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Abstract 
 

The coagulant protein Factor VIII (FVIII) has been the subject of much debate 

and controversy regarding where, when, and how it is expressed and produced in the 

human body for much of the past 30-40 years. Expression was only recently linked 

exclusively to the endothelial cells; its main source is in the liver sinusoidal endothelial 

cells, while extra-hepatic vascular endothelium is the secondary source. This is highly 

notable as von Willebrand Factor (VWF), FVIII’s carrier protein, is made primarily in the 

vascular endothelium. However, FVIII expression is known to not be ubiquitous across 

the endothelium. The mechanisms behind what allows certain endothelial cells, but not 

others, to express and produce FVIII are largely unknown. This thesis examined aspects 

of the endothelial microenvironment that may influence how the endothelium behaves in 

vivo with a focus on inflammation: biochemical factors in the form of the pro-

inflammatory cytokine TNFα, short-term laminar and short- and long-term oscillatory 

biomechanical shear stress. This study investigated how these conditions were able to 

modulate the gene expression and protein production of FVIII and VWF, and provides 

evidence for a role of both these conditions as potential regulators of FVIII and VWF 

expression and secretion. Through the examination of these conditions in multiple 

endothelial cell isolates, we propose the significance of accounting for endothelial cell 

heterogeneity in this type of study. In particular, we have shown that a quiescent 

phenotype post-inflammation may induce FVIII, and that an inflammatory phenotype, 

through oscillatory and short-term shear, can induce FVIII in some cases. We also linked 

our data towards defining the acute phase response in endothelial cells, and provide 
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evidence as to the extra-hepatic FVIII response. Endothelial cells continue to be a major 

source of interest with reference to FVIII synthesis, storage and secretion, and as we 

continue to learn more about the molecular regulation of FVIII; this provides new 

avenues in understanding the balance between hepatic and extra-hepatic FVIII synthesis. 
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Chapter I: Introduction 
 

1.1 Hemostasis 
 

 In the 1960s, there was a great advance in the thinking of hemostasis. First truly 

described in the “waterfall” and “cascade” models, the clotting cascade is a series of 

proteolytic substrate, co-factor and enzyme reactions as biological amplifiers for the next 

subsequent reaction1. Hemostasis, as a fundamental process to healthy functioning, is the 

process by which we maintain the integrity of our closed, high-pressure vascular system 

in case of insult. In the case of an injury to the vessel wall there are sophisticated 

mechanisms that are activated from the now-exposed vessel wall; factors within the 

bloodstream rapidly initiate closure of the injury and keep blood within the vessel2. 

Integral to this process is the local formation of the clot to stop the flow of blood and 

keep components contained within the injury site. This activity is split into the two 

associated and simultaneous, and primary and secondary, hemostatic processes.  

1.1.1 Primary Hemostasis 
 

 The goal of primary hemostasis is the formation of a platelet plug. Platelets play 

many roles in many processes ranging from an immune role in fighting microbial 

infection and initiating inflammation, to the promotion of angiogenesis and metastasis in 

tumorigenesis3, yet arguably the most important function of platelets is the termination of 

vascular injury through a platelet plug4.  In normal conditions, platelets circulate through 

the bloodstream with no vessel wall interactions. However, in cases of injury with 



	
	

2	

exposed vessel wall and accessible subendothelial extracellular matrix, platelets are able 

to bind to the adhesion macromolecules present on the subendothelial extracellular 

matrix. These macromolecules, such as collagen (most prominently thrombogenic 

fibrillar collagens type I and III)5, laminin, fibronectin, thrombospondin, and von 

Willebrand Factor (VWF), are all able to bind to platelet surface receptors for stable 

platelet adhesion4. This stable adhesion requires a coordinated process involving initial 

tethering, rolling, activation and finally firm adhesion.  

VWF is one of the critical players, as its sequestration out of the circulating blood 

stream by the exposed collagen on the subendothelial extracellular matrix allows platelets 

to be bound and adhered6. A distinguishing feature of primary hemostasis is the ability 

for this process to occur in variable hemodynamic environments. It is important to note 

that these hemostatic reactions occur in dynamic environments where blood continues to 

flow across the area of perforation. Shear stress, a function of the rate of the blood 

flowing in the area of insult, can greatly affect this progression. At low shear rates 

characteristic of veins and larger arteries (< 15 dynes/cm2), adhesion is completed 

through collagen-VWF, fibronectin and laminin binding. However, at higher shear rates 

characteristic of small arteries, capillaries, and atherosclerotic or stenotic vessels (15 - 60 

dynes/cm2), and shear that is more characteristic of conditions in primary hemostasis due 

to vessel constriction at the site of injury, VWF binding to glycoprotein Ibα(GPIbα) on 

platelets becomes integral in slowing down the fast moving platelets for adhesion4. It is 

important to note that this VWF-GPIbα  binding could not occur under normal 

conditions, due to VWF shielding of the A1 domain by the D’D3 region in normal 

physiological circulation7. VWF immobilization on the subendothelial matrix that results 
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in conformational VWF changes, or high shear forces, can abolish this shielding effect6. 

Even at very high pathological shear rates (> 400 dynes/cm2, representative of stenotic 

coronary arteries), it has been observed that non-activated circulating platelets can initiate 

thrombus formation through soluble VWF monomers binding as they are tethering to 

immobilized VWF on the subendothelial matrix8. This observation provides evidence that 

activation-independent aggregation of platelets mediated by VWF-GPIbα  bonds can 

initiate plug formation under variable hemodynamic conditions, and that the adhesion-

activation paradigm is not the only method for plug formation8. During periods of 

vascular wall insult circulating VWF rapidly binds to collagen, acting as a bridge 

between platelet receptors and the collagen molecules on the matrix through VWF’s A1 

and A3 domains9. Binding can also occur via self-association of circulating VWF to 

already present VWF multimers either matrix-bound, or platelet-GPIbα -bound, 

increasing the size of the forming platelet plug, and which propagates the process forward 

as more and more circulating platelets can be recruited and activated10,11.  

1.1.2 Secondary Hemostasis 
 

 Concurrently to primary hemostasis, secondary hemostasis (also known as the 

coagulation cascade) forms an insoluble fibrin matrix around the platelet plug ensuring its 

integrity and forming the thrombus2. Independent of the VWF mediation of platelets is 

the tissue factor-mediated pathway12. This secondary pathway is initiated when the tissue 

factor (TF), exposed to the bloodstream by the injury and activated by protein disulfide 

isomerase (PDI), binds to circulating Factor VIIa and forms a complex2. Ultimately, this 

complex activates Factor X (FX), which then initiates thrombin generation, producing 
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small amounts of thrombin, fibrin, and activated Factor X (FXa). The small amount 

produced is due to the presence of tissue factor pathway inhibitors, which acts on the 

complex shortly after it forms. Similarly to the shielding of VWF platelet binding sites in 

primary hemostasis, there is an internal control for the repression of TF and FVIIa 

binding. Tissue factor is primarily expressed on fibroblasts and the medial smooth-

muscle cells of the vessel wall2. The endothelial wall of the vessels is then thought to act 

as a barrier separating tissue factor from FVII, until such a time when injury occurs and 

blood coagulation can be initiated.  

An amplification phase follows initiation on phosphatidylserine rich surfaces of 

activated platelets; this begins the intrinsic pathway of coagulation where thrombin is 

able to mediate cleavage and activate the essential cofactors Factor VIII (FVIIIa), and 

Factor V (FVa). As the cofactors are now in their active states, the intrinsic pathway 

through the tenase and prothrombinase complexes can proceed to produce a large burst of 

thrombin. This thrombin burst is essential for the creation of the fibrin matrix, as the 

thrombin cleaves fibrinogen, specifically cleaving fibrinopeptides A and B from 

fibrinogen, to form soluble fibrin1. This in turn activates Factor XIII (FXIIIa) to crosslink 

these fibrin molecules. This formed insoluble fibrin network closely interacts to form a 

matrix and binds to the formed platelet plug generated by primary hemostasis to form the 

stable fibrin clot.13   
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1.1.3 FVIII’s Role in Secondary Hemostasis 
 

 Factor VIII (FVIII) plays an integral role in secondary hemostasis. In normal 

physiological conditions in blood circulation, the procofactor FVIII is found in a non-

covalent complex to its carrier VWF. As mentioned, during periods of injury and the 

progression of the hemostatic pathway FVIII is activated through limited proteolysis by 

thrombin or additionally, factor Xa14. However, thrombin is likely the primary physiologic 

activator15. This activation cleavage at the FVIII heavy chain A1-A2 domain boundary at 

stretches of acidic residues converts the FVIII heterodimer into a heterotrimer14. This 

proteolysis allows FVIII to dissociate from VWF through FVIII light chain partial cleavage 

of a portion of the A3 domain, and increase FVIII’s affinity for FIXa16,17. Activated FVIII 

(FVIIIa) proceeds to act as a co-factor for activated Factor IX (FIXa) in order to activate 

Factor X (FX)16. This “intrinsic tenase” complex formed on the surface of activated platelets 

by the complexed cofactor FVIIIa, FIXa, and substrate FX greatly increases the catalytic 

efficiency of the enzyme FIXa by 104-106 fold in producing activated FX (FXa)18. The 

activated FVIIIa is necessary for this dramatic increase in catalytic efficiency, and contributes 

to why this pathway is dysfunctional when FVIII is lost. The prothrombinase complex can 

then form from FXa and the thrombin-activated FVa, which will produce a burst of thrombin 

(Figure 1.1). This positive feedback loop is essential for the thrombin creation of the fibrin 

matrix as described above1. When this positive feedback loop is disrupted, extensive risks 

are conferred on the individual within their vascular systems. This loop is essential for 

sufficient thrombin creation; if that thrombin burst cannot be induced, the fibrin matrix 

that is integral to the stability of the insoluble thrombus cannot form. Without this matrix 

over the platelet plug, a stable blood clot cannot develop which results in prolonged 
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bleeding at the site of vascular injury. This is one such mechanism by how many bleeding 

disorders, or coagulopathies produce their clinical effect, most notably Hemophilia A and 

the deficiency of FVIII.  

	
Figure 1.1: Secondary hemostasis, and the participation of FVIII in a positive feedback loop that 
generates thrombin. The formation of the cross-linked fibrin clot that interacts with the platelet 
plug formed by primary hemostasis is dependent upon the activation of thrombin and the large 
amounts of it this reaction supplies. The positive feedback loop of generating more activated 
FVIII, thus more FXa and more thrombin, is key in this process. 

 

1.2 FVIII 
 

1.2.1 Deficiency of FVIII: Hemophilia A 
 

The genetic disease Hemophilia A is an X-linked recessive bleeding disorder with a 

causation in deficiency of FVIII19. Incidence is approximately 1 in 5,000 males20, with a 

carrier frequency of approximately 1 in 2,500 females. Hemophilia A is one of the most 
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prevalent and severe inherited coagulopathies. Individuals afflicted by this disease are sorted 

into one of three categories based on the percentage of residual FVIII activity in the 

circulating plasma: mild (6-30% FVIII activity, 50% of patients), moderate  (2-5% FVIII 

activity, 10% of patients) and severe (<1% FVIII activity, 40% of patients)19,21. Despite the 

rarity of this disease, hemophilia is associated with very high aggregate costs as a lifelong 

condition that requires lifetime treatment. Most of these costs are related to anti-hemophilic 

medication, healthcare services required such as comprehensive care and clinician visits, 

hospitalizations, laboratory tests, and medical devices. An American hemophilic patient who 

develops antibodies to their treatment (FVIII inhibitors) can face annual treatment costs of up 

to one million dollars annually21. Current treatment of the bleeding associated with 

hemophilia A involves the elevation of intrinsic FVIII with desmopressin in patients with 

mild disease22,23 or the intravenous administration of recombinant or plasma-derived FVIII 

protein24.  

Until the 1960s a diagnosis of Hemophilia A was associated with a low quality of life 

and low life expectancy. However, in 1964 Judith Pool discovered that large amount of FVIII 

could be isolated from the cryoprecipitated fraction of human plasma25, and in the 1970s 

treatment advanced in the production of lyophilized plasma concentrates of coagulation 

factors for patient use26. This revolutionized treatment of the disease as it enabled home 

replacement therapies for early intervention of bleeds; comprehensive care programs 

involving procedures and precautions for surgery, dentistry, and physiotherapy; and the 

development of primary prophylaxis to prevent bleeding episodes26. Unfortunately, because 

these therapies relied on isolated concentrates from human plasma with a lack of viral 

inactivation, many complications arose in the 1980s and 1990s as thousands of patients 
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developed hepatitis C (HCV) and human immunodeficiency virus (HIV) infections26. Safety 

measures such as blood donor screening and viral inactivation became a fundamental part of 

factor concentrate isolations past this point in history. FVIII can also be administered as a 

recombinant protein, and this treatment was developed to success in 1989 following the 

cloning of the FVIII gene in 198427. These advances in treatment have allowed men affected 

by hemophilia A to have a life expectancy closer to males in the general population28. 

However doctors are now discovering secondary “aging” conditions that these affected men 

develop later in life; two examples of these conditions include: cardiovascular and renal 

disease, and cancers not previously observed in the hemophilia population29. These provide 

new challenges for clinicians, as these affected men grow older.  

1.2.2 FVIII: Gene and Protein 
 

The most important advance in the field of hemophilia A was the successful cDNA 

cloning of the F8 gene in 1984. Not only did this advance allow researchers to create 

recombinant proteins for treatment, but allowed scientists to drastically increase their 

understanding of the protein and the associated gene by studying its structure. Human Factor 

VIII is a glycoprotein synthesized from the 186kb F8 gene located on the distal end of the X 

chromosome (Xq28)30. The gene consists of 26 exons with large spanning introns, with a 

total mRNA size of 9.1 kb30. In the F8 promoter, two sites specific to the transcription factor 

C/EBP (alpha and beta) and one adjacent site for the transcription factor NFkB have been 

suggested to be important for acute phase FVIII regulation31. 

FVIII is initially synthesized as a pre-protein 2351 amino acids in length and 

approximately 260 kDa in molecular weight.32,33 The amino acid structure of the FVIII 

peptide contains numerous domains essential for proper functioning. The generalized domain 
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structure and organization is characterized from the amino to carboxyl-terminus as A1-A2-B-

A3-C1-C2, with the A1-A2-B portion being the variably sized (90-200 kDa) heavy chain of 

the mature protein, while A3-C1-C2 is the consistently sized (80 kDa) light chain16. (Figure 

1.2) The protein also contains 3 acidic rich (ar) segments that lie, respectively, between A1 

and A2, A2 and B, and B and A3. (Figure 1.2) The three A domains are responsible for the 

binding of thrombin to FVIII at three sites for activation and cleavage, and FIXa and FX in 

the FX-activating complex.14,34,35 The two carboxy-terminal C domains are important for 

phospholipid, VWF, thrombin and FXa binding14,36–41. While glycan residues in the large and 

variably sized B domain appear to be important for the facilitation of FVIII biosynthesis and 

secretion42, this region of the protein has been noted to be dispensable for proper FVIII 

cofactor activity.43  

This pre-protein also contains a leader signal peptide sequence of 19 amino acids 

which is removed upon translocation of the nascent polypeptide to the endoplasmic 

reticulum.44 Extensive post-translational modifications added as FVIII transits through the 

secretory pathway include N-linked glycosylation at several sites in the A1 and B domains, 

and sulfation of six conserved tyrosine residues in the acidic regions flanking the B domain. 

These conserved tyrosine residues contribute to increasing the intrinsic activity of the protein, 

increasing FVIII’s affinity for binding to VWF, and are essential for binding of activating and 

inactivating proteases45. The final modification includes the proteolysis at the B-A3 junction 

to form the separate light and heavy chains. Post-secretion of FVIII, the protein forms a 

strong non-covalent complex with its binding partner VWF (dissociation constant Kd 0.2 

nM/L) 20. Attached to VWF, FVIII circulates as a heterodimer14. In this state, the light and 

heavy chains that are linked by a metal ion (copper - Cu) dependent bridge between residues 
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on the A1 and A3 domains16. This interaction contributes 80% of the thermodynamic 

stability of the molecule and is vital for FVIII structure and function46.   

 

Figure 1.2 The domain structure of FVIII. In the mature protein, 260 kDa in weight, the protein 
can be split into 3 different functional sections: the heavy chain (A1-ar1-A2-ar2), the connecting 
region (B domain), and the light chain (ar3-A3-C1-C2).  
 

1.3 VWF: Gene and Protein 
 

Von Willebrand Factor (VWF) was first suggested to exist in 1926 by Erik A von 

Willebrand when he described a unique autosomal hereditary bleeding disorder in the 

Aland Islands different from classical hemophilia but still characterized by a deficiency 

in a human plasma factor as found in the 1950s47. This heterogeneous disease came to be 

known as von Willebrand Disease (VWD), and is the most common inherited 

coagulopathy, affecting approximately 1% of the population48 As a large multimeric 

glycoprotein, VWF’s primary roles involve the binding and stabilization of circulating 

FVIII as its carrier protein, and mediating platelet adhesion with GPIba during primary 

hemostasis49. The mature VWF molecular circulates in the human plasma at a 

concentration of 10 ug/mL, or 50 nM47. This is in contrast to FVIII’s plasma 

concentration of approximately 100-200 ng/mL, or 1 nM, and the molar ratio of 
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VWF:FVIII is 50:150. This discrepancy in plasma prevalence allows for all FVIII 

molecules to be carried, and shielded for an increase of FVIII half-life as is necessary.  

In 1985, the gene coding for VWF was found to be located on the top of the p arm 

of chromosome 12, spanning a total of 178 kb, with a final RNA length of 9 kb47. The 

gene structure was found to be 52 exons varying from 40 to 1379 base pairs in length, 

with introns spanning up to 19.9 kb51. VWF is confined primarily to extra-hepatic cellular 

sources, and is expressed within endothelial cells and megakaryocytes though endothelial 

cells are the primary source52–54. The mature protein is stored in specialized vesicles: 

Weibel Palade Bodies (WPBs) in endothelial cells, and alpha-granules in megakaryocytes 

and platelets55,56.  

VWF is initially synthesized as a pre-propolypeptide of 2813 amino acids, 

containing a signal peptide, a propolypeptide and the mature subunit57. The VWF mosaic 

protein structure was found to contain 4 sets of repeated domains (A-D): three A 

domains, three B domains, two C domains, and four D domains. The D1-D2 domains 

represent the VWF propeptide, while the remainder of A, B, C, and D domains are 

contained in the mature VWF subunit58–60. From the 1980s on, the VWF structure that 

was based on internal sequence homology remained static until 2012 when Zhou, et al. 

published a paper in Blood re-annotating the domain architecture of VWF using updated 

information from the literature on homologous structures in other proteins58 (Figure 1.3). 

This new structure is characterized by dimeric VWF which forms an intertwined bouquet 

structure under acidic conditions such as those of the trans-Golgi and WPBs61. In the 

endoplasmic reticulum and golgi apparatus of cells, VWF experiences extensive post-
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translational modifications in the form of glycosylation, sulfation, dimer, and eventual 

multimer formation before packaging and secretion49.  

 

Figure 1.3 The newly annotated domain structure of von Willebrand Factor. Figure adapted from 
Zhou et al., 201258,  this newly annotated domain structure of VWF was published in 2012. This 
new structure is characterized by a dimeric form that forms in acidic conditions such as those of 
the Weibel-Palade Bodies or the Golgi. The domains D1-D2 make up the 740 amino acids VWF 
propeptide, and the domains A1-A2-A3-D4-C1-C2-C3-C4-C5-C6-CK make up the 2050 amino 
acid mature subunit of VWF. This new structure consolidates the original 3 B domains and 2 C 
domains from the original estimates structure to 5 C domains.  
 
 

1.4 Sites of FVIII synthesis  
 

Many sites have been implicated in the production of FVIII throughout the human 

body, and can be separated into two distinct categories: expression and production that 

has a hepatic origin, and expression and production that has an extra-hepatic origin.  

1.4.1 Hepatic FVIII synthesis 
 

In 1987, Bontempo, et al. observed that the transplantation of a liver from a healthy 

human individual to that of a patient afflicted with hemophilia A was able to reverse the 

phenotype and bring plasma FVIII levels into a normal range62. Further observation defined 

liver transplantation as an effective cure for hemophilia A63. The search then began for the 
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hepatic cell type responsible for this elevated production of FVIII. Scientists disputed for 

almost 20 years the location of FVIII synthesis. Conflicting evidence provided support for 

each of the three main liver cell types: hepatocytes64–69, the major cell type of the liver 

making up approximately 80% of its mass70; the liver sinusoidal endothelial cells (LSECs)71–

75 that form the continuous lining of the liver capillaries70; and Kupffer cells71,76, the resident 

macrophage population.  

Earlier papers described numerous issues with contamination of cell lines, which 

clouded the path to revealing the prominent cell type for FVIII synthesis. For example, a 

study by Wion, et al. in 1985 identified the presence of FVIII mRNA in hepatocytes, but the 

sample was later revealed to be contaminated with Kupffer cells and LSECs that provided a 

false positive result77. Measurements of the coagulant activity of FVIII (FVIII:C)68,69,71,73 or 

antigen levels of FVIII (FVIII:Ag)66,69,71,76 were the two most commonly techniques used in 

these studies rather than assaying for FVIII gene expression, which may have provided the 

major sources for false positive results.  

This debate was partially settled in 1999 by the Lollar group, who through careful 

isolation of each individual liver cell type, and assaying for FVIII:C activity and presence of 

FVIII transcript through RT-PCR, identified the LSECs as the major source of FVIII within 

the liver, and to a lesser extent, hepatocytes78. Through this work, they found that per ug of 

total RNA, the LSECs contained 4.5-fold greater amounts of FVIII transcript than 

hepatocytes when assayed using RT-PCR. No FVIII transcripts were found within Kupffer 

cells, excluding this cell population. Following this, when assaying for secretion of FVIII into 

culture medium in order to illustrate protein production following expression of transcript, 

only LSECs were found to secrete functional FVIII. This landmark paper, through the careful 
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control of their in vitro experiments and isolations, provided strong evidence for an 

endothelial source of FVIII in the liver.78 Even recently, providing further supporting 

evidence, FVIII activity was observed in isolated LSECs, but not hepatocytes79. 

1.4.2 Extra-hepatic FVIII synthesis 
 

While the liver is a major site for FVIII biosynthesis, it is not exclusive in this task, 

and extra-hepatic sources of FVIII cannot be ignored. During episodes of liver failure, it has 

been observed that patients continue to maintain their normal ranged levels of FVIII.80,81 

Additionally, liver transplants in dogs where a hemophilic liver replaced a normal liver did 

not result in the acquisition of hemophilia82,83. This is in stark contrast to other clotting factors 

expressed in the liver, such as FV, FIX and FX, whose plasma levels drastically decrease 

upon disease and liver failure84. This suggests that extra-hepatic sources of FVIII must exist.  

FVIII production has been observed in the kidneys68,85,86, spleen68,85,86, lung86,87, the 

lymph nodes68, and a vast collection of endothelial cells such as those from the skin, intestine, 

and other vascular beds88. One of the first extra-hepatic sources of FVIII to gain research 

attention was the spleen, when in 1968 a group reported an experimental cure for hemophilia 

in the form of spleen transplantation89. However, further studies in dogs failed to replicate 

these FVIII elevations; the plasma FVIII levels dropped to initial values 96 hours post 

transplantation82. Also in 1968, scientists provided data indicating the spleen to be essential 

for FVIII elevations after stressful stimuli, providing potential evidence for the spleen as a 

storage reservoir for FVIII90. Currently, recent data in mice and pigs suggest that the 

endothelial cells of the spleen do produce FVIII91,92. One of these groups suggested that the 

lack of reliability in the previous transplantation experiments may be due to graft versus host 

disease mediated by donor T cells present in the donor spleen91.  
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A second major extra-hepatic research interest lies in the endothelial cells of the 

lungs. Similarly to the spleen, major interest in the lungs began when transplantation 

experiments in dogs observed an increase in plasma FVIII in the donors post-grafting93.  The 

largest advance in the examination of lung-derived FVIII came when Jacquemin, et al. in 

2006 observed significant FVIII:Ag accumulation in human lung perfusion studies94. This 

group also cultured human pulmonary microvascular cells (HPMECs) where they observed 

significant FVIII:Ag production and secretion into the supernatant. These HPMECs were the 

first major cell type outside the liver to be isolated and shown to express FVIII in vitro. This 

work identified the human lung and the vascular endothelial cells there as a significant source 

of extra-hepatic FVIII94. 

A third major research interest for extra-hepatic FVIII expression has been in the 

general endothelium. Given that in the liver the major FVIII cell source is the sinuisoidal 

endothelial cells, and that in the lung HPMECs could produce FVIII, interest was piqued 

about whether endothelial cells around the body are contributing to the FVIII pool and to 

what degree this is the case. Additionally given that FVIII’s major carrier protein, VWF, is 

synthesized primarily in the vascular endothelium52, there were questions about whether 

these proteins could be co-stored and secreted together into the plasma. A finding that these 

two proteins are expressed in the same cells may provide evidence for a potential regulatory 

mechanism for FVIII, as it has been found that when co-expressed in vitro there is an 

increase of stable accumulation of FVIII activity, which may be physiologically relevant95. 

One of the first landmark papers on this subject came in 2010, when Shahani et al. 

published work documenting FVIII production and secretion from endothelial cells of the 

heart, lung, intestine, skin, and pulmonary artery88. This data from the lung corroborated the 
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study of Jacquemin, et al. and provided evidence for further vascular sites of FVIII 

expression. It was also found that these same endothelial cells stored FVIII and VWF, and 

were able to release these storage pools post stress88. When examining FVIII and VWF for 

co-localization, this group also provided some of the first evidence that VWF and FVIII may 

be co-stored in Weibel-Palade bodies88. Recent data also suggests that the vascular 

endothelium have the capacity for endogenous, concurrent co-expression88,96,97 and co-

storage within Weibel Palade Bodies (WPBs)98–100 of FVIII and VWF. 

Two major landmark papers added to the endothelial cell source investigation and 

definitively proved the endothelium to be a major FVIII source. The first, published by 

Everett et al., took advantage of a conditional lectin, mannose-binding protein 1 (LMAN1) 

deficient mouse, with these deletions of Lman1 specifically located in an hepatocyte 

population, or in the endothelial cell population of all tissues101. LMAN1 is a ubiquitously 

expressed cargo receptor required for efficient secretion of FVIII and FV into the plasma, and 

can cause a severe bleeding disorder similar to that of hemophilia when dysfunctional102. 

They found that the F8 mRNA is localized to endothelial cells, and not hepatocytes, which 

corroborated past literature sources101. Of greatest importance, the group found that the 

endothelial Lman1 deficient mice exhibited plasma levels indistinguishable from full Lman1 

null mutants, suggesting that endothelial cells are the primary biosynthetic FVIII source in 

vivo 101. The last paper, also published in 2014 by Fahs et al. provided evidence for the 

endothelium as the predominant and potentially exclusive source of FVIII103. This group took 

advantage of F8 gene disruption mice in targeted specific cell types including one targeting 

the endothelium. Similarly to Everett et al., this group found that the mouse population with 
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the severe bleeding phenotype and greatest reduction in plasma FVIII:Ag were those missing 

F8 in their endothelial cells103.  

Nevertheless, FVIII has not been seen in all endothelial cell types. For example, 

FVIII production has not been detected in endothelial cells from the aorta, umbilical artery 

and umbilical vein88, or in circulating peripheral endothelial progenitor cells101. Even in cells 

that have been shown to express and produce FVIII, a startling amount of variation has been 

observed as to the degree of expression101. This leads us to believe that during physiological 

conditions, in which the cells are exposed to their own varying microenvironments depending 

upon their area of origin, certain conditions must exist that allow certain portions of the 

endothelium to produce and secrete FVIII, and not others. Considering that we can observe 

this discrepancy with what cells can produce FVIII, the literature suggests that there must be 

fundamental differences in regulation across different environments. This leads us to question 

what makes certain endothelial cells different from others, and what is it about those 

differences that allows some cells, but not others, to produce FVIII?  

1.5 Endothelial cell heterogeneity 
 

Endothelial cells, the cells that form the linings of our blood vessels and lymphatics, 

have been known to display distinct heterogeneity. Due to the direct proximity of the 

endothelial cells to the bloodstream and multitude of compounds that travel within the blood, 

the cells are specialized to respond accordingly. Therefore, depending upon the 

microenvironment of the endothelial cell in question, the cell may experience remarkably 

different stimuli. These stimuli can generally be categorized as biomechanical (blood 

flow/shear stress) or biochemical (growth factors, cytokines, hormones, oxygen, nitric oxide, 
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reactive oxygen species, chemokines, etc)104. The ability of endothelial cells to detect and 

respond to the extracellular signals is necessary and critical for vascular hemostasis. 

These cells are highly active metabolically and are crucial in pathways mediating 

vessel permeability, hemostatic balance, angiogenesis, cellular trafficking, and immunity, to 

name a few. Given these examples, it is important to study and understand what makes 

populations of endothelial cells different. In recognizing that heterogeneity exists, it becomes 

important knowing that multiple organ beds must be studied in order to understand the 

biology of the endothelium, though this can be difficult in practice as it is only partially 

correct that specific endothelial phenotypes maintain their identities in vitro104. In defining 

endothelial cell heterogeneity and how these cells may differ from one another, it is a 

function of 4 categories: cell morphology and structure, cell function, gene expression, and 

antigen composition105.  

In terms of structure, the major difference tends to occur when comparing veins and 

arteries; arterial endothelial cells align along the longitudinal axis of blood flow and this 

alignment is flow dependent and can be modifiable in response to flow104. A lack of 

alignment is present at arterial branch points and veins, and these cells tend to be larger and 

rounder in shape106. However evidence suggests that site-specific structural properties such as 

blood flow alignment are dynamically regulated and are not fixed107. Thus an important part 

of cellular morphology and structure is a function of this biomechanical force, which can be a 

problem when studying these cells in vitro and in static culture. When comparing the 

ultrastructural components of different endothelial cells, some structural differences can be 

observed. For example, the caveolae, or membrane bound vesicles that mediate transcytosis, 

can be present in different concentrations depending on the cellular origin. It is known that 
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the density of caveolae in the microvasculature is much higher than in the arteries, arterioles, 

veins or venules108. Additionally, endothelial cells in the microvasculature can differ in their 

coverage of underlying tissue, and can be continuous (fenestrated or non fenestrated), or 

discontinuous105. Continuous non-fenestrated endothelium can be found in: the vasculature of 

the brain, skin, heart and lung; fenestrated continuous vasculature is in areas characterized by 

increased filtration such as endocrine glands or renal tubules; and discontinuous endothelium 

is found in sinusoidal vascular beds, such as those in the liver104. Because these can so be 

varied across tissues shown to be able to produce FVIII, it is unlikely that continuous versus 

discontinuous endothelial morphology plays a role in a FVIII expression context. 

From a gene expression or functional standpoint endothelial cells can also be quite 

varied. The more we observe, the more it appears that endothelial cell heterogeneity is 

present in all facets of normal endothelial functioning across the vascular tree. Some of the 

initial markers linked to disparities between endothelial cells were found as differences 

between the arterial and venous systems. For example, each system’s endothelial cells 

express some cell-markers preferentially, such as ephrin-B2 in arterial cells and neuropilin 2 

in venous cells109,110. Organ-specific unique markers of the endothelium have also been 

identified, such as: lung-specific endothelial cell adhesion molecule 1 (Lu-ECAM1) that is 

exclusive to capillary venules in the lungs and spleen; or MadCAM1, which is expressed in 

the endothelial cells of the gut111. At sites prone to atherosclerotic lesions such as curvatures 

in the arterial vasculature the endothelial cells have been found in mice to preferentially 

express VCAM1 and ICAM-1112. In terms of functional differences, it is known that white 

blood cell transfer through the endothelium occurs primarily in the postcapillary venules, and 

this site specificity is thought to be due to preferential expression of E-selection, P-selectin, 
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VCAM1 and ICAM1105. When considering hemostasis, many different pro- and anti-

coagulant molecules are preferentially expressed across the endothelium. One primary 

example is tissue factor, a pro-coagulant protein, which is expressed by microvessels and 

cells exposed to turbulent blood flow. In contrast, the anti-coagulant endothelial protein C 

receptor is expressed primarily in large vessels113,114. Currently, the hypothesis is one of 

heterogeneity layered upon heterogeneity, and so this allows endothelial cells from different 

areas of the vascular tree to use varying site-specific responses so that proper hemostasis and 

balance is maintained105.  

1.5.1 Causes for Endothelial Cell Heterogeneity 
 

It is believed that a variety of factors from their specific microenvironment that the 

cells can sense and respond to, and/or epigenetic “fixing” of certain site-specific properties, 

mediate endothelial cell heterogeneity. Therefore, the wide range of signal inputs that exist 

between organ and tissue systems may be sufficient in producing this heterogeneity across 

the body. These two factors must be in balance, as when endothelial cells are grown in vitro 

these cells typically experience a phenotypic drift as they lose key extracellular signals to 

keep their physiological phenotype105. The relative importance of heritable epigenetic fixing 

to microenvironment signals in maintaining this phenotype is currently unresolved. However, 

studies completed in 2004 suggested that both the tissue microenvironment and epigenetic 

patterns contribute equally to endothelial cell structure and function; however, differentiated 

endothelial cells can lose most of their area-specific phenotype by multiple passages in short 

term culture115. This is hypothesized to be due to dilution of the effects once cells are grown 

in vitro; as the cells lose the extracellular biomechanical or biochemical stimuli from their 

tissue microenvironment, the effects of receptor-mediated post-translational protein 
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modification and transcription factor-dependent modulation of gene expression are slowly 

lost through cellular divisions105. It is suggested that the epigenetic markers, though while 

dynamically regulated and induced by the extracellular milieu, persist upon in vitro culture 

and can be mitotically transmitted104.  

1.5.2 Accounting for endothelial heterogeneity: the potential of Blood Outgrowth 
Endothelial Cells 
 

Blood Outgrowth Endothelial Cells (BOECs), are derived from circulating 

endothelial progenitor cells that can be isolated for in vitro culture from human peripheral 

blood samples in approximately three weeks116. These cells are known to have a cobblestone-

like phenotype that is typical of in vitro endothelial cells, and express multiple endothelial 

cell markers including CD34, VWF, VE-cadherin, thrombomodulin, and platelet/endothelial 

cell adhesion molecule (PECAM)116. Important to note in BOEC culture is the ability of these 

cells to maintain the mature endothelial cell phenotype and have these markers persist 

throughout many cellular passages (10+). These cells are also known to be able to be 

expanded to very large numbers, greater than 1010 cells116. This is in direct contrast to many 

isolated tissue-specific endothelial cells, which often lose their endothelial phenotype by 5 

cellular passages 94.  

As these cells are derived from endothelial progenitors, they are effectively ‘blank’ 

endothelium; they have had minimal exposure to shear forces prior to isolation, and are 

lacking microenvironment-specific developmental programming. Therefore in theory, this 

easily isolated cell type may provide a baseline, and generalized, microvascular endothelial 

phenotype for experimental analysis, separate from tissue-specific more “end-stage” 

endothelium116. As BOECs have the ability to repopulate the entirety of the endothelial 
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hierarchy, this is a potential cell type that can be taken advantage of to examine phenotypes 

that may be universal to the endothelium, circumventing microenvironment specific 

variables117. 

1.6 Shear Stress 
	
	 	

Due to the hemodynamic conditions within blood vessels, the vascular endothelial 

experiences superficial shear stress in association with blood flow in that area of the 

vasculature118. These shear rates and stresses vary extensively throughout the vasculature, 

and are crucial to the understanding of endothelial cell heterogeneity as a microenvironment 

factor and extracellular signal that can convey gene expression changes. Depending upon the 

area, this biomechanical force on the cells can range between 40-60 dynes/cm2 within the 

arterioles and capillaries, to 1-6 dynes/cm2 within veins119,120. The rate of the stress conferred 

upon the cells is directly related to the speed of blood flowing across the cells. The higher the 

shear rate, the higher the stress on the cells, which is denoted as shear stress.119,120 This flow 

can be laminar or oscillatory in nature. Laminar, pulsatile, unidirectional flow is the most 

commonly observed flow type across the straight vasculature and the outer parts of curves or 

bifurcations.118 (Figure 1.3 A) In contrast, turbulent and bidirectional flow as observed in the 

inner portions of vessel bifurcations and in the aortic arch is known as oscillatory flow. 

Oscillatory flow can be characterized as a net zero shear rate, as the flow moves in both 

directions118. (Figure 1.3 B) In vitro there are three characteristic states related to shear 

exposure: (i) the initial onset of shear (<24 hours under flow), (ii) prolonged laminar shear 

(>72 hours), and (iii) oscillatory shear. In an experimental context as cells do not experience 

flow during growth it is important to take into account initial shear exposure and timing of 

shear. Therefore, the response elucidated by these cells is one that allows us to observe how 
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endothelial cells sense shear stress and how they respond to these changes and each state 

along that continuum is biologically important and relevant121. 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 1.4 Shear stress can be characterized as one of two distinct types: Laminar or Oscillatory. 
A) Laminar shear stress is characterized as unidirectional flow, and is the most commonly 
observed shear type. It can also be seen on the outer parts of bifurcations as seen in B. B) 
Oscillatory shear stress is characterized as bidirectional and turbulent flow, as is present in the 
vasculature in bifurcations and areas of curvature.  
 
 

1.6.1 Shear Stress and Quiescence 
 

Cells that experience laminar shear stress at rates of 15 dynes/cm2 to approximately 

60 dynes/cm2 are typically denoted as experiencing a quiescent, atheroprotective, anti-

inflammatory and anticoagulant phenotype122. This is the primary cell state of vascular 

endothelial cells in vivo. Cells are able to sense and respond to flow and potential changes 

through a mechanosensory complex consisting of VEGFR-2, VE-cadherin, and PECAM-1, 

which has been shown to induce laminar flow-like gene expression changes when 

stimulated123. It is however, key to distinguish between short-term and long-term exposure 

related to laminar shear in cultured experimental cells. For example, AP-1 and NFκB are 

transcriptional regulators associated with the onset of shear stress and oscillatory shear, and 

thus a pro-inflammatory cellular phenotype121,124. Once cultured cells have experienced 



	
	

24	

prolonged exposure (> 24h), they move towards this quiescent phenotype and express marker 

proteins such as thrombomodulin122,125. KLF2 (a zinc finger transcription factor first 

identified in the lungs, and part of a family which regulates cellular differentiation and tissue 

development) is the characteristic protein and master regulator of the quiescent 

endothelium126,127 (Figure 1.5).  

KLF2 was initially described as a flow-responsive transcription factor that was vital 

to the functional mature endothelium128. It was a KLF2-null mouse that suggested this 

necessary role, as these null mice experience lethality in embryogenesis due to a defective 

vasculature and embryonic hemorrhaging129. Studies show that KLF2 expression is directly 

associated with the atheroprotective and quiescent endothelial phenotype, and that the protein 

is directly induced by prolonged laminar flow127. However, ectopic expression of KLF2 has 

been shown to be sufficient to induce quiescent endothelial differentiation without shear128. 

Working with the second major biomechanical regulator Nrf2, the combined activity of both 

transcription factors regulates approximately 70% of shear-induced endothelial gene 

expression130. Not only functionally, but KLF2 also has a distinct effect morphologically on 

cells experiencing shear. KLF2 has been found to be essential to the alignment of cells to the 

direction of flow through activation and formation of short basal actin filaments131. 

In visualizing the pathway, KLF2 is an intermediary transcriptional regulator of 

endothelial cell specific flow responsiveness. Activation of KLF2 is triggered by the AMPK 

dependent MEK5/ERK5/MEF2 pathway and is negatively regulated by the miRNA 92a, and 

shear represses miR-92a132–135. Therefore, shear stress is able to stably induce KLF2 

expression through binding interactions at the KLF2 promoter at a MEF2 binding site and by 

mRNA stabilization121. Shear stress is able to do this more stably than drugs such as statins 
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which can also increase KLF2 expression136. One of KLF2’s major targets is endothelial 

nitric oxide synthase (eNOS), a protein that’s been identified as a key flow-responsive gene 

that acts to confer anti-inflammatory properties to the endothelium and acts to regulate 

vascular reactivity137. A secondary major direct target of KLF2 is the anti-inflammatory/anti-

coagulant protein thrombomodulin, an integral membrane protein that acts as a repressive 

cofactor for thrombin, and implicates KLF2 as being involved indirectly in regulating 

intravascular coagulation138. Not only inducing genes involved in anti-inflammatory or 

anticoagulant pathways, KL2 also acts to induce cells into a state of resting quiescence 

through repression of cell metabolism and reduction of PFKRB3, a key regulator of 

glycolysis139. It has been estimated that KLF2 is able to indirectly or directly regulate the 

expression of >1000 genes128 

Furthermore, acting not only to induce atheroprotective genes, KLF2 also acts to 

counteract and repress inflammatory pathways in endothelial cells in order to protect the cell 

from atherogenic gene expression. Evidence suggests that KLF2 is able to recruit and 

sequester the coactivator CBP/p300, a critical modulator that is bound to RelA, and helps to 

control the nuclear response of NFkB and target RelA to its target promoter sites140,141. 

Acting through a secondary inflammatory pathway, shear stress and KLF2 can inhibit the 

nuclear translocation and activation of ATF2, one of the components of the inflammatory 

transcription factor AP-1142. Consequently, this results in the KLF2-induced inhibition of 

inflammation based markers such as E-selectin and VCAM1140. This allows KLF2 to actively 

block inflammation and provide a protective effect when activated, although KLF2 

expression can be inhibited by pro-inflammatory cytokines such as TNFα136.  
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Figure 1.5 Shear states are typically characterized by the activity of one of two transcription 
factors: KLF2 or NFkB. In a state of acute onset of shear (<48h), or prolonged (>48h) oscillatory 
type shear, the cells exhibit disorganized morphology and this state is classified as atheroprone 
and inflammatory. The transcription factor NFkB plays a major role in the regulation of this state. 
In contrast, in a state of prolonged (>48h) laminar type shear, the cells exhibit organized 
morphology aligning in the direction of flow, and enter a state classified as quiescent, and 
atheroprotective. This anti-inflammatory state is controlled by the master biomechanical regulator 
KLF2. Figure adapted from Fig 1B from Boon & Horrevoets, 2009121. Images are adapted from 
Figure 3 from Malek, A.M., Alper, S.L. & Izumo, S., 1999143. 
 

 

1.6.2 Shear Stress and Inflammation 
 

It is well established that in areas of oscillatory shear stress, the endothelial cells 

present are prone to endothelial dysfunction and atherosclerotic lesions when compared to the 

cells present in areas of laminar shear144. These areas are most commonly those in bends and 

bifurcations in the arterial vasculature where flow is disturbed and can change directions in 

space145. In the venous system this dysfunction is seen in areas of retrograde flow through 

incompetent valves, or areas of outflow obstruction, or stasis145. Due to the net zero shear at 

these locations, because of the turbulent and bidirectional flow, the loss of the consistent 
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pulsatile and unidirectional flow results in a decreased expression of anti-inflammatory 

molecules which results in inflammation121. This endothelial activation due to inflammation 

is a primary event that can lead to pathophysiological states such as atherosclerosis146. In an 

experimental context, we can induce this inflammatory state through a bidirectional shear for 

any length of time (oscillatory shear) or through an acute response to shear (<24 h) in either 

laminar or oscillatory context121. Cells observed under this state, contrary to the well-

organized alignment to flow as seen under laminar shear, are round with short actin filaments 

in the cellular periphery, exhibiting a lack of organized morphology147 (Figure 1.5). This 

round morphology looks very similar to how endothelial cells look in static culture. In 

contrast to the resting quiescence of cells experiencing laminar flow, cells in this state show a 

high rate of DNA synthesis, indicating high turnover148. Oscillatory flow is sensed by cells 

through the same mechanosensory complex as laminar shear, providing a common initiation 

point149.  

In the same way that laminar shear has a master regulator in KLF2, oscillatory shear 

gene expression is under the control of the transcription factors AP-1 and NFkB, and these 

are activated within 1 hour of a change in shear150 (Figure 1.5). There are many associated 

regulators that act to induce this pro-inflammatory response to oscillatory shear. One such 

molecule is a mechanosensitive miRNA, miR-34a, that plays a role in the mediation of the 

pro-inflammatory response, through indirectly activating downstream NFkB signaling151. 

This miRNA was also found to contribute to NFkB-dependent expression of vascular cell 

adhesion molecule-1 (VCAM1) and intercellular adhesion molecule-1 (ICAM-1)151. These 

are two markers of the pro-inflammatory phenotype of oscillatory shear, along with tissue 

factor, E-selectin and MCP-1152. Shear induced NFkB activation has been shown to be 
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similar to that of relA activation by cytokines such as TNFα or IL-6153,154. However, cytokine 

activated NFkB is not sufficient to fully induce a oscillator shear phenotype, indicating that 

NFkB does not mediate the entirety of the oscillatory phenotype155. F8 has been observed to 

contain a hypothesized NFkB binding site, and the acute phase response of FVIII has been 

shown to require NFkB participation31. In our laboratory FVIII production has been observed 

under oscillatory and short-term shear, so it is suggested that FVIII may be a downstream 

target of NFKB in this pathway.  

In contrast to how KLF2 is able to actively repress inflammation when activated, 

NFkB and the inflammatory pathway is able to counteract KLF2 when activated. For 

example, two histone de-acetylases (4 and 5) are recruited by NFkB to inhibit MEF2-

dependent KLF2 promoter activation when cells have been activated with cytokines156. By 

the same miRNA stabilization mechanism for KLF2, in times of inflammatory shear, miR-

92a is able to bind to KLF2 and destabilize it135. This allows endothelial dysfunction by shear 

to be maintained by the cell, and makes it difficult for cells to return back to quiescence.  

 

1.7 TNFα  and Endothelial Cell Activation 
 

It has been well documented that endothelial cells undergo significant 

morphological and functional changes when exposed to the inflammatory cytokine TNFα. 

When endothelial cells bind to circulating TNFα, they rapidly induce cellular reactions 

resulting in increasing permeability to macromolecules and immune cells, increased 

endothelial adhesion markers such as VCAM1 and ICAM1 on the cell surface for 

leukocyte recruitment, and decreased barrier function between cellular junctions157. This 
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phenotype is known as endothelial cell activation, as the cells move into an inflammatory 

state induced by the cytokine. As a marker of this state, cells exposed to TNFα take on a 

larger and more elongated phenotype158.  

As mentioned, the NFkB activation through TNFα and its signaling pathway in 

static conditions has been shown to be similar to the activation of NFkB in oscillatory 

shear153. In contrast, when TNFα is present it also works to repress KLF2 through 

inhibition of MEF2 by NFkB133 a rare action for a cytokine even in vitro. Although TNFα 

cannot confer the full oscillatory shear phenotype in endothelial cells, it can provide an 

avenue to illustrate the effects on the NFkB side of the pathway. 

 

1.8 Main Thesis Objective 
 

To investigate the effects of the inflammatory cytokine TNFα, and biomechanical 

stimuli, on vascular endothelial cell gene expression and protein production of FVIII and 

VWF in vitro.  

 

1.9 Thesis Hypothesis 
 

We hypothesize that FVIII and VWF expression in multiple vascular endothelial 

cell isolates is, in part, regulated by the induction of an inflammatory state in these cells. 

We further hypothesize that this inflammatory state can be acquired under static 

conditions with TNFα exposure and by biomechanical force exposure through shear using 

short- and long-term oscillatory flow, and short-term laminar flow. 
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Chapter II: Materials and Methods 
 
 

2.1 Materials 
 

Cell media Endothelial Basal Media-2 (EBM-2), plus added EGM-2 Single-

Quots, were purchased from Lonza (San Diego, CA). Fetal Bovine Serum (Gibco 

Invitrogen, Burlington ON) and L-glutamine (Sigma-Alrich, Oakville ON) were 

supplemented. For normal cell culture 12-well and 6-well flat bottom multi-well tissue 

culture plates, and 10 cm and 15 cm tissue culture plates were purchased from Gibco-

Invitrogen (Burlington, ON). Additional tissue culture materials such as trypsin, bovine 

serum albumin (BSA), ethylenediaminetetraceic acid (EDTA), rat tail collagen type 1 

were purchased from Sigma-Alrich (Oakville, ON) and Hanks’ balanced salt solution 

(HBSS) was purchased by Gibco Invitrogen (Burlington, ON). HPMEC endothelial cells 

were purchased from ScienCell Research Laboratories (Carlsband, CA). For Ibidi® cell 

culture, red perfusion sets, Ibidi® µ-Slide I’s at 0.4 cm, and Ibidi® Pump Systems were 

purchased from Ibidi® (Verona, WI). Recombinant TNFα for cell culture incubation was 

purchased from R&D Systems (Minneapolis, MN). For ELISA use, EIA-grade immulon 

4HBX 96 well plates were purchased form Dynex Technologies (Chantilly, CA) and 

VERSAmax tunable microplate reader was purchased from Molecular Devices 

(Sunnyvale, CA). For the FVIII ELISA, capture antibody, Sheep anti-human Factor VIII 

affinity-purified IgG (SAF8C-AP), sample diluent, detecting antibody sheep anti-human 

FVIII (FVIII:C) biotinylated (SAF8C-APBIO), and detecting diluent Poly-HRP Dilution 

Buffer (N500) were purchased from Affinity Biologicals (Ancaster, ON). Poly HRP 

(21140) was purchased from Pierce and Thermo Fisher Scientific (Burlington, ON). 
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Standard curves for both ELISAs were made using CRYOcheck human reference plasma 

from Precision Biologic (Dartmouth, NS). For VWF ELISA, coating antibody rabbit anti-

human von Willebrand Factor (DAKO A0082) and detecting antibody (rabbit anti-human 

von Willebrand Factor HRP (DAKO P0226) were purchased from Dako (Burlington, 

ON). For quantitative real-time PCR analysis, machine used was the ViiA 7 Real-Time 

PCR System purchased from Life Technologies (Grand Island, NY).  RNA isolation was 

completed using a kit, RNAqueous-Micro total RNA isolation kit, AM1931, purchased 

from Ambion by Life Technologies (Grand Island, NY). Reverse transcription of mRNA 

was completed using Superscript III reverse transcriptase and RNaseOUT ribonuclease 

inhibitor both purchased from Invitrogen (Grand Island, NY) and oligo(dT)18 primers 

purchased by IDT DNA (Coralville, IA).  TaqMan primer-probe sets for GAPDH 

(Endogenous control, 4352934E), FVIII (Hs00252034_m1), VWF (Hs01109446_m1 & 

Hs00169795_m1), KLF2 (Hs00360439_g1), VCAM1 (Hs01003372_m1), IL-6 

(Hs01075666_m1) and THBD (Hs00264920_s1) and TaqMan Master Mix were both 

purchased from Applied Biosystems (Grand Island, NY). 

2.2 Cell Culture 
 

Media for all endothelial cells grown in culture was EBM-2 endothelial cell media 

supplemented with 10% FBS, 1% L-glutamine, and one EGM-2 SingleQuot containing 

heparin, ascorbic acid, vascular endothelial growth factor (VEGF), human R3 insulin-like 

growth factor-1 (R3-IGF-1), human fibroblastic growth factor B (hFGF-B), human 

epidermal growth factor (hEGF), and hydrocortisone. Two separate cell isolations (M7 

and M18) of human Blood Outgrowth Endothelial Cells (BOECs) from peripheral blood 

were used over the course of this work. M7 was isolated from a 30 year old female with 
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O+ blood type (see Table 2.1). M18 was isolated from a 21 year old male with O+ blood 

type (see Table 2.1). All BOECs were characterized using flow cytometry for endothelial 

cell markers CD31, CD144 and CD146. It was also determined whether the cells were 

negative for the hematopoietic marker CD45 and the monocyte/macrophage marker 

CD14, and positive for the presence of Weibel-Palade bodies (WPBs) prior to any use.  

Human Pulmonary Microvascular Endothelial Cells (HPMECs) were purchased from 

ScienCell Research Laboratories (Carlsband, CA) and were cultured according to the 

manufacturer’s recommendations. Cell culture plates were coated overnight at 370C with 

collagen type I, washed twice with HBSS before use and then incubated at 370C in a 

humidified area containing 5% CO2. A minimum of 2 million cells were plated on 15 cm 

plates, at least 1 million cells on 10 cm plates, and at least 500,000 cells plated on each 

well of a 6 well plate. The media was changed to remove potential cellular debris and 

non-adherent cells after 24h hours. Culture media was changed every 48 hours, until the 

cells were at least 95% confluent at which point the cells were split (1:2) onto new 

collagen coated plates of the same size, or 1:1 onto a new collagen coated plate of a 

larger size. Once cells reached confluency, they were washed once with HBSS to remove 

residual FBS, and incubated at 370C for five minutes on the plate with 0.025% trypsin, 

then washed with fresh media and isolated by centrifugation at 800 g for 5 minutes. Cells 

were reconstituted at desired cell concentrations as required. Cell counting was 

completed using a hemocytometer with 10 µL of cell culture post trypsin detachment. 

The cell passage numbers used for all experiments ranged between 5 and 10.  
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 M18 M7 

Age of individual 21 30 

Gender of Individual Male Female 

Blood Type O+ O+ 

Cell passage’s used P4-P8 P8-P12 

Cell growth characteristics Slow growth 

(15 cm plate, takes 4-5 days 

when 1x106 cells plated to 

become confluent) 

Fast growth 

(15 cm plate, takes 2-3 days 

when 1x106 cells plated to 

become confluent) 

Table 2.1: Characteristics of the Blood Outgrowth Endothelial Cells used in the experimental 
work. Characteristics of age, gender and blood type are from the individual whose peripheral 
blood was used to isolate the cells, at the time of isolation. Cell’s passage’s used are what range 
of cellular passages from initial culture were used to for our experimental work. Growth 
characteristics are observations from experimental work.  
	

2.3 Biomechanical Exposure: Shear Stress 
 

All shear experiments were completed using the Ibidi® Pump System. This 

system simulates conditions of physiological blood flow (Figure 2.1), both laminar and 

oscillatory in nature. Once BOEC or HPMEC cells reached 95% confluency on their 

collagen coated plates, cells were split onto three 0.4cm Ibidi® µ-slides for each set of 

experiments. Cells were plated at concentrations of approximately 1.20 x 105 

cells/channel. Cells were allowed to adhere overnight at 370C. Once cells appeared to be 

at a confluency of 95% or greater, two slides were connected to the red 15 cm perfusion 

sets, with one slide left off the flow system as a static control. The pump system was 

placed in a 370C incubator prior to use. Once the system was set up in the incubator, and 

connected to the pump and computer the experiments were initiated by a 30 minute shear 
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introduction at 7.5 dyne/cm2 as per manufacturer’s recommendation, followed by an 

increase to 15 dyne/cm2 for a total shear exposure of 24 hours or 72 hours. For oscillatory 

shear, the flow direction was set for oscillations every 0.5 seconds. Once timed exposure 

was completed, cell morphology was examined for shear induced changes, and the 

laminar, oscillatory and static cell samples were isolated for their RNA content, or whole 

cell lysates for use in protein ELISAs. 

 

Figure 2.1: Diagram illustrating the two states of the Ibidi® flow apparatus and how it is able to 
keep media flowing across the cell at all times. Through the use of regular valve switching and air 
from the pump controller, the cells are exposed to shear. (diagram taken from the Instruction 
manual Ibidi® Pump System (PDF) found at http://ibidi.com/support/instructions-
manuals/instruments-accessories/) 
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2.4 Biochemical Exposure: TNFα 
 

All TNFα exposures were completed in 6 or 12-well flat bottomed multi-well 

tissue culture plates. For ELISA sample collection, 6-well plates were used. Separately, 

12-well plates were used for RNA isolation. Once BOEC or HPMEC reached 95% 

confluency on their collagen coated plates, cells were split using above protocol onto the 

ELISA plates at a cell concentration of 1 x 106 cells/well and the RNA isolation plates at 

a cell concentration of 5 x 105 cells/well. For ELISA experiments, two experimental wells 

and two untreated wells were plated for each time point, so that lysates and media could 

be combined into one sample to maximize amounts for the use of one sample over two 

separate ELISAs assays. Cells were allowed to grow at 370C until a confluency of 95% or 

greater was reached. At time 0, the cells were washed with HBSS prior to addition of 

either: 750 µL (ELISA) or 300 µL (RNA isolation) of fresh media containing 20 ng/mL 

of TNFα added to each experimental well, and 750 µL (ELISA) or 300 µL (RNA 

isolation) of fresh media was added to the untreated wells. At three time points, 8 hours 

post exposure, 24 hours post exposure, and 48 hours post exposure, media was collected, 

cells were washed once with HBSS, and cells were lysed for collection  

2.5 Total RNA Purification 
 

RNA was isolated from cultured endothelial cells from both shear experiments at 

24 h and 72 h, as well as for each TNFα exposure time point (8 h, 24 h, 48 h). The 

RNAqueous-Micro kit from applied biosystems was used as a kit specific for cultured 

cells (<5 x 105 cells total). For shear experiments, cell lysis was completed directly on the 

Ibidi® µ-slide, post collection of media and washing, using 150 µL of Lysis Solution 
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(Thiocyanic acid, compound with guanidine (1:1), 1-mercaptoethanol). Centrifugation 

and washes of the silica-based filter were done according to supplied protocol. RNA was 

eluted using two rounds of 14 µL heated elution solution. For DNA digestion, 26 µL of 

eluate was used. To assess RNA concentration once the final elution was collected, 2 µL 

of elution was used. Purity was examined using a Nanodrop 2000. For the sample 

progress to the subsequent reverse transcriptase reaction, samples must have a 

concentration greater than 30 ng/µL, with an A260/A280 ratio between 1.8 and 2.1 to 

ensure nucleic acid purity.   

2.6 Reverse Transcription 
 

Progressing from the previous RNA purification, the reverse transcription reaction 

allowed us to create cDNA molecules from the mRNA in the isolate. 20 µL of the final 

eluate from the RNA purification was used in this reaction. Reverse transcription was 

accomplished through use of SuperScript III reverse transcriptase, the inclusion of the 

optional RNaseOUT step, and oligo(dT)18 primers to target the mRNAs. Reaction was 

doubled to a 40 µL reaction in one tube, using the full 20 µL of elution in the one reaction 

along with 500 µg/mL of primer. 

2.7 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 
 

Upon completion of the reverse transcription reaction, all cDNA was used in a 

qPCR TaqMan reaction. qRT-PCR was used to quantify cDNA levels using pre-designed 

and specific TaqMan primer-probe sets for our mRNAs of interest: FVIII 

(Hs00252034_m1), VWF (Hs01109446_m1 & Hs00169795_m1), KLF2 

(Hs00360439_g1), VCAM1 (Hs01003372_m1), IL-6 (Hs01075666_m1), THBD 
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(Hs00264920_s1), along with an endogenous control in the house keeping gene GAPDH 

(Endogenous control, 4352934E) and comparative CT (cycle threshold) was used for our 

quantification. For each fluorescence a specific probe creates, the machine is able to 

detect the point at which the fluorescence passes a set threshold where the machine 

determines a CT value for that well. This CT is then compared against the specific 

GAPDH endogenous control CT value for that sample to normalize samples for 

comparison (ΔCT value). Experimental CT’s are further compared against the 

comparative control (ΔΔCT value for an experimental probe: ΔCTprobe-from-target - ΔCTprobe-

from-reference). These values are further calculated (fold change = 2-ΔΔCT) to determine 

relative fold-changes in gene expression. This allowed us to determine the amounts of 

FVIII, VWF, KLF2, VCAM1, IL-6, and THBD relative to a negative condition of our 

choice: either a static condition for the shear experiments, or an untreated condition for 

our biochemical exposure experiments. Each well in the reaction containing 5.5 µL of 

TaqMan master mix, 0.5 µL of a singular primer-probe, 1.75 µL of cDNA, and 2.25 µL 

water. Each probe in our sample was run in quadruplicate for experimental replicates. 

Thus, each result was derived from measurements calculated from 4 wells all containing 

the same mix to account for any pipetting errors. Each reaction was run on the ViiA 7 

Real-Time PCR System and its accompanied software thanks to the generous assistance 

of Dr. David Berman, Queen’s University. Data represented in graphs are expressed as 

means, with error bars representing the standard error of the mean (+/-). If the calculated 

p value (computed using a 2-tailed t test in the Graph-Pad Prism software) was below 

0.05, the comparison was considered significantly different. 
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2.8 Enzyme Linked Immunosorbent Assays (ELISAs) 
 

Endothelial cells for ELISA preparation were lysed using cold lysis buffer (150 

mM NaCl, 50 mM Tris, 1% Triton-X-100) supplemented with protease inhibitors post 

washing of cells with HBSS and aspiration of media. For TNFα exposure experiments, 

100 µL of buffer was used per well (with combining materials from two wells for each 

sample as explained above in 2.4 is in total 200 µL), and for shear exposure experiments 

200 µL of buffer was used. Lysis reaction was allowed to incubate for 10 minutes before 

being transferred to a cold 0.6 mL eppendorf tube. Lysate was then centrifuged at 40C for 

20 minutes at 12,000 rpm. Supernatant was transferred to a new tube once the 

centrifugation steps were complete and the materials frozen at -200C until use.  

2.9 VWF ELISA 
 

For the detection of VWF:Ag in our samples, we employed a VWF sandwich-

based ELISA protocol. Wells were initially coated with 10 µg/mL of coating antibody, 

rabbit anti-human von Willebrand Factor, in Buffer A (PBS, pH 7.2). 100 µL of this 

solution was added to each well of an Immulon 4HBX 96 well plate. This was allowed to 

incubate at 40C overnight. Experimental and standard curve samples were diluted in cold 

Buffer B (Washing/Dilution buffer, PBS, 0.5 M NaCl, 0.1% Tween 20, pH 7.2). Standard 

curve samples were made utilizing human normal reference plasma, starting at a 

concentration of 107 mU/mL with doubling dilutions following. The wells were washed 

three times with 200 µL Buffer B for 3 minutes, followed by rigorous inverted tapping to 

dry. Samples were then added to wells in 100 µL portions and were incubated at room 

temperature for two hours. A second wash step identical to the last was performed. 100 
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µL  of detecting antibody (rabbit anti-human von Willebrand Factor HRP, diluted to 

1:8000) in Buffer B was added to each well and incubated for one hour at room 

temperature. A third wash step was completed post-incubation. For HRP detection, 

Reagent D (15 mL of 0.1 M citric acid-phosphate buffer pH 5, 10 mg o-

Phenylenediamine, 6.2 µL 30% H2O2) was prepared, and 100 µL of this reagent was 

added to each well. The plate was covered and incubated for 15 minutes, before reactions 

were stopped with 100 µL of Reagent E (1 M H2SO4). The plate was read at 492 nm 

using the VERSAmac tunable microplate reader. Data is represented in the 

accompanying graphs are expressed as means, with error bars representing the standard 

error of the mean (+/-). If the calculated p value (computed using a 2-tailed t test in the 

Graph-Pad Prism software) was below 0.05, the comparison was considered significantly 

different. 

2.10 FVIII ELISA 
 

For the detection of FVIII:Ag in our samples, we employed a FVIII sandwich-

based ELISA protocol that was adapted from the Affinity Biological FVIII ELISA 

protocol by Barbara Vidal (Research Assistant, Lillicrap Laboratory). 100 µL of coating 

solution was made from 3 µg/mL SAF8C-AP capture antibody in coating buffer (50 mM 

Carbonate pH 9.6) and added to each well of a Immulon 4HBX 96 well plate. This was 

allowed to incubate for two hours at room temperature, followed by three rounds of a 

washing cycle of 250 µL PBS-Tween 0.1% with rigorous drying in between each round. 

Experimental and standard curve samples were diluted in diluent green supplied by 

Applied Biosystems. Standard curve samples were made utilizing human normal 

reference plasma, starting at a concentration of 24 mU/mL with doubling dilutions 
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following. 100 µL of sample was added to each well, with each sample being run in 

duplicate, and the plate was covered and incubated at room temperature for two hours. A 

second wash round identical to the last was completed. 100 µL of a solution of the 

detecting antibody, sheep anti-human FVIII biotinylated antibody (1:5000), and 1 mg/mL 

BSA was incubated on the plate at room temperature for 45 minutes. A third identical 

wash round was performed. This signal was then amplified using an additional poly-HRP 

incubation step. 100 µL streptavidin poly-HRP in 1:5000 poly-HRP buffer was added to 

each well and incubated for 30 minutes at room temperature. A fourth wash round was 

completed. For signal detection, OPD substrate (12 mL substrate buffer (2.6 g Citric 

Acid, 6.9 g Na2HPO4 in 500 mL H2O, pH 5), 5 mg O-phenylenediamine, 12 µL H2O2) 

was prepared, and 100 µL was added to each well. Plate was covered and incubated for 

20 minutes, before reactions were stopped with 50 µL 2.5 M H2SO4. The plate was read 

at 490 nm using the VERSAmac tunable microplate reader. Data is represented in graphs 

expressed as means, with error bars representing the standard error of the mean (+/-). If 

the calculated p value (computed using a 2-tailed t test in the Graph-Pad Prism software) 

was below 0.05, the comparison was considered significantly different. 
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Chapter III: Results 
	

3.1 M18 and M7 BOEC and HPMEC change morphology when exposed to 
short-term shear 
	

As a preliminary investigation, we wanted to observe whether our cells would 

respond to shear and change morphology in a way that is reflective of that shear state. 

The literature has illustrated the significant morphological changes which cells 

experience when exposed to laminar versus oscillatory shear 131,147. Under laminar shear, 

cells become elongated as actin filaments reorganize to align the cells in the direction of 

the unidirectional flow131. Under oscillatory shear cells retain a cobblestone like state, 

and show no organized actin restructuring147. As a positive confirmation of shear state 

phenotype for each of our cellular isolates we examined the cellular microscopic 

morphology prior to cellular lysis and experimental collection post 24 hours of laminar 

exposure, oscillatory exposure, or static conditions. This also served as a control previous 

to isolation: if cells were not showing their associated morphological changes, these cells 

were not used for experiments. 

As expected, under static conditions, the cells continued to exhibit the cobblestone 

like morphology that is associated with endothelial cells and BOECs116. Under laminar 

shear, for each cell type we observed a morphological change in the cells as they aligned 

to the direction of flow. Finally, under oscillatory shear we observed continued 

cobblestone-like morphology characteristic of cells under disturbed flow147. As cells 

exhibited the correct morphological changes, we moved to our cell lysis to examine gene 

expression through qRT-PCR, or protein levels through ELISA. 
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3.2 Endothelial cell heterogeneity is present in endothelial cell responses to 
short term laminar and oscillatory shear when examining FVIII and VWF 
 

To determine whether short-term biomechanical shear could induce FVIII or 

VWF expression, we examined three endothelial cell isolates: M18 BOEC, M7 BOEC 

and HPMEC. This short term exposure of shear is known to induce an inflammatory-like 

phenotype121. We exposed each of these cell isolates to laminar shear for 24 hours at a 

shear rate of 15 dynes/cm2, or oscillatory shear for 24 hours at a shear rate of 15 

dynes/cm2 with oscillations every 0.5 seconds. At the end of each experiment, cells were 

lysed and RNA was isolated to examine gene expression changes with qRT-PCR (Figure 

3.1), or cells were lysed for use in ELISA (Figure 3.3). All experiments were run against 

static samples to calculate relative fold-changes in gene expression. 

Extensive heterogeneity was observed between each cell isolate’s response to 

short-term laminar or oscillatory shear (Figure 3.1). These differences were prevalent 

against all probes assayed. When examining FVIII gene expression changes as compared 

to static samples, a significant FVIII increase (1.75-fold) was only seen in the laminar 

sample from M7 BOEC. No significant increases or decreases of VWF were observed, 

though in both BOEC lines there appeared to be transient increases. To examine for 

quiescence, the positive controls KLF2 and THBD were used. For inflammation, our 

positive control used was VCAM1.  Indicating a movement of the cells into a quiescent 

state after 24 hours of laminar shear exposure, each cell isolate showed evidence of an 

increase of KLF2 (25.7-fold, 13.8-fold, and 5.59-fold respectively as compared to static). 

However, this was only a biologically significant increase in the M7 BOEC and HPMEC 

samples as both cell isolates showed increases in THBD, a downstream target of KLF2. 
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This provides evidence that 24h of shear may be sufficient to begin the movement of the 

cells into quiescence. Though not significant in HPMEC, the inflammatory phenotype in 

the oscillatory samples from both M18 and M7 BOEC is illustrated by significant 

increases of VCAM1 (2.32-fold and 3.79-fold respectively). 

Figure 3.1:Gene expression profiles of M18, M7, and HPMEC isolates as exposed to 24 hours of 
laminar or oscillatory shear. Fold change in mRNA expression levels of genes of interest: FVIII 
& VWF mRNA levels were determined, along with control mRNAs KLF2, VCAM1 & THBD, in 
BOEC isolates M18 and M7 and the HPMEC isolate. All fold changes are compared to static 
cultured cells, represented by the dotted line at the 1 value. A) M18 gene expression profile post 
exposure to laminar or oscillatory shear for 24 hours. B) M7 gene expression profile post 
exposure to laminar or oscillatory shear for 24 hours. C) HPMEC gene expression profile post 
exposure to laminar or oscillatory shear for 24 hours. For all graphs, mean values are illustrated 
(n=3) with corresponding +/- standard error of the mean. A ‘*’ above a column indicates that that 
condition is significantly different from the static sample at p < 0.05 Absolute values can be 
found in the appendix, in table 1.  

*	

*	

*	

*	*	

*	

Gene of Interest Gene of Interest 

Gene of Interest 

*	
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3.3 In the M7 BOEC isolate, short term laminar and oscillatory shear induces 
secretion of FVIII protein into the media  
	
	

After a significant increase in FVIII gene expression was observed within the M7 

BOEC sample, to be certain that the expression was physiologically relevant and could 

result in FVIII protein production we used a sandwich-based FVIII:Ag ELISA. 

Additionally, to examine whether short term shear resulted in a release of VWF or 

whether the non-significant VWF increase in M7 could result in a change in protein 

production, a VWF:Ag ELISA was employed. Before each ELISA could be used for 

these experiments, each assay was tested using human normal reference plasma 

(CRYOcheck, Dartmouth, NS) with serial dilutions to determine the limit at which 

protein could no longer be detected. For the FVIII:Ag ELISA, our lowest detection point 

was at a sample protein concentration of 0.254 mU/mL and a dilution of 1/3200 from the 

human reference plasma (normal FVIII plasma levels 500-1,500 mU/mL) (Figure 3.2 A). 

For the VWF:Ag ELISA, our lowest point before detection was lost was 2.559 mU/mL 

and a dilution of 1/240 from the human reference plasma (normal VWF plasma levels 

500-1,500 mU/mL) (Figure 3.2 B). 

 When samples were plated for ELISA quantification, which included both the 

cellular lysates and the culture media of cells that were exposed to shear, and those that 

were under static conditions, samples were split between the VWF and FVIII ELISA in 

equal portions. When VWF:Ag ELISA samples were compared, no significant presence 

of protein was found present in the lysate (Figure 3.3 A) or released into the media 

(Figure 3.3 B). However, both laminar and oscillatory samples showed small decreases in 

their lysates when compared to static. When FVIII:Ag ELISA samples were compared, 
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only a small, non-significant increase of FVIII was observed in the laminar lysate sample 

(Figure 3.3 C). This is likely reflective of the significant FVIII gene expression increase 

in M7 BOEC from Figure 3.1 B. The oscillatory sample also showed a small non-

significant increase of FVIII in the lysate, but this was smaller than in the laminar sample 

and was not significant. However, statistically significant presence of FVIII in the media 

was seen from M7 cells that were exposed to laminar or oscillatory shear for 24 h (Figure 

3.3 D). This indicates that 24 hours of shear exposure, either of laminar or oscillatory 

pattern, is sufficient to induce FVIII release and secretion.  
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Figure 3.2: ELISA validation for FVIII:Ag assay and VWF:Ag assay. A) Running control human 
normal reference plasma sample, for which the FVIII:Ag mU/mL amount is known, we found we 
could reliably detect FVIII:Ag signal in our sample until a lower detection limit of 0.254 mU/mL 
at our 1/3200 dilution. B) Running control normal human reference plasma sample, to which the 
VWF:Ag mU/mL amount is known, we found we could reliably detect VWF:Ag signal until a 
lower detection limit of approximately 2.559 mU/mL at our 1/240 dilution. For all graphs, mean 
values are illustrated (n=3) with corresponding +/- standard error of the mean.  
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Figure 3.3: Laminar and oscillatory shear induced release of FVIII:Ag into the media in M7 
BOEC. A) Measure of mU/mL of VWF:Ag present in the cellular lysate of M7 cells post-static 
incubation, or 24 hours of laminar or oscillatory flow. Absolute values can be found in the 
appendix, in table 2. B) Measure of mU/mL of VWF:Ag released into the media post-static 
incubation, or 24 hours of laminar or oscillatory flow. Absolute values can be found in the 
appendix, in table 2. C) Measure of mU/mL of FVIII:Ag present in the cellular lysate of M7 cells 
post static incubation, or 24 hours of laminar or oscillatory flow. Absolute values can be found in 
the appendix, in table 3. D) Measure of mU/mL of FVIII:Ag released into the media post-static 
incubation, or 24 hours of laminar or oscillatory flow.  Absolute values can be found in the 
appendix, in table 3. For all graphs, mean values are illustrated (n=3) with corresponding +/- 
standard error of the mean. Denotion of ‘*’ above the graph indicates that there is a significant 
difference from static results at p<0.01.  
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3.4 FVIII and VWF are induced by long-term laminar and oscillatory shear 
exposure 

 
To examine whether the phenotype differs during long-term laminar or oscillatory 

shear in regards to FVIII and VWF, we examined M18 BOEC and M7 BOEC under 72 

hours of laminar or oscillatory shear. Similar to our short term experiments, we exposed 

each of the isolates to laminar shear at a rate of 15 dynes/cm2 or oscillatory shear at a rate 

of 15 dynes/cm2 with oscillations every 0.5 seconds. At the end of each experiment, cells 

were lysed and RNA was isolated to examine gene expression changes with qRT-PCR 

(Figure 3.4). All experiments were run against static samples to calculate relative changes 

in gene expression. 

Our first major markers examined were our control probes investigating KLF2, 

THBD and VCAM1. As corroborated with the literature, we observed strong KLF2 

induction in the laminar shear (55.02-fold in M18 and 172.5-fold in M7). While this is 

KLF2 increase is only significant in the M18 sample, the significant THBD expression in 

both the M18 (12.92-fold) and M7 BOEC (5.76-fold) laminar samples indicate functional 

presence of KLF2. In these laminar samples VCAM1 expression was observed to be 

below static (0.34-fold in M18 and 0.28-fold in M7), indicating that KLF2 is working to 

actively reduce inflammatory gene expression. However, most interesting to note in the 

long-term laminar samples was the increases of FVIII observed in both the M18 (2.25-

fold) and M7 (2.61-fold) samples, though the increase was only significant at p < 0.05 in 

the M18 sample.  

The results from our oscillatory flow studies were less clear, in our M18 sample in 

particular. In this sample, even when exposed to oscillatory shear, significant KLF2 
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(2.31-fold) and THBD (2.68-fold) increased expression was observed, even though it was 

to a much lower degree in comparison to the laminar sample. Combined with how only 

very low VCAM1 expression was observed (1.39-fold as compared to static), this may 

indicate either: a long-term problem with our flow system in keeping up the 0.5 sec 

oscillations throughout 3 days that is consistent, or, that this cell isolate itself does not 

respond well to inflammatory shear. One facet of our system is that we aim continuously 

monitor the flow system while running, and we set up the system prior to the start to 

observe the correct flow patterns using labeled visible blue beads in HBSS. However, as 

we only test this at the beginning of the run it can be difficult to assess whether the 

machine begins to fail over the course of a long 72h run. Ultimately, this results in an 

indeterminate phenotype. Interesting to note, similar to the significant FVIII induction in 

a quiescent phenotype as with laminar, the oscillatory shear in M18 BOEC also induced 

significant FVIII expression (1.68-fold) as compared to static. In comparison, M7 did not 

experience the same increases in expression in KLF2 and THBD under three day 

oscillatory shear. Though there continued to be a lack of increased VCAM1 expression 

(1.13-fold from static), a significant increase of FVIII (2.21-fold) was observed. No 

changes in VWF were observed in either M7 or M18.  
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Figure 3.4:Gene expression profiles of M18, and M7 cell isolates exposed to 72 hours of laminar 
or oscillatory shear. Fold change in mRNA expression levels of genes of interest: FVIII & VWF 
were determined, along with control mRNAs KLF2, VCAM1 & THBD, in BOEC isolates M18 
and M7. All fold changes are as compared to static culture, represented by the dotted line at the 1 
value. A) M18 gene expression profile post exposure to laminar or oscillatory shear for 72 hours. 
B) M18 KLF2 positive control gene expression profile post exposure to laminar or oscillatory 
shear for 72 hours. C) M7 gene expression profile post exposure to laminar or oscillatory shear 
for 72 hours. D) M7 KLF2 positive control profile post exposure to laminar or oscillatory shear 
for 72 hours. Absolute values for all points can be found in the appendix, in table 4. For all 
graphs, mean values are illustrated (n=3) with corresponding +/- standard error of the mean. A ‘*’ 
above a column indicates that that condition is significantly different from the static sample at p < 
0.05 
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3.5 TNFα cannot induce FVIII gene expression or protein production, but can 
induce significant VWF secretion into the media by 24 hours in M7 and M18 
BOECs 
 

Separately, and in contrast to our biomechanical shear studies, we wanted to 

observe whether inflammation, and more specifically an inflammatory phenotype 

induced through TNFα exposure and downstream NFkB could be sufficient to induce 

FVIII expression. This would allow us to determine whether certain biochemical factors, 

in particular cytokines, may play a role in inducing FVIII expression in vivo. We thought 

this particular cytokine an avenue to pursue due to the potential NFkB binding site in the 

FVIII promoter that could induce expression31. To fully examine TNFα’s effect on our 

endothelial cells, we decided to run a time course and observe the protein production and 

gene expression of our cells at 8-hours post-induction, 24 hours post, and 48 hours post. 

Our TNFα concentration was chosen after preliminary work showed that our chosen 

concentration of 20 ng/mL showed lowest KLF2, highest VCAM1 expression, highest 

FVIII and VWF expression, and of those doses with positive FVIII and VWF, lowest cell 

death at 28% by 24 hours. This concentration has also been used in the literature to 

examine inflammation on endothelial cells159,160. The time course was done to observe 

initial exposure phenotype (8 hours), the fully induced phenotype (24 hours), and whether 

the cell would begin to revert back into an untreated phenotype post induction (48 hours). 

To confirm the ability of TNFα to work through the NFkB pathway, VCAM-1, an 

endothelial cell surface molecule known to be induced by TNFα through an NFkB 

pathway161, was examined (Figure 3.5 A-C). Although the fold changes from untreated 

conditions differed markedly between the M18 and M7 BOECs and HPMECs providing 

further evidence of endothelial cell heterogeneity between our three cell isolates, each 
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cell type responded positively to TNFα with VCAM1 induction, showing significant 

increases from the untreated state. Each cell type showed a gene expression pattern that 

showed the lowest induction at the 48-hour time point, illustrating that, by 48 hours, these 

cells may be starting to revert to their pre-induction state.  

To further illustrate that this action is through the NFkB pathway, we examined a 

secondary NFkB target for activation, the inflammatory cytokine IL-6162 (Figure 3.5 D). 

Examined in M7 BOECs, again we found significant increases in expression across the 

time course, providing further evidence of TNFα working through NFkB. 

 

Figure 3.5: Activation has been induced in M18, M7 and HPMEC isolates as cells exhibit a 
strong positive inflammatory phenotype post-TNFα exposure. Fold change in mRNA expression 
levels of VCAM1 (A-C) and IL-6 (D) as positive controls for inflammation, and evidence of 
active NFkB. For all graphs, mean values (n=3) are illustrated with corresponding +/- standard 
error of the mean. A ‘*’ above a column indicates that that condition is significantly different 
from the untreated sample at p < 0.05 Absolute values can be found in the appendix in table 5. 
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Each cell isolate was further examined for FVIII, VWF, KLF2 and THBD 

expression across our TNFα time course (Figure 3.6). THBD across all our cell isolations 

showed consistent significant decreases from untreated culture levels, illustrating a lack 

of KLF2 action in this inflammatory state. KLF2, on the other hand, in each cell type 

showed a pattern of steady increase. This illustrates our hypothesis of the cells slowly 

reverting to a quiescent state by 48 hours, which was the time point at which, in two of 

the three cell types, KLF2 showed the greatest expression. In M7, this increase by 48 

hours was significantly above untreated (2.86-fold). In terms of FVIII and VWF, the data 

pattern showed a generalized lack of effect of TNFα on FVIII, and a generalized decrease 

in VWF expression by TNFα. There were a few points of note however. In our M18 

BOEC (Figure 3.6 A), the cells exhibited a significant decrease in VWF expression by 24 

hours (0.54-fold change from untreated) and this continued into 48 hours (0.45-fold 

change from untreated). M18 cells experienced no effect on FVIII from TNFα. In our M7 

BOEC (Figure 3.6 B), while the cells exhibited a small increase in VWF at 8 hours (1.5-

fold from untreated), this increase was lost and the cells exhibited a significant decrease 

in VWF expression by 48 hours (0.63-fold from untreated). Similar to our other BOEC 

isolate, M7 experience no FVIII increases or decreases due to TNFα. When we examined 

our HPMECs (Figure 3.6 C), these cells exhibited the only observed FVIII and VWF 

changes above untreated conditions, at 8 hours for FVII (2.2-fold change above 

untreated) and 24 hours for VWF (2.4-fold change above untreated). However, similar to 

the two BOEC isolates, HPMEC VWF expression was decreased to a significant amount 

as compared to cells under untreated conditions by 48 hours. 
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Figure 3.6: Gene expression profiles of M18, M7, and HPMEC isolates on exposure to a time 
course of TNFα. Fold change in mRNA expression levels of genes of interest: FVIII & VWF 
were determined, along with control mRNAs KLF2, & THBD, in BOEC isolates M18 and M7 
and a HPMEC isolate. All fold changes are as compared to untreated culture levels, represented 
by the dotted line at the 1 value. A) M18 gene expression profile as examined at 8h, 24h, and 48h 
post-exposure to TNFα in static culture, as compared to untreated (no TNFα) cells (n=3). Absolute 
values can be found in the appendix in Table 5. B) M7 gene expression profile as examined at 8h, 
24h, and 48h post-exposure to TNFα in static culture, as compared to untreated (no TNFα) cells. 
(n=4). Absolute values can be found in the appendix in Table 5. C) HPMEC gene expression 
profile as examined at 8h, 24h, and 48h post exposure to TNFα in static culture, as compared to 
untreated (no TNFα) cells. (n=3) Absolute values can be found in the appendix in Table 5. For all 
graphs, mean values are illustrated with corresponding +/- standard error of the mean. Dotted line 
denotes the position of the untreated sample. A ‘*’ above a column indicates that that condition is 
significantly different from untreated at p < 0.05. 
 

Finally, to supplement our gene expression data, we ran the same time course for 
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when examining the lysates (Figure 3.7 A, C, E) the generalized data pattern was that of 

less internal VWF in the TNFα treated cells than the untreated cells. In particular, by 48 

hours in the M7 BOEC and HPMEC cells the large difference in VWF:Ag between 

treated and untreated is reflective of the significant gene expression decrease from 

untreated seen in Figure 3.6 B & C. This decrease in VWF protein in the cell lysates, 

while only statistically significant at p < 0.05 in the M7 BOEC sample, also approached 

significance at p < 0.08 in HPMECs. 

In comparison, we observed significant differences in the levels of VWF in the 

media when comparing our TNFα treated cells to our untreated cells. At the 8-hour and 

24 hour time points, we saw significant increases when comparing the TNFα treated to 

untreated samples in the M18 and M7 BOECs. These findings indicate that upon initial 

exposure to TNFα, the endothelial cells release their intracellular VWF into the media. 

TNFα has been documented to induce a similar effect in human melanoma cells163. This 

increase was observed at 24 hours post-induction as well, which may be an indicator of 

further VWF gene expression and subsequent protein synthesis. We hypothesize that this 

might be enhanced VWF production induced by the TNFα response that allowed the cell 

to continue to produce more VWF following the release of previous stored protein. This 

also reflects the low VWF presence seen in the lysate samples, as it appears much of the 

VWF was being secreted rather than being kept in the cell.  

Each of our cell lysate and media samples were also plated and examined with our 

FVIII:Ag ELISA protocol, but no FVIII could be picked up from negative background 

levels in any of our cell isolates and samples.  
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Figure 3.7: VWF:Ag release into the media in TNFα treated cells is greater than under untreated 
conditions alone in M18 and M7 BOEC isolates. A) Measure of mU/mL of VWF:Ag present in 
the cellular lysate of M18 cells measured at 8h, 24h, or 48h post exposure to TNFα, as compared 
to untreated (n=3) Absolute values can be found in the appendix in Table 6. B) Measure of 
mU/mL of VWF:Ag released into the media from M18 cells, measured at 8h, 24h, or 48h post-
exposure to TNFα, as compared to untreated (no TNFα) cells. (n=3) Absolute values can be found 
in the appendix in Table 6. C) Measure of mU/mL of VWF:Ag present in the cellular lysate of 
M7 cells measured at 8h, 24h, or 48h post-exposure to TNFα, as compared to untreated (no 
TNFα) cells (n=4). Absolute values can be found in the appendix in Table 7. D) Measure of 
mU/mL of VWF:Ag released into the media from M7 cells, measured at 8h, 24h, or 48h post-
exposure to TNFα, as compared to untreated (no TNFα) cells. (n=4) Absolute values can be found 
in the appendix in Table 7. E) Measure of mU/mL of VWF:Ag present in the cellular lysate of 
HPMEC measured at 8h, 24h, or 48h post-exposure to TNFα, as compared to untreated (no 
TNFα) cells.(n=3) Absolute values can be found in the appendix in Table 8. F) Measure of 
mU/mL of VWF:Ag released into the media from HPMEC, measured at 8h, 24h, or 48h post-
exposure to TNFα, as compared to untreated (no TNFα) cells. (n=3) Absolute values can be found 
in the appendix in Table 8. For all graphs, mean values are illustrated with corresponding +/- 
standard error of the mean. Denotion of ‘*’ above individuals bar graphs indicates a significant 
difference in VWF:Ag compared against the untreated (no TNFα) condition, difference is 
significant at p<0.05. 
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Chapter IV: Discussion 
	
	

FVIII synthesis has been linked to a number of tissues and cells types throughout 

the human body, and expression has most recently been documented in both hepatic and 

extra-hepatic endothelial cells. However, mechanisms underlying that which enables 

these cells to express and secrete functional FVIII remain uncertain. This has led us to 

our current line of inquiry to uncover what physiological forces, either biomechanical 

and/or biochemical, could be influencing factors on FVIII expression and production in 

vivo. This is with a particular focus on inflammation. Shear stress may play a major role 

due to its ability to regulate, control, and skew the expression of the pro-coagulant and 

anti-coagulant genes, as well as anti- and pro-inflammatory genes depending on whether 

the shear is unidirectional (laminar) or bidirectional (oscillatory) 145,147,164. On the other 

hand, inflammation, the state induced by oscillatory shear and also biochemical 

compounds such as TNFα, plays a role in the induction of the acute phase response and 

results in the activation of pro-inflammatory transcription factors such as NFkB that can 

be linked to enhanced FVIII expression31,121,154,161,165. In this thesis, we show that FVIII 

expression can be induced by long and short-term shear on BOECs, but this is not 

consistent with different BOEC isolates or between different types of shear. We illustrate 

that FVIII protein can be released upon induction of shear. We also show that VWF gene 

expression is not affected by shear time or shear type. Biochemically, we show that upon 

exposure to HPMECs, cells that have previously been exposed in vivo to shear, can 

respond to TNFα and induce enhanced FVIII gene expression. In contrast, cells that have 

not been exposed previously to shear or biochemical compounds in vivo, such as BOECs, 

cannot mediate the response.  We also show that TNFα is sufficient to induce a release of 
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intracellular VWF, which results in a prolonged increase of VWF into the culture media 

up to 24 hours. Finally, we document that endothelial cell heterogeneity can play a major 

part in this type of study and likely influences the experimental outcomes measured as the 

end points in this study. 

For our experiments, we used two BOEC cell isolates obtained in our laboratory 

and one HPMEC isolate obtained from the commercial supplier, ScienCell. BOECs, as 

stated earlier, represent circulating endothelial progenitor cells (a form of tissue-specific 

adult stem cell)116. Therefore, these cells are unique in having never experienced life as a 

differentiated endothelial cell in vivo and have only been exposed to limited physiological 

shear and limited circulating compounds. Due to this, and the lack of functional 

endothelial differentiation, BOEC are theoretically immortal, and can continue growing 

over a 1000-fold expansion in numbers from their initial culture116. In contrast, our 

HPMEC were isolated from a human lung as fully differentiated cells that function in the 

vasculature as semi-selective barrier cells that help to mediate gas exchange and regulate 

fluid, macromolecules and cells that attempt to pass the vessel wall barrier166.  These cells 

have been implicated in mediating lung inflammatory events such as acute injury and 

pulmonary hypertension167. Unlike BOECs, these cells can only survive approximately 5-

10 doubling passages from initial acquisition, and even then their endothelial phenotype 

diminishes rapidly. Fundamentally, these two endothelial isolates have different 

characteristics, and much of our data reflects this difference and may provide hints as to 

what contributes to the heterogeneity in FVIII expression across different vascular beds. 

Although it is important to note that HPMECs and BOECs have fundamental 

differences, we also observed multiple differences in the data obtained from our two BOEC 
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isolates demonstrating that different phenotypes can develop in isolates from different 

individuals. We have to realize that this may complicate the interpretation of the data. 

Different BOEC isolates, as our evidence suggests, may have a variable phenotype. 

Throughout the data shown in this thesis, in no one experiment did all isolates show a 

consistent response with regards to FVIII and VWF expression. Even when examining our 

controls, each cell responded to a different degree with no results consistent across all cell 

isolates. In particular, M18 BOEC and M7 BOEC have been well characterized in our 

laboratory to show differences in the amount of VWF present in these cells, observations that 

the data in this thesis corroborates. For example, under basal conditions without additional 

stimuli, M18 BOECs release approximately 14 mU/mL of VWF:Ag in 8 hours of static 

culture (n=3), while M7 BOECs release approximately 54 mU/mL under the same conditions 

over the same time period (n=3). That is an estimated 380 % increase in secreted VWF in M7 

BOEC from M18 BOEC, when observing a characteristic protein of the endothelium. This 

suggests that there can be critical differences between different BOEC isolates that effects 

gene expression and protein production. Given that we saw further variation in our data sets, 

it is logical to presume that endothelial cell heterogeneity can extend not only across 

endothelial types from different organ systems, but also within different isolates of the same 

cell type. This may provide an explanation as to why, for example, we only observed 

significant FVIII gene expression in our M7 BOECs, but not our M18 BOECs. Given that we 

are the first to examine multiple BOEC isolates within one experimental protocol, this is 

information that can be very valuable in the future when examining endothelial cell 

phenotypes through BOEC assessment. There existed previously the assumption that a single 

isolate may be enough to determine a specific cellular response, but our data suggests that 
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once a second isolate is added, there can be a startling difference in our results. To counteract 

this, more BOEC isolates may be needed in an experimental context to determine a 

generalizable phenotype or characteristic cellular response. 

HPMEC, as a microvascular cell type, has been observed to produce significantly 

varied amounts of FVIII when detected with qRT-PCR88. When the cells in this study 

were stained using immunofluorescence not all cells were observed to contain FVIII88. 

Microvascular cells are routinely isolated from a heterogeneous suspension of a tissue (in 

this case from human lung) and sorted through magnetic or fluorescence-activated 

sorting88. Because of this, the result is a heterogeneous cell population that is made up of 

cells that would be present in areas of unidirectional laminar shear, and others from 

bifurcations where they are usually exposed to oscillatory shear. This variation in the 

population relating to prior shear exposure may account for some of the differences in the 

study by Shahani et al.88, and in turn may reflect our own data with this cell type. This 

heterogeneous population of cells may explain the variation in our control genes observed 

under short-term shear for HPMECs. Given that some cells will previously have 

experienced only laminar shear, while some only oscillatory shear, this may help account 

for the large variability seen in our KLF2 and THBD expression results.  

As mentioned in our introduction, the endothelial microenvironment plays a major 

role in differentiating the endothelium and determining the gene expression profile of 

these cells. Epigenetics remodeling also plays a major role in terminally differentiating 

these cells, and these epigenetic marks are known to persist in in vitro static culture.105 

This reflects a major difference between BOECs and HPMECs: that HPMECs have been 

exposed to specific microenvironmental conditions prior to isolation and contain within 
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them epigenetic markers of terminal differentiation; BOECs, having been isolated from 

circulating endothelial progenitors, are missing the “end-stage” programming provided 

by epigenetic marking. Consequently, it is very likely that this fundamental difference in 

cellular differentiation affects the cell’s ability to respond to different stimuli. While we 

have been considering the hypothesis that a universal endothelial cell phenotype that is 

present in BOECs may be what leads us to regulators of FVIII expression, we may have 

to consider that it is in fact further downstream epigenetic programming that allows for 

this expression to be fully induced.  

The evidence in our work that supports this model comes in part from our TNFα 

work, where we examined a static inflammation phenotype which was induced as shown 

by the sharp increases of VCAM1 and IL-6 (Figure 3.6). Remarkably, it was only our 

HPMECs that demonstrated a FVIII gene expression increase with initial exposure of 

TNFα, while neither BOEC cell isolate showed any TNFα-induced gene expression 

increase at any time point. The variation observed in this sample is reflective of our 

previous topic of heterogeneous microvascular cell samples typical of these isolations. As 

HPMECs are exposed and programmed to mediate lung inflammation167, they are 

exposed to TNFα in the vascular system and may therefore be programmed to respond to the 

cytokine more effectively than BOECs. This suggests that to study a static inflammatory 

phenotype that induces FVIII, work may need to be continued in a physiological “end-stage” 

cell type to further elucidate the mechanism.  

FVIII is an acute phase reactant, and it is important to distinguish FVIII 

expression in acute and steady state situations31,168. As an acute phase protein, FVIII is 

rapidly secreted upon instances of acute physical stress that can include 
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presence/administration of epinephrine88,169, phorbol-myristate acetate (PMA) 

treatment88, cytokine presence168, physical exercise170, desmopressin171, endotoxin 

injection168, or insulin-dependent hypoglycemia172. In particular, Shahani et al.’s study 

found that these secretions were being released by the endothelial cells of the pulmonary 

artery and the microvascular endothelial cells of the heart, lung, skin, and intestine88. In 

contrast, they found that the endothelial cells of the umbilical arteries, umbilical veins, 

and the aorta did not secrete FVIII in an acute phase context, reflecting that these cells 

have never been shown to synthesize FVIII88. The results of this publication provide 

further evidence that the microenvironment, whether through developmental 

programming or environmental factors, plays a critical role in determining which cells 

can synthesis FVIII.  

With the average plasma level of FVIII being 100-200 ng/mL (1 U/mL or 1 nM) 

and an average half-life of 12 hours, the steady state rate of FVIII synthesis can be 

estimated to be 0.042 U/mL plasma per hour88. However, under periods of acute stress, 

FVIII plasma levels have been seen to increase by 1 to 3 U/mL in the span of 30 minutes, 

a vast increase in the rate at which FVIII is released into the plasma169. It was this 

evidence that the plasma levels of FVIII could increase drastically for such a trace protein 

under such a short time that led to the hypothesis that plasma FVIII could be derived 

from an intracellular storage pool, which releases its contents upon induction of stress. 

This hypothesis is also supported by Rosenberg et al.’s study wherein they provided 

evidence for a FVIII – VWF concurrent storage pool in HUVECs when they were 

transduced with a human FVIII expression vector173.  
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In the data in this thesis, we see trends that support this storage pool hypothesis. 

In our TNFα experiments, this may explain the novel induction of FVIII gene expression 

in HPMECs at 8 hours. Cytokines, including TNFα and IL-1, have been shown to induce 

a restricted form of the acute phase response in cells in vitro174.  We have shown here that 

even a restricted form of an acute phase response in HPMECs is sufficient to induce a 

FVIII gene expression increase. Although we could not detect FVIII presence in the 

media above background when examined with ELISA, we cannot rule out that this may 

be a function of the sensitivity of our assay, as FVIII is notoriously difficult to reliably 

observe and contributes to the difficulty in identifying FVIII sites85. Considering that in 

the human body, with 35 x 1012 endothelial cells175 providing the 2 to 4-fold plasma 

FVIII increase in comparison to the maximum of 1.5 x 106 cells we were examining in 

our culture dishes, we may need to provide further experimental sensitivity to detect a 

significant FVIII secretion, or observe greater cell numbers in the future. 

Furthermore, based on the evidence of FVIII as an acute phase protein, this backs 

our data from Figure 3.4, wherein we examined VWF and FVIII protein presence in the 

cellular lysates and media post short-term shear exposure in our M7 BOECs. In this data, 

we observed significant increases of released FVIII in the media as compared to static 

conditions. It is known in the literature that short term shear induces NFkB expression 

within an hour and results in an inflammatory phenotype in the cells lasting for 24 - 48 

hours121. However short-term induction to shear is not an inflammatory phenotype that is 

physiological, as endothelial cells are constantly and consistently exposed to shear forces 

over the course of their lifetime in the body. The inflammatory phenotype induced by 

short-term shear could be seen as inducing a non-physiological acute phase reaction. 
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Nevertheless we could not observe a significant secretion of VWF into the media in cells 

under shear, although we did observe a significant increase in media FVIII:Ag presence 

when cells were exposed to either short-term laminar or short-term oscillatory shear. Our 

data provides support that the short-term induction of shear results in an artificial 

inflammatory phenotype replicating the outcome of an acute phase response. As such, we 

observe the secretion of FVIII into the media by 24 hours of exposure, illustrating that 

shear-induced inflammation plays a role in acute phase FVIII secretion. 

This is of particular pathophysiological note when we consider FVIII plasma 

levels in response to liver failure. Upon liver failure, it has been observed that patients 

FVIII plasma levels do not drop as LSEC FVIII production is lost, but they are in fact 

maintained80,81. This was one of the major pieces of evidence that provided support for 

extra-hepatic sources of FVIII, as extra-hepatic sources must be responsible for the 

continued normal levels of FVIII in these circumstances. However, the mechanism 

behind what induces the augmentation of circulating FVIII in the situation of acute liver 

failure is unknown, unless we further take into account the acute phase response. It has 

been suggested that upon acute liver failure or disease, the cells of the liver release 

inflammatory cytokines that can result in systemic circulation of such molecules as TNFα 

and can induce an acute phase response176,177.  

TNFα is a strong inducer of NFkB, known to signal through two distinct 

receptors: TNFR-I and –II, which transmit the signal through TNF receptor-associated 

factor-2 (TRAF-2) and in turn activates IkB-specific kinases to release NFkB to enter the 

nucleus178. NFkB activation concurrently is shown to be necessary for F8 promoter acute 

phase responsiveness to LPS, through an NFkB binding site in the F8 promoter31. This 
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site has also been observed to be 81-92% conserved across human, dog, pig, and mouse 

F8 sequences31. In examining this potential pathway of FVIII induction through NFkB, 

through induction from acute phase cytokine release, we can link also our evidence into 

this pathway. We have observed, separately, that cytokine induced activation leads to 

enhanced FVIII gene expression in a physiological cell type, and as well an induction of 

inflammation through initial shear response can further increase FVIII secretion. This 

supports the proposal that induction of an acute phase response can lead to an increase in 

FVIII gene expression and secretion, which may explain why FVIII levels upon liver 

failure continue as normal. 

Additionally, we must consider our further gene expression results, to determine 

how they may be able to fit within this model. We have already mentioned that to be able 

to induce FVIII expression under cytokine exposure, a more physiological cell type such 

as our HPMECs may need to be studied as this response may be mediated by further 

“end-stage” epigenetic programming. Nevertheless, we must also consider FVIII, and the 

results of the shear exposure studies in this project. In our short-term shear experiments, 

only one sample set, our laminar shear set from M7 BOECs, resulted in a FVIII gene 

expression increase. In our long-term shear results, we saw significant FVIII expression 

in the quiescent laminar sample from M18 BOECs, and from the inflammatory 

oscillatory shear from both M18 and M7 BOECs. This is intriguing; as we have observed 

FVIII expression from both quiescent and inflammatory shear states. This is interesting as 

the literature indicates that quiescent shear, and inflammatory shear states, which are 

mediated through KLF2 and NFkB driven pathways have been thought to interact with 

mutually exclusive sets of genes. As of yet, no gene has been identified that is activated 
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by both pathways, as typically one gene that is activated by one is repressed by the 

opposing pathway121. However, we may have to critically observe the model and propose 

that these pathways may be more complex than previously hypothesized.  

In three out of the four instances wherein we observe FVIII expression as 

compared to static, this observation has been made in conditions with significant KLF2 

and THBD expression (our positive controls for a quiescent shear state). However, this is 

not universal, as in a further three instances of the same control profile we observed no 

FVIII expression. Given that the induction of FVIII secretion upon acute stress 

theoretically comes from the vascular endothelium as a whole, likely including vascular 

beds in the lung, heart, skin and intestines as extra-hepatic endothelial cell sources88, this 

secretion must come from cells previously in quiescent states under unidirectional shear, 

that have been building FVIII storage pools. These are cells in which KLF2 is the major 

regulator; so one hypothesis may be that there could be mechanisms that exist under 

quiescent shear to activate FVIII expression. In our model in particular, pathways may 

exist that post-exposure of an inflammatory environment, which in our experimental 

shear system was the initial 24 – 48 hours of shear exposure during which the cells 

release their FVIII storage pool, in order to replenish the storage pool there is a 

compensatory increase of FVIII gene expression. This would help to explain the increase 

in FVIII gene expression seen in our samples that exhibited high KLF2 and THBD 

(Figure 3.2, 3.4). Further experiments would need to be completed in an attempt to 

replicate this data, and observe which cis- or trans-acting factors may be involved. 

In only one of four instances of FVIII induction do we observe the increase 

associated with VCAM-1 expression, the positive control transcript for NFkB induction 



	
	

67	

and inflammation. This is in contrast to three samples with elevated VCAM1 expression 

but no FVIII; but as stated previously, NFkB is proposed to only play a partial role in the 

oscillatory and inflammatory shear pathway, and is likely to not be the master 

regulator155. It is highly likely that NFkB is an important piece of the regulatory puzzle, 

but it is unlikely to be the only transcription factor involved. This might explain, in part, 

why only a physiological cell type, the HPMECs, exhibited FVIII expression under a 

fully NFkB regulated system, but BOECs were the one’s to exhibit shear related changes 

to FVIII expression in a system that is controlled by not only NFkB, but also other 

inflammatory regulators. Ultimately, we observe that no one condition fully induces 

FVIII in every single trial, and each condition and cell type exhibits a surprising amount 

of inter-individual variability, and deviates from our expected results of FVIII gene 

expression association with inflammation. This data may provide evidence that more 

factors play a role in regulating FVIII synthesis and expression than previously thought.  

VWF is also known to be an acute phase protein along with FVIII, with 3-fold 

increases in plasma VWF upon inflammation and infection179. Of note, from our TNFα 

protein data, we observed significant VWF secretion into the media in our two BOEC 

isolates, and slight increases from the HPMEC isolate, at 8 hours and 24 hours post initial 

exposure (Figure 3.7). This is consistent with an acute phase protein pattern, in which the 

protein is released upon stress176. However, such a pattern of secretion was not observed 

when we examined our induction of shear with M7 BOECs. While FVIII is secreted upon 

induction of shear, no such secretions were found when the media was examined for 

VWF (Figure 3.4). However, significant variability was observed in these samples and 

this may have confounded and hidden any potential increases that were present.  
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Although not statistically significant, the decreases of VWF:Ag in the lysates of the 

laminar and oscillatory BOEC samples, as compared to the static sample, provide indirect 

evidence that a secretion of VWF is likely to have occurred (Figure 3.4). This represents 

partial evidence of FVIII and VWF co-secretion upon induction of stress, in this case 

short-term inflammatory shear. 

This is of particular note when we propose whether or not FVIII and VWF, as 

intricately linked proteins in the circulation, are proteins that may also be co-stored and 

secreted together.  In October 2015, Turner & Moake observed in glomerular 

microvascular endothelial cells (GMVECs) and HUVECs endogenous co-storage of 

FVIII and VWF in WPBs when examined with immunofluorescent microscopic FVIII 

and VWF protein detection180. This has also been observed in endothelial cells that have 

been transduced with FVIII173. Physiologically, a potential FVIII and VWF co-storage 

and co-expression endothelial cell model would be very beneficial for use in cell 

targeting and gene therapy purposes. In knowing what pathways are involved, and what 

factors are parts of that, we can manipulate the system to induce enhanced FVIII 

expression. In targeting endothelial cells for FVIII and VWF production, we have a 

targetable location for modulation or manipulation of these proteins for acute or chronic 

conditions. 

Altogether, our results show that while we must consider endothelial cell 

differences when studying FVIII and VWF expression in vitro, this data provides initial 

insights on how FVIII expression may be modulated under two distinct 

(patho)physiological conditions, shear stress and pro-inflammatory cytokine exposure. In 

particular, we have shown that a quiescent phenotype post inflammation may induce 
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FVIII, and that an inflammatory phenotype, through oscillatory and short-term shear, can 

induce FVIII in some cases. We also linked our data towards defining the acute phase 

response in endothelial cells, and provide evidence as to the extra-hepatic FVIII response. 

Endothelial cells continue to be a major source of interest with reference to FVIII 

synthesis, storage and secretion, and as we continue to learn more about the molecular 

regulation of FVIII, this provides new avenues in understanding the balance between 

hepatic and extra-hepatic FVIII synthesis. 

Chapter V: Conclusions and Future Directions 
	
 

The vascular endothelium is constantly exposed to a multivaried and complicated 

biological environment with many different factors present that can affect changes in how 

these cells behave. For this thesis, we examined two factors that influence how the 

endothelium behaves in vivo with a particular focus on inflammation: biochemical factors 

in the form of the pro-inflammatory cytokine TNFα, and biomechanical shear stress. 

Furthermore, we examined how these conditions were able to modulate the gene 

expression and protein production of the coagulant proteins FVIII and VWF, providing 

evidence for a role of both these conditions as potential regulators of FVIII and VWF 

expression and secretion. This study has shown that FVIII gene expression can be 

induced in an inflammatory phenotype and in a quiescent phenotype post-inflammation in 

some cases, and proposed a potential mechanism for compensatory increase of FVIII 

expression post secretion. We also provided evidence for the induction of a non-

physiological acute phase reaction through short-term shear, as observed through the 

significant FVIII secretion into the culture media, and indirect evidence of VWF:Ag 
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secretin as well. We illustrated that in a physiological cell type (HPMECs) inflammation 

induced through TNFα can induce FVIII gene expression. Through TNFα exposure, we 

also showed that an acute phase response is sufficient for the release of VWF:Ag into the 

culture media. This study was the first to examine FVIII production in multiple BOEC 

isolates in addition to HPMECs, providing evidence for the significance of endothelial 

cell heterogeneity in these types of studies. Though the data presented lends it towards 

certain conclusions, many questions still remain and much more work must be done in 

this area to elucidate the mechanisms behind our observations. 

One particular future area of interest may be through the examination of 

endothelial epigenetic programming markers that could be regulating FVIII expression. 

We suggested this to be a novel effector of expression to account for the differences 

between HPMECs and BOECs. As much of this programming is due to DNA 

methylation105, methylation studies for the examination of methylated cysteines could be 

completed through methylation-specific PCR and bisulfite sequencing. This PCR based 

assay could allow us to examine the promoters of F8, NFkB’s components such as RELA, 

and other genes involved in the TNFα pathway, or shear pathway, as examples of use. This 

would allow us to determine whether there could be any significant differences in 

methylation patterns between BOECs and HPMECs that could be accounting for the 

difference in FVIII gene expression. Additionally, we could examine whether any conditions 

could induce changes in methylation patterns. In fact, recent published work highlights the 

role of epigenetic processes in transcriptional regulation in endothelial cells. Recently, the 

importance of DNA methylation and differential methylation between endothelial versus 

non-endothelial cells at the promoter regions of VE-cadherin, VWF, CD31 and ICAM2 was 
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elucidated, indicating an important role for methylation in the regulation of these genes181. 

Additionally, disturbed flow has been observed to induce methylation changes for the 

endothelial transcription factor KLF4, which suggests shear as a modifier for methylation182. 

This provides evidence of the importance of epigenetic processes in the vascular 

endothelium, and provides one avenue for future work. 

A second route may include the investigation of post-transcriptional regulators and a 

potential role for them in a FVIII mechanism. This would include the examination of 

noncoding RNAs such as antisense transcripts, and miRNAs, and interactions with RNA-

binding proteins. To account for the differences observed between BOECs and HPMECs, a 

consideration must also be made for further regulators of the pathway. In the past few years, 

miRNAs have been found for the regulation of both KLF2 and NFkB: miRNA92a135 and 

miRNA34a151 respectively, and both are known to be shear responsive. In particular, the data 

suggests a mechanism for FVIII and VWF expression that may be outside the KLF2 or 

NFkB driven pathways, as both genes were either respectively responsive or non-responsive 

to both. Due to this pattern a role for noncoding RNAs may be beneficial to elucidate. In 

addition to noncoding RNAs, additional trans-acting factors that may regulate FVIII under 

certain conditions could be examined. Binding sites have also been found in the F8 promoter 

for C/EBP alpha and beta proteins31, and this provides one potential initial target for 

consideration. In investigating binding under different conditions such as shear or TNFα 

induced inflammation, we could use such assays as a yeast-1-hybrid to identify novel protein-

DNA interactions with the FVIII or VWF promoter. 

One particular option in examining endothelial cell responses may be examining the 

role of blood oxygen content in conjunction to shear. It has been observed that endothelial 



	
	

72	

cells respond differently, in a context of miRNA profiles and proteins such as VEGF, to 

varying shear stress when at physiological O2 (5-12%) as comparison to conventional 

atmospheric O2 (21%), and hypoxic O2 conditions (<5%)183–186. Additionally, given that 

LSECs, the primary site of FVIII synthesis, line vessels that are primarily exposed to 

deoxygenated blood, and some HPMECs, would line the pulmonary artery containing 

deoxygenated blood, examining the role of oxygen content and FVIII expression may be a 

further avenue to examine what may modulate FVIII. 

Furthermore, to allow us to fully examine FVIII and VWF under physiological 

inflammatory conditions, it may be of great benefit to examine shear and TNFα concurrently. 

This would induce a more pathophysiological state, associated more fully with an acute phase 

response in vivo. In examining biomechanical and biochemical factors together, this could 

allow us to determine whether the two acting together could exert a synergistic effect upon 

the endothelium. Ultimately, further experimentation on the mechanisms behind our 

observations, as listed, may provide us new details on how to apply this knowledge for 

clinical use, and biologically, would allow us to learn more about how FVIII is expressed and 

further our understanding of vascular biology. 
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Appendix 
	
Table 1: Gene expression values comparing static, laminar and oscillatory samples across 
M18 and M7 BOEC, and HPMEC samples exposed to 24 hours of shear. All 
experimental values are fold changes relative to static, and are expressed as the mean. 
 

 Static  M18 
laminar 

(n=3) 

M7 
laminar 

(n=3) 

HPMEC 
laminar 

(n=3) 

M18 
oscillatory 

(n=3) 

M7 
oscillatory 

(n=3) 

HPMEC 
oscillatory 

(n=3) 
FVIII 1 1.178 1.753 0.551 0.891 1.268 1.002 
VWF 1 3.238 12.61 0.428 6.868 1.224 0.778 
KLF2 1 25.65 13.82 5.589 4.562 1.722 2.418 
THBD 1 0.992 2.325 2.596 0.913 1.629 2.598 
VCAM1 1 0.840 1.589 0.115 1.682 3.781 1.16 

 
 
Table 2: VWF:Ag values from the lysates and culture media from M7 BOECs exposed to 
24 hours of laminar or oscillatory shear. Values expressed as the mean, in mU/mL. 
 
 Static  

(n=3) 
M7 laminar  

(n=3) 
M7 oscillatory 

(n=3) 
VWF:Ag in the 
cellular lysate 

138.8 91.15 87.42 

VWF:Ag in the 
culture medium 

215.9 271.8 233.9 

 
 
Table 3: FVIII:Ag values from the lysates and culture media from M7 BOECs exposed 
to 24 hours of laminar or oscillatory shear. Values expressed as the mean, in mU/mL. 
 
 Static 

(n=3) 
M7 laminar 

(n=3) 
M7 oscillatory 

(n=3) 
FVIII:Ag in the 
cellular lysate 

0.287 0.699 0.577 

FVIII:Ag in the 
culture medium 

0.070 0.307 0.312 
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Table 4: Gene expression values comparing static, laminar and oscillatory samples across 
M18 and M7 BOEC samples exposed to 72 hours of shear. All experimental values are 
fold changes relative to static, and expressed as the mean. 
 

  
Static  

 

M18 
laminar 

(n=3) 

M7  
laminar 

(n=3) 

M18 
oscillatory 

(n=3) 

M7 
oscillatory 

(n=3) 
FVIII 1 2.251 2.614 1.678 2.214 
VWF 1 1.468 1.560 1.292 0.815 
KLF2 1 55.02 172.5 2.308 1.072 
THBD 1 12.92 5.755 2.684 1.64 
VCAM1 1 0.338 0.281 1.388 1.115 

 
 
Table 5: Gene expression values comparing untreated, 8 hours of TNFα exposure, 24 
hours of TNFα exposure, and 48h hours of TNFα exposure. All experimental values are 
fold changes relative to static, and expressed as the mean. 
 

 Un-
treated 

 

M18 
8h 

(n=3) 

M7 
8h 

(n=4) 

HPMEC 
8h  

(n=3) 

M18 
24h 

(n=3) 

M7 
24h 

(n=4) 

HPMEC 
24h 

(n=3) 

M18 
48h 

(n=3) 

M7 
48h 

(n=4) 

HPMEC 
48h 

(n=3) 
FVIII 1 0.780 1.048 2.191 0.899 0.795 1.310 1.08 1.151 1.123 
VWF 1 0.820 1.484 0.681 0.537 0.670 2.358 0.447 0.625 .5457 
KLF2 1 0.369 0.475 0.444 1.285 1.050 1.584 0.985 2.857 2.103 
THBD 1 0.368 0.429 0.213 0.538 0.299 0.330 0.408 0.249 0.698 
VCAM1 1 74.90 241.9 128.4 113.0 169.9 789.9 70.84 131.0 104.1 
IL-6 1 n/a 20.73 n/a n/a 140.1 n/a n/a 98.54 n/a 

 
 
Table 6: VWF:Ag values from the cellular lysates and culture medium from M18 
BOECs exposed to a time course of TNFα. Values expressed as the mean, in mU/mL. 
 
 Untreated 

8h (n=3) 
M18 8h 
(n=3) 

Untreated 
24h (n=3) 

M18 24h 
(n=3) 

Untreated 
48h (n=3) 

M18 48h 
(n=3) 

VWF:Ag 
in the 
cellular 
lysate 

81.63 69.43 190.5 103.9 74.90 56.21 

VWF:Ag 
in the 
culture 
medium 

14.50 69.10 45.50 123.0 107.2 144.8 
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Table 7: VWF:Ag values from the cellular lysates and culture medium from M7 BOECs 
exposed to a time course of TNFα. Values expressed as the mean, in mU/mL. 
 
 Untreated 

8h (n=4) 
M7 8h 
(n=4) 

Untreated 
24h (n=4) 

M7 24h 
(n=4) 

Untreated 
48h (n=4) 

M7 48h 
(n=4) 

VWF:Ag 
in the 
cellular 
lysate 

128.4 106.3 165.3 99.13 142.9 75.94 

VWF:Ag 
in the 
culture 
medium 

54.50 111.0 132.0 202.0 352.9 269.2 

 
 
Table 8: VWF:Ag values from the cellular lysates and culture medium from HPMECs 
exposed to a time course of TNFα. Values expressed as the mean, in mU/mL. 
 
 Untreated 

8h (n=3) 
HPMEC 
8h (n=3) 

Untreated 
24h (n=3) 

HPMEC 
24h (n=3) 

Untreated 
48h (n=3) 

HPMEC 
48h (n=3) 

VWF:Ag 
in the 
cellular 
lysate 

65.32 57.229 113.5 86.69 118.5 61.04 

VWF:Ag 
in the 
culture 
medium 

42.64 74.28 152.2 179.15 368.2 278.5 

 


