavior of all ECFCs using a scratch wound migration assay (Supplemental
Figure 3A). We observed that cluster 1 DDAVP non-responder ECFCs have a slower
closing speed when compared to control ECFCs, while cluster 2 ECFCs from DDAVP
non-responders close the scratch faster than controls (Supplemental Figure 3B).
No significant differences were observed for speed of movement, X trajectory and
linearity (Supplemental Figure 3C). However, samples 25, 27 and 29 in cluster 1 did show
markedly decreased X trajectory. This suggests that ECs with observed ER retention
and decreased VWF levels also have implicated migratory processes.

Impaired synthesis and secretion upon stimulation of patient ECFCs

We investigated whether production of VWF and secretory capabilities of the ECFCs
may clarify the low VWF levels or lack of response to DDAVP. We measured basal VWF
secretion over 24 hours (Figure 3A), intracellular VWF content in the lysate (Figure
3B) and regulated secretion of VWF following Ca?*- (histamine) and cAMP-mediated
(epinephrine) stimulation (Figure 3C-D). Cluster 1 control ECFCs secrete more VWF.Ag
in rest than ECFCs from patients that did not respond to DDAVP. There is no difference
between the ECFCs from controls and patients without VWF variant. Histamine and
epinephrine stimulated release from ECFCs derived from patients without DDAVP
response show a trend to lower response than controls. ECFCs derived from patients
with no VWF mutation responded similarly to histamine and epinephrine stimulation
as the control ECFCs. ECFC VWEF synthesis and secretion was correlated to plasma VWF
levels (Figure 3E-H). ECFCs in cluster 1 showed positive correlations between plasma
VWE:Ag levels and all ELISA measurements while there was no correlation in cluster 2
ECFCs. This suggests that cluster 1 ECFCs are a good representative of VWF synthesis
and secretion in the vessels of the patients.
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Figure 3. VWF production and secretion lower in patient ECFCs. ECFCs were grown in culture
until confluent and then stimulated by histamine and epinephrine + IBMX to secrete VWF. VWF.Ag
(IU/dL) levels as measured by ELISA are shown per ECFC clone. A) VWF levels secreted in media
during 24 hours of culture of ECFCs preceding the stimulation. B) VWF levels in the lysates of
unstimulated cells (DMSO exposure only) C) Secretion of VWF after 1 hour of stimulation as a
percentage of the total amount of VWF in the cell. Calculated as the released VWF:Ag in media
minus VWFAg released without stimulant (DMSO) divided by the total amount of VWF in the
cell (the lysate of the unstimulated cells). If stimulated release was not higher than the negative
control a value of O was noted. Plasma VWF.Ag measurements were correlated to the levels of
VWF:Ag secreted by the ECFCs in rest (E), in the lysate (F), secreted after histamine stimulation
(G) and secreted after epinephrine + IBMX stimulation (H). Statistical analysis by Kruskal-Wallis
one way ANOVA, *p < 0.05, **p < 0.01. R? was calculated by linear regression. Abbreviations:
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DDAVP = 1-deamino-8-D-arginine vasopressin; VWF = von Willebrand factor; DMSO = Dimethyl
sulfoxide; ns = not significant; his = histamine; epi = epinephrine.

VWD does not drive disease-specific proteomic differences

Next, we investigated whether we could find differences in protein abundance in ECFCs
derived from VWD patients. Therefore, we performed unbiased proteomics on 28
ECFC clones using a bottom-up, label-free quantification mass spectrometry workflow
(Figure 4A). On average, 8,349 proteins were quantified per sample (Supplemental
Figure 4A) with an overall high correlation (Supplemental Figure 4B). Based on principal
component analysis, we did not observe a clear distinction between controls and the 2
VWD patient categories (Figure 4B). PAM clustering of the proteomes, identified three
ECFCs clusters (A,B,C) (Figure 4C) of which clusters A and B partially overlapped with the
annotation based on the gPCR panel (Figure 4D). Statistical analysis comparing ECFCs
derived from healthy controls with ECFCs derived from VWD patient groups showed
no group-specific differences (LFC > 1, p < 0.05), irrespective of proteomics clustering
(A,B,C) or subdivision in the gPCR panel (1,2) (Figure 4D-F). Comparison of individual
patient ECFC clones versus controls within the proteomics clusters did reveal clone-
specific alterations (Supplemental Figure 4C). However, the observed heterogeneity in
ECFC clones derived from the same donor (Supplemental Figure 4D) combined with
marginal overlap in regulated proteins between ECFCs clones from the same VWD
donor (Supplemental Figure 4E), hampers interpretation of donor-specific differences.
Taken together, this highlights the challenge to dissect VWD-specific defects in the
individual patient.
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Proteomic signatures of heterogenous ECFC phenotypes

To further investigate endothelial heterogeneity in the context of VWD, we explored
the differences that drive separation into clusters A,B,C (Figure 4C). On a morphological
level, cluster A contained ECFCs with hallmark cobblestone morphology, while cluster
B contained cells with a more inflamed and mesenchymal-like phenotype (Figure 5A),
in agreement with gPCR segregation. Among the proteins driving the most variation
between proteomic clusters A and B, were ALDH1A1, CLU, and VWF (increased
abundance in cluster A) and TGFBI, CD44 and TAGLN (increased abundance in cluster
B) which were previously described separating cobblestone-mesenchymal phenotypes
by RNA-seq (34) (Figure 5B-C). In total, 316 of the 451 significantly different proteins
between group A and B were identified in that study on transcript level as well
(Supplemental Figure 5A-B). Interestingly, cells in cluster C showed a unique phenotype
of spindle-like ECs that diverged from both other clusters. The variation across PC2, that
mostly separated cluster C, was driven by RELN, TIMP3 and CEACAM1 among others
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(Supplemental Figure 5CGD). In total 345 proteins were differentially abundant in cluster
C compared to both other clusters (LFC > 1, p < 0.05) (Figure 5D). Cell-type-specific
enrichment analysis of the upregulated proteins using WebCSEA (52) enriched highest
for lymphatic ECs (Figure 5E). Moreover, lymphatic markers PROX1, VEGFR3 (FLT4) and,
to a lesser extent, LYVET (53-55) were all more abundant in cluster C ECFCs (Figure 5F),
suggesting these clones are of lymphatic endothelial lineage.
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Figure 5. Proteomic signatures of heterogenous ECFC phenotypes A) Brightfield images of
hallmark ECFC clones per proteomic cluster, scale bar indicates 500 pm. B) Distribution of samples
and loading plot across PC1, shape indicates disease type (control - circle, no DDAVP - diamond,
no VWF mutation - square). Highest positive and negative separating proteins in the loading
plot are highlighted in red and labeled. C) Dot plots of protein LFQ values with high positive and
negative separation across PC1. D) Number of up- and downregulated proteins (t-test, p-value <
0.05, LFC> 1) in Cluster C versus both other clusters. E) Top 15 WebCSEA enriched endothelial cell
subtype terms of upregulated proteins in group C. Colors indicate lymphatic EC terms (black) and
other EC terms (grey). F) Dot plots of lymphatic proteins LFQ values. PC = principal component,
LFC = Log fold change, LFQ = label-free quantification.

Combined data integration to decipher proteomics profiles in the context of
VWF

To investigate proteomic profiles in the context of VWF across a heterogeneous
ECFC population, we integrated VWF secretion, gPCR cluster profiles, morphological
and functional data with protein expression profiles. Correlation analysis revealed
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that abundance of an extensive network of proteins (n=2173) was associated
with a functional or cell biological outcome (spearman correlation coefficient > 0.7)
(Supplemental Figure 6A). As expected, VWF.Ag levels in lysates and secreted VWF
measured by ELISA correlated highly with the proteome VWF LFQ measurements
(spearman correlation > 0.85) (Supplemental Figure 6B). VWF LFQ, VWF.Ag and secreted
VWEF levels also correlated positively with cell - and WPB count, and inversely with cell
area (Supplemental Figure 6A). Proteins positively correlating with histamine-induced
VWEF secretion (n=791), enriched predominantly for the gene ontology biological
process term “RNA processing” and proteins inversely correlated (n=550) enriched
for "Endomembrane system” (Figure 6A). To specifically look for proteins associated
with the VWF exocytosis machinery and WPB bodies, we highlighted known and
putative WPB interactor proteins (2) and found that important adaptors in VWF release
were positively correlated with increased VWF release, such as RAB27A, RAB3D, and
SYTL4(56-58), while others such as GBF1 which is important in ER-Golgi trafficking
of VWF was negatively correlating (Figure 6B). Of these proteins only RAB3D also
positively correlated with WPB count per cell (Figure 6C). This suggests, while both
RAB3D and RAB27A are important in WPB release, RAB3D also functions in managing
WPBs in steady state. Surprisingly, IGFBP7, a protein known to be present in WPBs (59),
is lower in abundance when more WPBs are present per cell (Figure 6D). Moreover, 18
mitochondrial proteins correlated positively with WPBs count of which mitochondrial
membrane protein AGK had the highest correlation. Finally, correlating proteins to
organelle eccentricity, which is a proxy for ER retention, were limited. However, several
members of the vacuolar-ATPase (ATP6V-B1,-E1,-G1,-H1) negatively correlated with
organelle eccentricity (Figure 6E). Counterintuitively, although the v-ATPase proton
pump is required for the maturation of WPB bodies (59-61), our analysis shows that
higher levels of this protein correlated with round WPB bodies (Figure 6F).
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Figure 6. Proteomic and functional data integration A) Spearman correlation plot of histamine-
induced secreted VWF levels with protein LFQ levels and B) protein correlations of interest.
C) Spearman correlation plot of WPB count per cell with protein LFQ levels and D) protein
correlations of interest. E) Spearman correlation plot of organelle eccentricity with protein LFQ
levels and F) protein correlation of interest. For all Spearman correlation plots, correlation >
0.7 and p value < 0.07 are indicated by dotted red lines. Total number of proteins above cutoffs
are indicated at the top of graph. WPB interacting proteins are indicated in red. Major enriched
GO-terms per functional output and number of proteins per term are shown. Abbreviations:
WPB = Weibel-Palade body; DDAVP = 1-deamino-8-D-arginine vasopressin; VWF = von Willebrand
factor; DMSO = Dimethyl sulfoxide; his = histamine; epi = epinephrine, WPB = Weibel-Palade body,
LFQ = label free quantification.

Discussion

ECFCs have been used to study biological processes in endothelial cells and to elucidate
the pathogenic mechanisms of various diseases (29, 30, 51). There is a lot of variability in
bleeding phenotype in patients with VWD (4) and it is hypothesized that other modifiers
cause the low levels of VWF and associated bleeding (25) or perhaps non-response
to DDAVP treatment. Therefore, in this study, we used ECFCs to attempt to unravel
those mechanisms. Patients were previously diagnosed with VWD based on reduced
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levels of plasma VWF:Ag and VWF.Act which correlated with low levels of produced
and secreted VWF by ECFCs. Furthermore, we observed retention of VWF in the ER
which was connected with very low levels of secreted VWF. Proteomic characterization
of the ECFC clones yielded distinct clusters of ECFC clones that were not dependent
on patient groups. Proteomic clustering overlapped with RNA based clustering and
yielded a third cluster in this study, which seems to be of lymphatic endothelial lineage.
Finally, comparing functional outcomes to proteomics, we observed that VWF levels
and WPB count per cell correlated inversely with cell area and regulated secretion of
VWEF and Weibel-Palade body count in ECFCs were correlated with various secretory
machinery components. Protein regulation showed strong enrichment of DNA and
MRNA processing in cells with high VWF levels and a smaller cell area.

Despite the advantages of ECFCs, considerable phenotypic heterogeneity has been
observed (34, 35, 38) which are influenced by day of initial appearance of ECFCs
(34), passaging (62), and duration in culture (63, 64). Interestingly, the proteomic
heterogeneity between clones was remarkably similar to the transcriptomic differences
observed previously (35), even though different ECFCs, cultured in separate labs, were
used. 316 from the 457 significantly different proteins between group A and B were
measured by RNA-seq previously (35). This large overlap indicates that ECFCs maintain
similar patterns on both protein and RNA expression level. Furthermore, endothelial
to mesenchymal (EndoMT) associated proteins TGFBI, TGFB2 and BMP2 (65) were also
found to be significantly different at the proteome level.

While the origin of circulating ECFCs is uncertain, the heterogeneity that we observed
between clones resembles the differences in expression profiles between endothelial
cells from distinct vascular beds (39, 66). The proteomic signature showed a distinct
cluster enriched for ECs of lymphatic endothelial lineage. These cells were visually
smaller and more spindle-like compared to other ECFC clones and they had higher
protein levels of transcription factors PROX1 (67) and CEACAM1, which are important
in the formation of new lymphatic vessels (68). Whether the observed ECFCs respond
differently to external stimuli remains to be elucidated, but provides an interesting
avenue to investigate vascular bed- related differences using ECFCs.

We hypothesized that unexplained non-response to DDAVP could be caused by
modifiers outside of VWF. ECFCs that showed retention of VWF in the ER were all derived
from DDAVP non-responsive patients that carried VWF mutations. The p.Arg924GIn
mutation (S25) is associated with reduced VWF and FVIIl levels (69), but ER retention in
previous studies has not been confirmed through any staining. S27 and S35 (from the
same patient) carry p.Asp141Asn and p.Arg2313Cys. The variant p.Asp141Asn has been
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shown to cause ER retention in transfected HEK cells (70), which we now confirmed
in ECFCs carrying this mutation. Finally, p.Arg1374Cys (S29) is still disputed as causing
either VWD type 2A or 2M (71), but we show here that this variant is accompanied with
significant retention within the ER. Collectively, the retention of VWF in the ER, which
would prevent it from progressing to WPBs from where it can be released via basal and
stimulus-induced secretion, appears to be a common mechanism in VWD that could
explain the lower circulating levels of VWF and the subsequent non-response to DDAVP.

In this study we show that circulating VWF plasma levels correlate with the amount of
VWEF contained in ECFCs and with the amount of VWF that is released from ECFCs upon
stimulated secretion, which confirms the relevance of the ECFCs as ex vivo cell models
for VWF secretion in vivo. Moreover, we show that protein levels of various secretion
machinery proteins such as RAB27A, RAB3D, VWF and SYTL4 were significantly
correlated to stimulated release of VWF and WPB count. Taken together this suggests
that the exocytotic machinery that is recruited to WPBs is a determinant of circulating
VWEF, which is in line with previous findings from genome wide association studies
that identified components of the secretory pathway such as STX2 and STXBP5 as
determinants of VWF plasma levels (72-74). Interestingly, the correlation between
plasma VWF.Ag and ECFC VWF levels (intracellular and released after stimulus) was only
observed in cluster 1 cobblestone ECFCs, and not in cluster 2 mesenchymal/inflamed-
like ECFCs. This raises the question whether cluster 2 ECFCs are representative of the
endothelial compartment that is responsible for production of VWF that circulates in
plasma and underscores the intricate connection between VWF and inflammation (75).

A limitation of this study was that patient characteristics were very diverse and despite
ECFC matching, no common cause for the VWD phenotype was found. ECFC variation
between groups was not representative of individual patient heterogeneity. Therefore,
we focused on patient-specific qualitative findings rather than quantitative results. Our
findings remain to be validated in a different setting or larger cohort to confirm whether
these are patient-specific differences that contribute to the bleeding phenotype or
arise from ECFC variation. Furthermore, other functional aspects like angiogenesis,
proliferation and apoptosis were not included in this study. Analysis on ECFCs from
patients with a bleeding disorder of unknown cause (BDUC), especially those with
gastrointestinal bleeding might benefit from those assays. Moreover, as bleeding is
mediated through the interplay of different cells, incorporation of multiple cell types
such as platelets and leukocytes or the addition of shear stress in a flow model might
boost future studies in unraveling VWD bleeding phenotypes.
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Finally, to our knowledge this study is the first to examine a large panel of ECFCs of both
healthy and VWD donors through extensive characterization by both functional assays
and proteomics. As such, it highlights the current opportunities and challenges in using
ECFCs as a model to study WPB-specific mechanisms and provides a broad ECGwide
picture of the molecular regulation of WPB machinery and its outcomes.
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Supplemental table 1. Antibodies used in immunofluorescence

VWD patient pathophysiology explored by ECFCs

Antibody Manufacturer Category Concentration Dilution
number
IF Primary antibodies
VWEF (Rabbit) DAKO A0082 4.1 mg/mL 1:1,000
VE-cadherin (Mouse) BD Pharming 555661 0.5 mg/mL 1:250
VWEF (Sheep) Abcam AB11743 1 mg/mL 1:1,000
PDI (Rabbit) Enzo life sciences SPA-890 1 mg/mL 1:250
Hoechst Thermo Fisher H3569 10 mg/mL 1:10,000
Scientific
IF Secondary antibodies
Donkey-anti-Sheep AF488  Invitrogen Molecular  A11015 2 mg/mL 1:750
Probes
Donkey-anti-Mouse AF488  Invitrogen Molecular  A21202 2 mg/mL 1:750
Probes
Donkey-anti-Mouse AF568  Invitrogen Molecular  A10037 2 mg/mL 1:750
Probes
Donkey-anti-Rabbit AF647  Invitrogen Molecular  A31573 2 mg/mL 1:750

Probes

Abbreviations: Von Willebrand Factor (VWF), Immunofluorescence (IF)
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Supplemental table 2. Primer sequences used for the gPCR panel

Gene Sense Anti-sense

GAPDH ACCATCTTCCAGGAGCGAGA GACTCCACGACGTACTCAGC
RAB27A  GAAGCCATAGCACTCGCAGAGA CAGGACTTGTCCACACACCGTT
SELP TCCGCTGCATTGACTCTGGACA CTGAAACGCTCTCAAGGATGGAG
VWF TTGACGGGGAGGTGAATGTG ATGTCTGCTTCAGGACCACG
PLAT TGGTGCTACGTCTTTAAGGCGG GCTGACCCATTCCCAAAGTAGC
CD63 CAACCACACTGCTTCGATCCTG GACTCGGTTCTTCGACATGGAAG
ALDHTAT  CGGGAAAAGCAATCTGAAGAGGG GATGCGGCTATACAACACTGGC
SOX18 GTGTGGGCAAAGGACGAG GTTCAGCTCCTTCCACGCT

BMP2 TGTATCGCAGGCACTCAGGTCA CCACTCGTTTCTGGTAGTTCTTC
COL1AT CAGCCGCTTCACCTACAGC TTTTGTATTCAATCACTGTCTTGCC
TGFBI GGACATGCTCACTATCAACGGG CTGTGGACACATCAGACTCTGC
IFI127 CGTCCTCCATAGCAGCCAAGAT ACCCAATGGAGCCCAGGATGAA
BST2 TCTCCTGCAACAAGAGCTGACC TCTCTGCATCCAGGGAAGCCAT
ABI3BP CCTTCTACACCTAAACGACGCC GGTGTTGTCCATGTAGGTTCAGG
SERPINET  CTCATCAGCCACTGGAAAGGCA GACTCGTGAAGTCAGCCTGAAAC
CXCL8 GAGAGTGATTGAGAGTGGACCAC CACAACCCTCTGCACCCAGTTT
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Cluster 1 ECFC clones Cluster 2 ECFC clones

No DDAVP response

No VWF mutation

Supplemental Figure 1. Brightfield images of all isolated ECFC clones. Images taken by
brightfield microscopy with a 5x magnification. Scale is 1,000 um. Image border indicates to
which group the clone belongs, control (yellow), VWD patients without DDAVP response (red)
and VWD patients without VWF variant (purple). Abbreviations: VWF =von Willebrand factor;
ECFC = Endothelial colony forming cell; DDAVP = 1-deamino-8-D-arginine vasopressin.
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PDI VWEF Merge

Control - S38

Patient with ER
retention - $29

Supplemental Figure 2. Retention of VWF in the ER in representative image. Detailed imaging
of ECFCs was done using airyscan super resolution confocal microscopy with a 63x objective. ECFC
clones were imaged during the isolation process just before freezing. Representative confocal
images of a control ECFC clone (top - S38) and patient ECFCs with retention of VWF in the ER
(bottom - S29) stained with Hoechst (blue) and antibodies against VE-cadherin (red), PDI to stain
the ER (Magenta) and VWF (green). Scale bar represents 25 pm. In white, the overlap between the
VWEF and PDI signal is shown. Abbreviations: VWF = von Willebrand factor; PDI = protein disulfide
isomerase; ER = endoplasmic reticulum.
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Supplemental Figure 3. ECFC migration analysis shows large variety in speed, direction and
linearity. A) Schematic representation of the various parameters measured by the automated
quantification pipeline. B) Closing speed of the covered area over 24 hours. Area covered at
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t=0 was added as a single data point. Time points 1, 2 and 3 had to be removed due to shifting
of the plate during image acquisition. C) Average maximum speed per clone (left), X trajectory
(middle) and linearity calculated as displacement / integrated distance (right) for cluster 1 and
cluster 2 ECFCs. Statistical analysis by Kruskal-Wallis one way ANOVA, * p < 0.05. Abbreviations:
DDAVP = 1-deamino-8-D-arginine vasopressin; VWF = von Willebrand factor; ns = not significant.
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Supplemental Figure 4 A) Bar graph showing number of quantified proteins per sample. B)
Heatmap of spearman correlation between samples, three groups are indicated by black squares.
Overview of samples and significantly regulated proteins (t-test, p < 0.05 and LFC > 1) between
C) individual patient ECFC clones versus controls per proteome cluster. D) Principal component
analysis (PCA) of proteomes across PC1 and PC2, samples are labeled, clones from the same
donor are connected, colors indicate proteome cluster (Cluster A - green, Cluster B - red, Cluster
C - blue). E) Overlap in significant hits of ECFCs clones derived from the same donor.
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Supplemental Figure 5 A) Number of significant hits (t-test, p value < 0.05, LFC > 1) between
proteome clusters as indicated. B) Overlap of significantly regulated proteins between cluster
A and B versus regulated transcripts in Laan et al. (35) C) Distribution of samples and loading
plot across PC2, shape indicates disease type (control - circle, no DDAVP - diamond, no VWF
mutation - square). Highest positive and negative separating proteins in the loading plot are

highlighted in red and labeled. D) Dot plots of protein LFQ values with high positive and negative
separation across PC2.
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Supplementary Methods

Plasma coagulation factor level measurements

VWF:Ag was measured using Polyclonal Rabbit Anti-Human Von Willebrand factor
(Agilent Technologies) as coating antibody. Polyclonal Rabbit Anti-Human Von Willebrand
factor Horseradish Peroxidase conjugated (Zebra Bioscience (Dako), was used as
detection antibody. 2,2"-azino-di-(3-ethylbenzthiazoline sulfonic acid) (ABTS) with 0.1%
H,O, was used as substrate buffer and the reaction was stopped by adding 5% acetic
acid. Measurement was performed using the Synergy HT gen5TM microplate reader
(Biotek). VWF:CB was measured using the HemosIL'™ AcuStar system (kit 009802044)
as per the manufacturer’s protocol. VWF:Act was analyzed with a direct GPIb binding
assay (VWF.GPIbM) using the INNOVANCE® VWF Ac (Siemens) as per manufacturer’s
protocol and measured using the sysmex CN3000 (Siemens). Finally, FVIII coagulation
activity was measured by the automated one stage assay on the Sysmex CN3000 with
FVIII deficient plasma (Siemens). Commercial pooled plasma (VisuA en VisuN (Stago))
was used as reference.

Automated quantification of ECFC migration

CellTracker Green signal was used to identify and count individual cells per time pointin
the migration assay. The area that was covered by cells was identified as the total area
with cells, while the remaining area was identified as scratch. These parameters were
used to calculate the cell density and the closing speed of the scratch. The timepoint
where the scratch was closed was defined as the time of closure (ToC). In this study, the
pipeline was expanded to include single cell measurements. The TrackObjects module
was applied to recognize cell objects over time with a 50 pixel overlap. Objects were
filtered out if they were measured in less than 20 frames. Of the tracked objects the
displacement, integrated distance, linearity (calculated as displacement / integrated
distance), distance traveled (speed), and X and Y trajectory were measured. For
displacement, integrated distance and linearity the value at ToC was exported. For
distance traveled, the max speed until ToC was exported. Finally, for Xand Y trajectory,
the average was taken until ToC.
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Chapter 8

Study objectives

In this thesis, several aspects related to treatment in bleeding disorders, endothelial cell
function and endothelial model systems in the context of studying bleeding disorders
have been studied. The main aim of this thesis was to find defects in the endothelial
secretory pathway that could potentially lead to bleeding which could not be explained
through standard clinical testing. Specifically, we investigated patients with von
Willebrand disease (VWD) with low von Willebrand factor (VWF) levels without a known
pathogenic VWF variant or patients with VWD that did not respond to 1-deamino-8-D-
arginine vasopressin (DDAVP). We also studied and optimized the method of using the
endothelial colony forming cell (ECFC) model for research and how to automatically
quantify morphological parameters of those cells. Each of the factors studied in this
thesis contribute to our understanding of endothelial cell function in health and
disease, but they also raise important questions about the methodologies used, the
models chosen, and the future direction of this research which we will discuss here.

Where to look, methods for studying bleeding disorders

Bleeding disorders are complex due to the variety of underlying causes, ranging from
genetic mutations to acquired conditions affecting clotting factors, platelets, or the
vascular endothelium. For example, VWD is the most common bleeding disorder in
humans (1), but it is difficult to diagnose due to multiple assays being needed and
variation within those assays. The large heterogeneity and number of mutations or
deletions in the VWF gene observed within patients further complicate the diagnosis (2).
First level diagnostic tests (FVIII.C, VWFAntigen and VWF:Activity plasma measurements)
are performed on patients that present with bleeding symptoms or elevated ISTH-BAT
to confirm or reject a VWD diagnosis (3). Second level tests are then performed to
determine the subtype of disease. This includes; VWF multimer analysis, VWF:Collagen
binding, VWF propeptide and VWF:FVIII binding assays, ristocetin-induced platelet
aggregation and genetic testing. These second level tests can give insight into the
quantitative or qualitative defects in VWF which allows for more efficient and effective
treatment of most patients.

Interestingly, approximately 30-50% of patients with type 1 VWD do not have pathogenic
VWF gene variants that could explain the lowered levels of VWF (4-6). Although these
patients can be treated with factor concentrates or DDAVP (7), current assays and
genetic testing often do not fully explain the cause of bleeding in these patients.
Furthermore, a substantial portion of patients do not or only partially respond to DDAVP.
Several potential determinants for DDAVP response, like disease subtype, mutation,
age or blood group (8-17) have been reported, but the cause of the variation is not
fully understood. We undertook a systematic review and meta-analysis to elucidate the
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rate of response and possible determinants of DDAVP response (Chapter 6). We found
large differences in response to DDAVP between disease subtypes, which was largely
determined by the baseline levels of FVIII:.C for Hemophilia A and VWF.Antigen for VWD.
The importance of baseline levels of VWF has also been described in other studies. For
example, Heijdra et al. studied DDAVP response in type 1 VWD patients and concluded
that a baseline of 34 1U/dL VWFActivity or higher will lead to complete response in
all patients (18). Clear determinants of response and associated cut-offs can allow
clinicians to predict likelihood of response and choose the appropriate medication. A
cut-off value based on baseline levels was not determined in our systematic review due
to limited individually reported patient data and varying definitions of response. This
further emphasizes the need for a standardized definition of response to DDAVP to aid
not only clinicians but also fundamental research on DDAVP response. Furthermore,
our systematic review highlights that it is still not fully known what determines DDAVP
response. It is hypothesized that other modifiers of VWF can cause the low levels and
associated bleeding in patients without a VWF defect (19). Potentially, modifiers of VWF
could also play a role in the response to DDAVP and cause non-response in patients.
Further testing on these cohorts that could identify these modifiers is thus needed.

Broad, unbiased methods and studies are effective in finding potential candidates,
but not for functional validation of those candidates. Luckily, various in vivo and in
vitro models exist that are used to study VWF and VWD (20). Naturally occurring VWD
has been described in mammals such as dogs and pigs (21-23), which offered valuable
insight by studying the disease in a complete system. Although, cost of housing limited
the use of these models. Mouse VWD models offer a cheaper, easier to handle model
but have the challenge of small blood volumes and vessel which make experimentation
more difficult (24). Alternatively, a rat VWD model can be used which offers relatively
simple housing and larger blood volume than mice (25). VWF can also be expressed in
non-endothelial cell types to study pathogenic VWF variants and their effect on VWF
biosynthesis, storage and secretion (26). However, those models lack endothelial cell
specific gene expression and thus lack a true endothelial environment. Unfortunately,
none of the models mentioned above could be used in this thesis as they all require
knowledge of the pathogenic variant of VWF or other factor that causes the unexplained
low levels of VWF or non-response to DDAVP in our patient cohort. It is therefore almost
inevitable to analyze the endothelial cells from the patients themselves.

Looking inside, endothelial cell models with intrinsic patient characteristics

Patient endothelial cells can be isolated via invasive surgery or they can be derived
directly from whole blood. This can be done by differentiating late appearing endothelial
progenitor cells into ECFCs (27) or by reprogramming peripheral blood mononuclear
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cells (PBMCs) into induced pluripotent stem cells (iPSCs) and then differentiating
those into iPSC endothelial cells (iPSCG-ECs) (28). These are excellent model systems to
investigate vascular defects as they carry the mutation(s) of the patient (27) and have
been used to study pathogenic disease mechanisms (Chapter 2). In this thesis we
extensively tested ECFCs derived from patients with VWD with either no VWF mutation
or no response to DDAVP (Chapter 7). In three of those patients, clear retention of
VWEF in the endoplasmic reticulum was found. These three patients all have known
VWF mutations. In patients carrying the p.Arg924GIn or p.Arg1374Cys mutation, ER
retention of VWF had not been described before (29, 30) and was thus a novel finding.
For the other patient, carrying both p.Asp141Asn and p.Arg2313Cys mutations, ER
retention had been previously shown in HEK293 cells transfected with the p.Asp141Asn
mutation (31). Although the retention of VWF can explain the non-response to DDAVP
in these patients, it is still unclear what causes the retention. Proteomic analysis on
these cells did not reveal other candidates that hint towards other defects in the early
secretory pathway or defects in the synthesis of VWF. To continue this research, the
known VWF mutation in the ECFCs could be corrected through genetic modification
or blocked through the use of allele-specific small-interfering RNA (32). Alternatively,
through a recently published novel approach, the mutation can be introduced into
healthy ECFCs by base editing to confirm the patient phenotype (33). These methods
could confirm whether the ER retention is caused by the VWF mutation or additional
factor in these patients.

There were also ECFC clones from which no clear defect was observed that could
explain the bleeding phenotype, especially in ECFC derived from patients without VWF
mutation. In those patients the defect could be present in an aspect of the endothelial
compartment that we did not test like the angiogenic capacity, proliferation, apoptosis
or endothelial barrier function. However, as the patients reported with lowered VWF
levels we did test the aspects most likely to directly or indirectly affect VWF such as; cell
and organelle morphology, VWF synthesis, storage and secretion, cell migration and
the proteomic signature. Alternatively, lower VWF levels could be caused by something
outside of the endothelial cells. For example, in the clearance of VWF which has been
shown in VWD patients with gene variations in CLEC4M (34), or in the later functioning in
the primary hemostasis. Defects in these cases cannot be detected by solely analyzing
the ECFCs of these patients. In future research we could use models that allow for a
more complete analysis of the endothelial function like the vessel-on-a-chip model (35)
or the even more intricate hemostasis-on-a-chip model (36). These models allow the
simulation of endothelial injury and hemostatic plug formation. A specific example of
the hemostasis-on-a-chip, developed by Lam et al. (37) is currently being tested with
healthy control- and patient-derived ECFCs (data not published). These models can
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give crucial insight into the interplay between plasma, endothelial cells, platelets and
hemodynamic forces which conventional 2D cell cultures lack.

Alternatively, modifiers of VWF can be found through genome wide association studies
(GWAS). Previous GWAS have studied genetic determinants of VWF levels and found a
correlation between VWF levels and variants in VIWF, ABO and genes encoding for WPB
secretory machinery components like STXBP5 and STX2 (38, 39). The latter have been
shown to play an important role in the secretion of WPBs (34, 40). In line with these
findings, we found a positive correlation between the quantity of WPBs and secreted
VWEF in ECFCs and several secretory pathway components such as VWF, Rab27A,
Rab3D (41), and SYTL4 (42) (Chapter 6). This suggests that the exocytosis machinery
of WPB is important in the regulation of VWF levels and should be further studied as
it could contain other modifiers of VWF levels. Alternatively, the plasma proteome can
be analyzed (43). The plasma proteome contains coagulation factors and secreted
proteins by cells. Plasma proteomics has previously been used to identify proteoforms
of VWF to aid in VWD diagnostics (44). In patients with unexplained bleeding, the cause
could lie in the clearance of coagulation factor levels, or the lack of certain secreted
factors. Plasma proteomics could give insight into those aspects. Furthermore, the
role of platelets can be analyzed by performing platelet proteomics (45). A next step
forward could be to perform plasma proteomics in the patients cohorts also included
in this thesis.

Weighing the odds, the challenges of the ECFC model

In previous research, and in this thesis, ECFCs have been shown to be a powerful tool
to investigate patient specific defects (Chapter 2). However, some challenges regarding
their intra- and interindividual phenotypic heterogeneity must be addressed. Firstly,
the availability and expansion capacity of ECFCs can be problematic. About 45-70%
of all attempts to obtain ECFCs from whole blood are successful (46), which is in line
with the success rate of our lab. Secondly, this success rate is further exasperated by
situations where repeated isolations are not possible due to patients age or health,
or by limited blood volume being available for collection in children. Thirdly is the
observed heterogeneity in morphology, proliferation and endothelial markers (47, 48).
Using the specifically developed automated quantification pipeline (Chapter 3) we
showed significant differences in cell size, WPB quantity and shape, and migratory cell
speed between ECFC clones. Furthermore, between healthy control-derived ECFCs we
found distinct differences between clones based on their transcriptome (Chapter 4).
The difference between these clusters yielded new insights into the potential cause
of heterogeneity as we showed that inflammation and endothelial to mesenchymal
transition (EndoMT) may act as potential drivers. Specifically, we showed that CXCL8
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(IL-8), TGFBI, TGFB2, BMP2 and SMAD1 were differentially regulated between ECFC clones,
which are pro-inflammatory (49) or EndoMT associated genes (50). Collectively, our
transcriptional, morphological and functional data was used to categorize ECFCs as
either cluster 1 with a standard endothelial morphology, and cluster 2, which presented
with large, more mesenchymal like cells. We also measured this difference in the
proteome of a different cohort of control and patient ECFCs further supporting this
observation. To deal with this heterogeneity, we developed a gPCR panel based on the
transcriptomic signature of the ECFCs that can aid other researchers.

This panel does however, not fix or prevent the heterogeneity from occurring. One
of the potential drivers of heterogeneity is EndoMT which is the transformation of
endothelial to mesenchymal cells. This results in loss of endothelial markers, reduced
VWEF synthesis and increase in extracellular matrix proteins (51-54). It has also been
shown that inflammation can cause EndoMT in endothelial cells (55-57). We speculated
that the expression of inflammatory and EndoMT associated genes is part of an
autocrine/paracrine loop that could initiate or maintain the change from cluster 1
to cluster 2 ECFCs. We performed a pilot experiment on the secretome of a small
subset of healthy ECFC clones in cluster 1 and cluster 2 (data not shown). We observed
that cluster 1 ECFCs secreted more VWF while cluster 2 ECFCs secreted higher levels
of EndoMT and inflammation markers ABI3BP, SERPINE1 and IL-8. However, this has
to be confirmed with further testing before conclusions can be drawn. The insight
that inflammation and EndoMT could drive the phenotypic differences between ECFC
clones offers an interesting new direction of research. Members of the transforming
growth factor (TGF)-3 cytokine superfamily and bone morphogenetic proteins (BMPs)
play a crucial role in EndoMT (58). TGF-3 has been shown to be a potent inducer of
EndoMT (59). Furthermore, it has been shown that inhibition of TGF-3 by inhibitors
significantly increased endothelial cell function, delayed cellular senescence and
increased proliferation in human iPSG-ECs (60). Therefore, we attempted to induce and
inhibit EndoMT in ECFC derived from healthy controls (data not published, performed
by Britte Lenderink). We exposed a small panel of cluster 1 ECFCs clones (C10 and C22)
and cluster 2 ECFC clones (C05 and CQ7) to EndoMT inducers (TGF-32) or inhibitors
(TGF-Bi). We observed that TGF-Bi caused slightly higher production of VWF in cluster 1
ECFCs as measured by ELISA in the lysates of the cells compared to the control (Figure
1). Cluster 2 ECFCs did not show any clear changes. Furthermore, ECFCs expressed a
more cluster 1-like RNA expression pattern after TGF-3i exposure (data not shown).
This suggests that ECFCs might be affected and even improved through this method.
However, this pilot has to be repeated with a larger panel of ECFCs, optimizing the dose
and duration of exposure and testing various functional assays. Control over ECFC
morphology or potentially only generating cluster 1 ECFCs would greatly reduce the
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heterogeneity between clones, which is especially useful in cases where there is a low
yield of clones or only slowly proliferating clones. Another option to improve the use of
slowly proliferating clones would be the immortalization of the cells. Telomerase activity
can be prolonged through nucleofection using SV40 large T antigen which has been
shown to effectively immortalize human umbilical vein endothelial cells (HUVEC) (61,
62) and chicken intestinal epithelial cells (63) while retaining their normal phenotype.
This has been shown in a pilot experiment to effectively prolong the normal phenotype
in ECFCs until ~passage 11 after transfection. (Isabel Bar, personal communication).
Alternatively, cord-blood (CB) ECFCs have been shown to have significantly higher
proliferation rate and remain stable for more passages when compared to whole
blood derived ECFCs (46). However, these can only be derived from possible new-born
patients if the mother has been diagnosed before or during the pregnancy.
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Figure 1. VWF production increased in ECFCs after exposure to EndoMT ligands and
inhibitors. VWF antigen levels were determined by ELISA in ECFC lysate after exposure to ligands
and inhibitors for 6 days. Abbreviations: von Willebrand factor, VWF; Transforming Growth Factor,
TGF. Figure adjusted from data generated by Britte Lenderink.

iPSC-ECs versus ECFCs, which is better?

Other models, such as using iPSCs to generate iPSCG-ECs, provide an alternative way
to analyze endothelial pathology in cells that carry the patient mutation (64). ECFCs
can be difficult to acquire due to a low success rate or limited patient material as
previously mentioned. However, iPSCs can be generated from almost any somatic
cell type in about 8-10 days and are capable of self-renewal (64). This allows iPSCs
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to be acquired despite limited material and can be quickly expanded to very large
amounts. IPSCs have the potential to differentiate into many cell types like erythroid,
megakaryocytic, myeloid cells (65, 66) or endothelial cells, called iPSGECs (67-69).
Generated iPSGECs have typical endothelial like characteristics and have been shown
to produce and secrete VWF (70). However, levels of VWF production in iPSG-ECs are
significantly lower than in ECFCs. iPSGECs thus lack some of the phenotypic and
functional maturity of ECFCs, particularly in producing fully formed WPBs. We showed
that small adjustments to existing protocols partially improve the VWF production and
elongation of WPBs, although still significantly less than ECFCs (Chapter 5). Maturation
of WPBs in iPSGEC is thus a hurdle that must be overcome to use the model in VWF
and VWD focused research. Interestingly, it has been shown that the donor cell type
influences the epigenome of iPSCs (71) suggesting that the donor material could
influence the differentiation of iPSCs. Indeed, one study did show elongated WPBs in
iPSCG-ECs which were generated from HUVECs (72) although iPSC-EC derived from CB-
ECFCs did not seem to produce typical elongated WPBs (73). Thus, starting material
could have beneficial results in the maturation of WPB in iPSGEC, but more research
on this is needed. Alternatively, EndoMT has been shown to occur at later passages
in iPSGECs (74) and inhibition of TGF- has shown to increase proliferation in human
embryonic stem cell endothelial cells (75). Perhaps control over EndoMT as described
earlier could yield interesting results in iPSGEC as well.

The question of which cell model is best suited for endothelial research is complex and
largely depends on the research goals. ECFCs, on the one hand, have the advantage of
being representative of a mature endothelial state and fully formed WPBs, but present
with various challenges in heterogeneity that need be taken into account. On the other
hand, iPSGECs offer scalability and versatility but do not fully represent normal VWF
production and secretion. Ultimately, the research question determines which model
is best used and in this thesis, where the production, storage and secretion of VWF is
key, the ECFCs take the crown.

How to look, Quantitative imaging and the role of artificial intelligence

One widely used method of analyzing cells and tissues is microscopy. Ranging from
relatively simple light microscopy to intricate Cryo-confocal or electron microscopy.
These techniques yield insight into the inner workings of cells, protein location and
shape and number of organelles. Qualitative observations can be easily made by
viewing the output. However, considerable heterogeneity exists between cells and
their contents, which can make subsequent analysis difficult and prone to subjective
bias (76). Especially the crowded intracellular environment in combination with optical
and immunostaining limitations presents an additional, technical challenge. Therefore,
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quantification of parameters is usually performed using automated methods to reduce
bias and improve the quality of the results.

There are several methods available for the quantification of cellular structures.
For instance, Fiji (ImageJ) can make adjustments and measurements to images and
allows the use of macros to automate image analysis (77). Other, more specialized
software such as CellProfiler offer a more user-friendly module-based approach for
high-throughput image analysis (78). Additionally, programs within Python, such as
scikit-image are widely used for customized analysis pipelines and allow the user
full control and even add functionalities (79). In this thesis we describe a method for
automatically quantifying WPBs in ECFCs using CellProfiler (Chapter 3). We developed
this pipeline with the quantification of WPBs and our own research in mind but it can
also be used for other cell types and other organelles. We opted to make this pipeline
in CellProfiler, instead of for example Image], so that other groups could easily use and
adjust the pipeline method without the need to understand and adjust the underlying
code/macro. Despite optimization of software parameters, perfect identification of
targets is not always possible. These imperfections may lead to incorrect identification
of targets, which could lead to over- or underestimations of numbers and dimensions.
Another challenge often encountered in image quantification is that the images are
not perfectly suited for analysis due to, for example, inconsistent sample preparation,
varying laser settings, or different operators. These variations can lead to small but
significant differences between images. It is therefore important that a bioimaging
experiment is well thought out before the microscope comes into play (80).

Recent advancements in the use of artificial intelligence (Al) in the field of imaging
offer a solution to these problems. Al can “learn” to accurately characterize images
through neural network training if supplied with a large, high-quality dataset. There has
been considerable progress in the development and application of various Al-based
tools that are now available for public use (81). Al is already being used in this field in
the diagnosis, prognosis, and distribution of various types of thrombocytopenia (82),
diagnostic testing for hematologic Disorders (83) and in analysis of endothelial cells (84,
85). While Al is undoubtedly a hot topic, it's important to recognize its limitations. Al
models require large, high-quality datasets for training which are not always available
in rare disease research. Another challenge in the use of Al is the “black box” nature of
many Al algorithms (86). It is often unclear to the user how Al models analyze features
within the images, which makes it difficult for users to trust and/or adjust the models
if needed. It is thus needed that the functioning of Al is clearly explained to users.
In contrast, traditional image analysis software, such as Image) and CellProfiler, offer
a more transparent approach from which users can more easily understand the
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processing steps being applied to the images. Finally, another aspect of the increasing
use of Al that must not be overlooked is the environmental cost (87). Data centers
which are needed to run and train Al require vast amounts of energy and water for
cooling and are expected to account for over 3% of global carbon emissions in 2025. It
is therefore vital that the cost of Al is considered when choosing to use it.

In the context of this thesis, Al could have been used to standardize measurements
of endothelial cell function, reducing variability objects and enabling more reliable
comparisons across studies. However, considering the complexity, the substantial
computing power necessary and the need for a high-quality training data set, the
question remains; is it necessary? For many purposes and research questions, an exact
answer, or perfectly segmented cells are not necessary. Despite small percentages of
false positives or false negatives, strong differences between subsets of data can still
be discerned using non-Al tools. To conclude, it is vital for image quantification that the
exact question or analysis methods is determined before the microscope is used (80).
Furthermore, the use of Al can be a powerful tool to complement traditional methods
if needed, but should not be a replacement.

Conclusion

The findings in this thesis contribute to our understanding of endothelial function
in bleeding disorders, although there is more to learn. Future research should focus
on refining and improving the available endothelial cell models, validating the patient
specific defects observed in VWD patients and finally, identify new candidates that
could determine VWF levels in VWD patients.

Itis important to realize that the isolation, culturing and experimentation on iPSGECs
and ECFCs is challenging and time consuming, although the lessons learned from these
models can be invaluable. Despite the in depth, personalized approach to identify
determinants of VWF used in this thesis, many patients remain without a clear cause of
either low VWF levels without VWF mutation, or cause of non-response to DDAVP. For
those patients and others, a wide scale approach like plasma and platelet proteomics
might reveal interesting candidates which can then be further studied in ECFC or iPSCG
ECs derived from those patients.

To conclude, the endothelial compartment can be studied on a personal scale, or on
a larger, population wide scale to reveal novel insights into disease pathology. A good
interplay between these methods is needed and by building on the foundations laid
here, we can continue to push the boundaries of endothelial research and its clinical
applications.
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Chapter 9

English summary

Endothelial cells form the inner wall of vessels and play a critical role in the primary
and secondary hemostasis. One of the main procoagulant roles of endothelial cells is
the production of von Willebrand factor (VWF). This is a very large protein that, once
activated in the blood, can bind to platelets and start the coagulation process. VWF
can also bind to and protect coagulation factor VIII (FVIII). VWF is primarily produced
in endothelial cells and stored in specialized secretory organelles called Weibel-
Palade bodies (WPBs). These cell specific organelles are filled with dense tubules of
VWEF which allow for a quick secretion when stimulated. In von Willebrand disease
(VWD), VWF is either defect or absent in varying degrees causing mild to severe
bleeding abnormalities. This can lead to frequent nosebleeds, menorrhagia, excessive
bleeding from injury or surgery, and muscle and joint bleeds. VWD can be treated
by administering factor concentrates or by administration of 1-deamino-8-D-arginine
vasopressin (DDAVP). This drug can stimulate endothelial cells to secrete their contents
and thus quickly increases the levels of VWF and FVIII in the blood. Large variation in
bleeding phenotype exist in VWD patients. This variation can be caused by different
mutations but interestingly, approximately 30-50% of patients with type 1 VWD do not
have pathogenic VWF gene variants. There is also a significant group of VWD patients
that do not respond to treatment with DDAVP. We hypothesized that the reduced VWF
levels or non-response to DDAVP may be caused by other modifiers of VWF. As primary
source of VWF we focused our research on the endothelial cells of these patients. A
model that can be used to study endothelial cells is named endothelial colony forming
cells (ECFCs). A great advantage of ECFCs is that they carry the genetic background
of the donor from which the blood for ECFC isolation was collected. In this thesis
we studied various aspects of the endothelial compartment as a disease modifier in
bleeding disorders using the ECFC model.

Firstly, a general background for all the studies in this thesis is presented in Chapter
1. There, we provide a more detailed description of endothelial cell function, VWD and
its treatment options and the available endothelial research models.

In previous studies, ECFCs have already been extensively used as a model to study the
pathophysiology in bleeding disorders. We reviewed the published literature in Chapter
2 to obtain an overview of these findings. The advantages and disadvantages of using
ECFCs in patient-specific research are discussed and compared with alternative models
like the induced pluripotent stem cells (iPSCs) or transfected models like the human
embryonic kidney 293 cells. We also summarized the findings in VWD specific research,
secretory organelle exocytosis and insights into role of endothelial cells in angiogenesis.

216



English and Dutch summary

One widely used method of analyzing cells and tissues is microscopy which yields insight
into the inner workings of cells. Qualitative observations can be made by eye, but to
statistically analyze the data, quantification is needed. One of the primary analysis
tools we used for endothelial cell and WPB morphology was immunofluorescence
microscopy. Quantification of parameters was challenging due to the high number
and large heterogeneity of WPB shape within the cells. Therefore, we developed
an automated quantification method for the analysis of cells and organelles using
CellProfiler (Chapter 3). The method was specifically designed to measure the size,
count and shape of the endothelial cells and to measure the count, shape, length and
location of WPB within the cell. Furthermore, to show that this method could also be
used by other groups for other purposes, we analyzed endosome morphology in HEK
cells.

As mentioned previously, the ECFCs provide a wonderful model to study the
pathophysiology in bleeding disorders. Through a relatively simple venipuncture, the
ECFCs can be derived from whole blood. Once differentiated, the ECFCs endogenously
produce VWF and display all general endothelial markers. Most importantly for our
research is that the cells also contain the mutations of the donor which allows for
patient specific research. However, there are also challenges in working with ECFCs.
It has been shown that within healthy control ECFCs there is large variation in many
aspects of the ECFCs like cell size and shape, proliferation speed and VWF production.
One can imagine the difficulty of studying VWF production in cells of which the
production varies strongly. Therefore, in Chapter 4 we dive into this variation, the
challenge it poses and offer a solution to overcome this problem. First, we explored the
transcription signature of a large panel of control-derived ECFCs using RNA sequencing.
This revealed that many of the differentially expressed genes were associated with
inflammation and with endothelial to mesenchymal transition (EndoMT). These genes
may act as potential drivers for the phenotypic heterogeneity. We used this information
to create a minimal gPCR panel which can be used to easily characterize and cluster
the ECFC clones. Comparing between 2 clusters of ECFCs, we show that WPB count
and shape, cell count and migration speed is significantly different. This emphasizes the
importance of characterizing ECFCs before using them for patient specific research. An
alternative model for endothelial cell research is the iPSC-derived endothelial cell (iPSC
EC). These cells can be derived from any cell type isolated from a donor. For instance,
peripheral blood mononuclear cells can be isolated from whole blood, reprogrammed
to iPSCs and then differentiated into iPSGECs. This means that these cells also carry
the genetic background of the donor and can be used for patient-specific research.
However, iPSCG-ECs do not seem to mature fully, showing low levels of synthesized VWF
and small, round WPBs. In Chapter 5 we performed and adjusted various differentiation
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protocols in order to improve the maturation of the WPBs. We show that co-culture
with pericytes, changing the concentration or timing of administration of differentiation
factors, the addition of flow to the system, and the use of histone deacetylase (HDAC)
inhibitors did not significantly improve maturation of iPSG-ECs. Transfection of iPSCs
with transcription factor ETV2 resulted in a faster differentiation process with slightly
increased VWF production and secretion. Furthermore, the WPBs were more elongated,
but only after >30 days in culture.

As mentioned previously, VWD can be treated by administration of DDAVP which quickly
raises VWF and FVIIl levels in the blood. DDAVP is also used in other bleeding disorders.
However, a large portion of patients that receive DDAVP do not or only partially respond.
These patients require alternative treatments such as factor concentrates, but the
reason for the non-response in most patients is not understood. For this reason, we
performed a systematic review and meta-analysis on the response to DDAVP and the
possible determinants of DDAVP response in patients with bleeding disorders (Chapter
6). In this study we included 103 articles, from which, data of 1982 patients could be
extracted. Response rate varied significantly between disease types and subtypes
and coagulation factor baseline levels were important determinants of response. Our
findings strengthen what is already known and emphasizes the need for a standardized
response definition and further research into response mechanisms.

Finally, the lessons learned in this thesis were applied in Chapter 7. There, we analyzed
ECFCs derived from two groups of patients with VWD. First, patients with VWD without
a pathogenic mutation in VWF and second, patients with VWD with a known mutation
in VWF but no response to DDAVP. We hypothesized that modifiers of VWF in the
endothelial cells are affected in these patients, causing the low levels of VWF or the non-
response. ECFCs were analyzed and clustered using the minimal gPCR panel developed
in Chapter 4. Patient ECFCs were matched to controls and functional aspects of the
ECFCs like production of VWF, stimulated secretion, migration and morphology were
compared. All morphological aspects were analyzed using the quantification pipeline
developed in Chapter 3. We found that retention of VWF in the endoplasmic reticulum
could be the cause of the DDAVP non-response in some patients. Furthermore, we
correlated the extensive range of functional characteristics of endothelial cells to their
proteome, uncovering processes and proteins of interest.

To summarize, this thesis adds valuable insight into the use of ECFCs and iPSGECs
and shows how they could be used to study patient specific defects. It also shows the
challenges of using these models and the importance of developing and optimizing
them.
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Nederlandse samenvatting

Endotheelcellen vormen de binnenwand van bloedvaten en spelen een belangrijke
rol in de primaire en secundaire hemostase. Een van de belangrijkste procoagulante
functies van endotheelcellen is de productie van de Von Willebrand factor (VWF). Dit is
een zeer groot eiwit dat na activatie bloedplaatjes aan de beschadigde vaatwand kan
binden en het stollingsproces kan starten. VWF kan ook binden en bescherming bieden
aan stollingsfactor VIII (FVIII). VWF wordt voornamelijk geproduceerd in endotheelcellen
en opgeslagen in gespecialiseerde secretieorganellen, de zogeheten Weibel-Palade
lichaampjes (WPBs). Deze celspecifieke organellen bevatten buisjes van VWF, waardoor
snelle secretie mogelijk is na stimulatie. Bij de bloedingsstoornis de ziekte van Von
Willebrand (VWD) is VWF in verschillende mate defect of afwezig, wat milde tot
ernstige bloedingsafwijkingen veroorzaakt. Dit kan leiden tot bloedingsproblemen,
zoals frequente neusbloedingen, menorragie, overmatig bloeden bij verwondingen of
operaties, en bloedingen in spieren of gewrichten. VWD kan worden behandeld door
het toedienen van stollingsfactoren of door toediening van 1-deamino-8-D-arginine
vasopressin (DDAVP). Dit medicijn kan endotheelcellen stimuleren tot het vrijgeven van
huninhoud en leidt tot een snelle, tijdelijke verhoging van de hoeveelheid VWF en FVIII
in het bloed. Het is bekend dat er een grote variatie in het bloedingsfenotype bestaat bij
VWD patiénten. Deze variatie kan worden veroorzaakt door verschillende VWF mutaties,
maar opvallend genoeg hebben ongeveer 30-50% van de patiénten met type 1 VWD
geen pathogene varianten in het VWF gen. Bovendien is er een aanzienlijke groep VWD
patiénten die niet reageren op behandeling met DDAVP zonder dat daar een duidelijk
aanwijsbare oorzaak voor is. Onze hypothese was dat de verlaagde VWF niveaus of het
niet reageren op DDAVP veroorzaakt zou kunnen worden door andere factoren die
VWEF kunnen beinvloeden. Als primaire bron van VWF hebben we ons in dit onderzoek
gericht op de endotheelcellen van deze patiénten. Een model dat gebruikt kan worden
om endotheelcellen te bestuderen zijn de endotheel kolonievormende cellen (ECFCs).
Een groot voordeel van ECFCs is dat ze de genetische achtergrond dragen van de donor
uit wiens bloed de ECFCs zijn geisoleerd. In dit proefschrift hebben we verschillende
aspecten van de endotheelcel bestudeerd met behulp van het ECFG-model bij mensen
met bloedingsstoornissen.

Ten eerste wordt in hoofdstuk 1 een algemene achtergrond gegeven voor alle
onderzoeken in dit proefschrift. Hierin geven we een meer gedetailleerde beschrijving
van de functie van endotheelcellen, VWD, de behandelopties en de beschikbare
onderzoeksmodellen voor endotheelcellen.
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In eerdere studies zijn ECFCs al gebruikt als model om de pathofysiologie van
bloedingsstoornissen te bestuderen. In hoofdstuk 2 hebben we de gepubliceerde
literatuur hierover verzameld om een overzicht van deze bevindingen te verkrijgen.
De voor- en nadelen van het gebruik van ECFCs in patiéntspecifiek onderzoek wordt
besproken en vergeleken met alternatieve modellen zoals geinduceerde pluripotente
stamcellen (iPSCs) of getransfecteerde modellen zoals de humane embryonale
niercellen 293 (HEK293). Daarnaast hebben we de bevindingen samengevat die
specifiek betrekking hebben op VWD, de uitscheiding van secretieorganellen en de
rol van endotheelcellen in angiogenese.

Een veelgebruikte methode om cellen en weefsels te analyseren is microscopie. Dit
geeftinzichtin de interne werking van cellen. Hoewel kwalitatieve observaties met het
blote oog kunnen worden gedaan, is kwantificatie nodig om de gegevens statistisch te
analyseren. Eén van de belangrijkste apparaten die wij gebruikten voor de analyse van
de morfologie van endotheelcellen en WPBs was immunofluorescentie microscopie.
Het kwantificeren van eigenschappen was uitdagend vanwege het grote aantal en de
grote variatie van WPBs binnen de cellen. Daarom hebben we een geautomatiseerde
kwantificatiemethode ontwikkeld voor de analyse van cellen en organellen met behulp
van CellProfiler (hoofdstuk 3). De methode is specifiek ontworpen om het formaat,
het aantal en de vorm van endotheelcellen te meten, evenals het aantal, de vorm, de
lengte en de locatie van WPBs binnen de cel. Bovendien hebben we de morfologie van
endosomen in HEK-cellen geanalyseerd om aan te tonen dat deze methode ook door
andere onderzoeksgroepen voor andere doeleinden kan worden gebruikt.

Zoals eerder vermeld bieden ECFCs een uitstekend model om de pathofysiologie
van bloedingsstoornissen te bestuderen. Door middel van een relatief eenvoudige
bloedafname kunnen ECFCs worden verkregen uit het bloed. Na differentiatie
produceren de ECFCs VWF en hebben ze alle algemene endotheelkenmerken. Het
belangrijkste voor ons onderzoek is dat deze cellen ook de mutaties van de donor
bevatten, waardoor patiéntspecifiek onderzoek mogelijkis. Er zijn echter ook uitdagingen
bij het werken met ECFCs. Uit onderzoek blijkt dat er binnen gezonde controle-ECFCs
grote variatie bestaat in aspecten zoals celgrootte en -vorm, proliferatiesnelheid en
productie van VWF. Het is duidelijk dat het bestuderen van VWF-productie moeilijk
is in een model waarin deze sterk varieert. Daarom bespreken we in hoofdstuk 4
deze variatie, de uitdagingen die het met zich meebrengt en bieden we een oplossing
voor dit probleem. Eerst onderzochten we het transcriptieprofiel van een grote groep
controle-ECFCs door middel van RNA-sequencing. Dit toonde aan dat veel van de genen
geassocieerd zijn met ontsteking en endotheel-naar-mesenchymaal-transitie (EndoMT).
Deze genen kunnen mogelijk de fenotypische variatie aansturen. Op basis van deze
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informatie hebben we een klein gPCR panel ontwikkeld dat eenvoudig kan worden
gebruikt om ECFCGklonen te karakteriseren en te groeperen. Vergelijkingen tussen twee
groepen van ECFCs tonen aan dat het aantal cellen, het aantal WPBs, hun vorm en de
migratiesnelheid significant verschillen. Dit benadrukt het belang van karakterisering
van ECFCs voordat ze worden gebruikt voor patiéntspecifiek onderzoek.

Een alternatief model voor endotheel onderzoek zijn iPSCafgeleide endotheelcellen
(IPSGEQ). Deze cellen kunnen worden afgeleid van elk celtype dat geisoleerd is van een
donor. Bijvoorbeeld, perifere mononucleaire bloedcellen kunnen uit volbloed worden
geisoleerd, geherprogrammeerd worden tot iPSCs en vervolgens weer gedifferentieerd
worden tot iPSG-ECs. Deze cellen dragen ook de genetische achtergrond van de donor
en kunnen worden gebruikt voor patiéntspecifiek onderzoek. iPSGECs lijken echter niet
volledig te matureren. Ze vertonen namelijk lage niveaus van geproduceerd VWF en
kleine, ronde WPBs. In hoofdstuk 5 hebben we verschillende differentiatieprotocollen
uitgevoerd en aangepast om de maturatie van WPBs te verbeteren. We laten zien dat
verscheidene zaken de maturatie van iPSCG-ECs niet significant verbeteren. Transfectie
van iPSCs met de transcriptiefactor ETV2 leidde tot een snellere differentiatie met een
licht verhoogde VWF-productie en secretie. Bovendien waren de WPBs langwerpiger,
maar alleen nadat de iPSG-ECs meer dan 30 dagen in kweek waren.

Zoals eerder vermeld kan VWD worden behandeld met DDAVP, dat snel de niveaus
van VWF en FVIII in het bloed verhoogt. DDAVP wordt ook gebruikt bij andere
bloedingsstoornissen. Een aanzienlijk deel van de patiénten reageert echter niet of
slechts gedeeltelijk op DDAVP. Deze patiénten hebben alternatieve behandelingen
nodig, zoals factorconcentraten. Echter is de reden voor de slechte respons bij de
meeste patiénten niet bekend. Daarom voerden we een systematische review en
meta-analyse uit over de respons op DDAVP en de mogelijke determinanten van
DDAVP respons bij patiénten met bloedingsstoornissen (hoofdstuk 6). In deze studie
includeerden we 103 artikelen, waaruit we de gegevens van 1982 patiénten konden
extraheren. Het responspercentage varieerde aanzienlijk tussen ziektes en subtypes,
en de basale niveaus van stollingsfactoren waren belangrijke determinanten voor
de respons. Onze bevindingen versterken de bestaande kennis en benadrukken de
noodzaak van een gestandaardiseerde definitie van respons en verder onderzoek naar
responsmechanismen.

Tot slot werden de bevindingen uit dit proefschrift toegepast in hoofdstuk 7. Hier
analyseerden we ECFCs van twee groepen patiénten met VWD: patiénten zonder
pathogene mutatie in VWF en patiénten met een bekende mutatie in VWF maar zonder
respons op DDAVP. Onze hypothese was dat de factoren in endotheelcellen die VWF
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kunnen beinvloeden, bij deze patiénten zijn aangetast, wat kan leiden tot lage VWF-
niveaus of geen respons. ECFCs werden geanalyseerd en gegroepeerd met behulp van
het gPCR panel ontwikkeld in hoofdstuk 4. ECFCs van patiénten werden gekoppeld met
controles en functionele aspecten van de ECFCs zoals VWF-productie, gestimuleerde
secretie, migratie en morfologie, werden geévalueerd. Alle morfologische aspecten
werden geanalyseerd door middel van de kwantificatiepijplijn ontwikkeld in hoofdstuk
3. We vonden dat VWF-retentie in het endoplasmatisch reticulum de oorzaak kan zijn
voor het niet reageren op DDAVP bij sommige patiénten. Daarnaast correleerden we het
uitgebreide scala aan functionele kenmerken van endotheelcellen met hun proteoom.
Hierin vonden we processen en eiwitten van belang in de secretie van VWF.

Samenvattend biedt dit proefschrift waardevolle inzichten in het gebruik van ECFCs
en iPSCGECs en laten we zien hoe ze gebruikt kunnen worden om patiéntspecifieke
defecten te bestuderen. Het laat ook de uitdagingen zien van het gebruik van deze
modellen en benadrukt het belang van hun ontwikkeling en optimalisatie.
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