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Abstract 

 

Factor VIII (FVIII) is an essential blood-clotting protein and mutations in 

the FVIII gene are the cause of hemophilia A, a severe inherited bleeding 

disorder. FVIII synthesis has been observed in discreet endothelial sub-

populations including liver sinusoidal endothelial cells and in selected 

microvascular beds. The mechanistic basis for this differential expression 

is unknown. Differences in shear stress are believed to play an important 

role in determining endothelial heterogeneity. In this study, we have 

evaluated the effect of various shear stress conditions on FVIII expression 

in blood outgrowth endothelial progenitor cells (BOECs) with an in vitro 

flow system. Under static conditions, BOECs do not express FVIII. In 

contrast, after exposure to laminar shear stress for 48 hrs, a significant 

increase in FVIII expression was documented by qRT-PCR, regardless of 

the magnitude of shear stress studied (1, 5, 15 and 30 dynes/cm2). To 

determine the effect of prolonged shear stress, laminar flow was applied 

over 120 hrs and FVIII mRNA levels returned to static levels. Induction of 

gene expression by laminar shear stress followed by repression after 

longer durations is common to other pro-coagulant genes induced by 

non-laminar or oscillatory flow (eg. tissue factor). BOECs exposed to 15 

dyne/cm2 of shear stress, oscillating every 0.5 sec for 120 hrs, had FVIII 

mRNA levels 4.7-fold that of cells in static conditions. This was 

significantly higher than FVIII expression in BOECs exposed to 15 
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dyne/cm2 of laminar shear stress for the same duration. Expression of 

KLF2, a transcription factor that suppresses endothelial pro-coagulant 

gene expression under laminar shear stress, was significantly reduced in 

BOECs exposed to oscillatory as opposed to laminar shear stress. Finally, 

in BOECs exposed to oscillatory shear stress, FVIII protein was 

synthesized and co-localizes with its carrier protein VWF in Weibel-Palade 

bodies. These studies show that shear stress is a significant regulator of 

FVIII expression in BOECs, that FVIII expression is inversely correlated 

with that of KLF2, and that FVIII protein co-localizes with VWF in these 

cells. 
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CHAPTER I. INTRODUCTION AND BACKGROUND 

 

 

1.1 Hemophilia A 

 

Recorded descriptions of devastating bleeding disorders that occur in 

certain families exist from as many as 1500 years ago1. Hemophilia A is 

the most prevalent of these severe bleeding disorders. An X-linked 

recessive disorder, hemophilia A is caused by mutations in the factor VIII 

(FVIII) gene located on the X chromosome2.  Causative mutations in FVIII 

result in qualitative and/or quantitative deficiencies of circulating FVIII 

protein.  Though the vast majority of these mutations are inherited, 

approximately 30% of cases result from spontaneous de novo mutations2.  

Due to its mode of inheritance hemophilia A predominantly affects males 

at a rate of approximately 1 in 5000 male births.  That notwithstanding, 

female carriers of FVIII mutations tend to have significantly lower FVIII 

levels and an increased risk of bleeding relative to non-carriers3.  

 

Hemophilia A is classified as mild, moderate or severe based on plasma 

FVIII levels (6 to 30%, 2 to 5 %, and 1% or lower of normal, respectively)2.  

The fundamental distinction of severe from non-severe disease is central 

to patient care. If untreated, the severe hemophiliac will on average 

experience 20 to 30 episodes of spontaneous or excessive bleeding after 
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only mild trauma, particularly into the joints and muscles, annually. In 

contrast a mild or moderate hemophiliac will rarely experience 

spontaneous bleeding and may not be diagnosed until they experience a 

significant bleeding event due to a major trauma or surgery 4.  

 

 

1.2 Hemostasis 

 

Hemostasis is the process that causes bleeding to stop and is meant to 

keep the blood within a damaged blood vessel. It is often discussed in 

terms of two connected processes, primary and secondary hemostasis. 

 

 

1.2.1 Primary Hemostasis 

 

Primary hemostasis is the process of forming a platelet plug at the site of 

vascular damage or disruption of the endothelium5,6. Upon vascular injury 

the compromised vessel constricts, limiting flow and loss of blood. The 

disruption of the endothelial cells, which line the vessel, exposes the 

normally concealed subendothelial matrix to circulating blood. The 

subendothelial matrix contains important pro-coagulant molecules such 

as collagen and tissue factor (TF). When exposed to the circulation, 

collagen binds the large multimeric pro-coagulant adhesive protein von 
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Willebrand Factor (VWF) leading to its accumulation at the site of injury.  

While anchored to the subendothelial matrix and exposed to flowing 

blood the conformation of VWF changes, exposing platelet surface 

receptor binding sites. In this way, anchored VWF molecules bind 

circulating platelets recruiting them to the site of vascular injury leading 

to the formation of the platelet plug. 

 

The formation of the platelet plug blocks the rupture in the endothelium, 

slows the loss of blood and marks the completion of primary hemostasis. 

Due to its exposure to shearing forces exerted by the flowing blood the 

platelet plug requires further reinforcement in order to maintain its 

integrity. Secondary hemostasis results in the formation of an insoluble 

fibrin matrix around the plug, thus strengthening it.  

 

 

1.2.2 Secondary Hemostasis and FVIII 

 

At the site of vascular damage TF in the subendothelial matrix is exposed 

to the circulation7. Secondary hemostasis is initiated when the small 

amount of circulating factor VIIa (FVIIa) binds to TF and results ultimately 

in the generation of thrombin.  Initially a small amount of thrombin is 

generated followed by an amplification phase during which the intrinsic 

pathway of hemostasis is activated, resulting in a major boost to 
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thrombin generation5. A serine protease, thrombin cleaves fibrinogen 

producing the fibrin monomers required for production of the fibrin 

matrix so crucial to hemostasis. Thrombin is also involved in a number of 

other complementary pro-coagulant functions including the activation of 

protease activated receptors on platelets, and the activation of factors XI, 

VIII, V and XIII. 

 

In healthy individuals, FVIII is found in the circulation in a stable non-

covalent complex with its carrier protein VWF. At the site of injury FVIII is 

activated (FVIIIa) by thrombin mediated cleavage and upon activation 

dissociates from VWF7. FVIIIa then complexes with activated factor IX 

(FIXa) and the substrate factor X (FX), to form what is known as the 

“intrinsic tenase” complex as this complex goes on to activate FX (FXa). 

FXa can then bind thrombin-activated factor V (FVa) forming the 

prothrombinase complex that produces additional thrombin from 

prothrombin, thus completing the positive feedback, amplification loop 

(Figure 1.1).  

 

Thrombin generates fibrin monomers by cleaving fibrinopeptides A and B 

from circulating fibrinogen6. Finally, these fibrin monomers go on to form 

fibrin polymers that are cross-linked by activated factor XIII (FXIIIa) to 

generate the stable fibrin matrix. 
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Figure 1.1. Factor VIII participates in a positive feedback loop 
generating thrombin. Clot formation is dependent on the generation of 
sufficient amounts of thrombin through an amplification feedback loop. 
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In a hemophilia A patient, the amplification feedback loop required for 

sufficient thrombin production breaks down due to deficiencies in FVIII. 

This limits fibrin production, and stabilization of the platelet plug at the 

site of injury does not occur resulting in prolonged and sometimes 

spontaneous bleeding.  

 

 

1.3 Clinical Management of Hemophilia A 

 

Hemophilia A was a devastating disease with a low life expectancy until 

only recently8. Up until the 1960s a hemophilic bleeding episodes was 

treated during extended hospital stays with repeated transfusions of 

fresh frozen plasma that contained very low levels of FVIII. In 1965 a 

major advance was made in the treatment of hemophilia A when Judith 

Pool described the simple and inexpensive production of concentrated 

FVIII by cryoprecipitation of plasma9. With this new treatment option, 

hemophilia patients in the 70s and 80s were able to administer clotting 

factor themselves at home allowing for more timely treatments and a less 

encumbered life10. Furthermore, it meant that hemophilia patients began 

to live beyond childhood.  

 

Despite the overwhelming success of these new treatment options 

plasma-derived factor concentrates where made from large pools of 
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plasma that had not undergone virus-inactivation, from human donors 

that had not been screened. Tragically, this meant that nearly every 

hemophilia patient treated with plasma-derived factor concentrates prior 

to 1984, when viral screening and inactivation processes were 

introduced, was infected with hepatitis C virus and the majority of 

patients were also infected with human immunodeficiency virus (HIV)11,12. 

 

The next major leap forward in hemophilia A treatment came in 1985 

with the cloning of FVIII13. This led to the production of recombinant FVIII 

protein, which was first used to treat hemophilia in 198914. Virus-

inactivated, recombinant FVIII products have become the treatment of 

choice and have become widely available in the 21st century, in 

economically developed countries. 

 

 

1.4 Factor VIII 

 

The identification of FVIII and cloning of its cDNA in 1985 was a 

milestone in our treatment and understanding of hemophilia A13,15. 

Although the impetus for this work was the development of novel 

therapeutics for hemophilia A, the identification of FVIII was crucial in our 

understanding of the basic biology of the FVIII gene and protein. At the 

time of its identification FVIII was the largest gene characterized spanning 
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186 kb of genomic DNA. Consisting of 26 exons and located near the tip 

of the long arm of the X chromosome (Xq28) FVIII encodes an mRNA of 

9.1 kb16. The large size of FVIII may help explain the high rate of de novo 

mutations seen in hemophilia A. 

 

Upon translation, the FVIII mRNA gives rise to a protein consisting of 

2351 amino acids with an approximate molecular weight of 300 kDa13. 

The protein consists of three homologous “A” domains and two 

homologous “C” domains with a central “B” domain17. Flanking the B 

domain and between the A1 and A2 domains are short stretches of 30-40 

amino acids rich in acidic residues know as the “a” domains. The overall 

domain structure of FVIII is, NH2 – A1-a1-A2-a2-B-a3-A3-C1-C2 – 

COOH. FVIII undergoes extensive post translational modification 

including removal of a 19 peptide secretory leader sequence, 

glycosylation at numerous sites on the A and B domains as well as 

sulfation of specific tyrosine residues in the acidic regions. 

 

Prior to secretion into the circulation, FVIII undergoes proteolysis at the 

B-A3 domain boundary as well within the B domain generating a non-

covalently bound heterodimer composed of a heavy (A1-A2-a2-B) and a 

light (A3-C1-C2) chain. Although the light chain is of constant length the 

heavy chain is of variable lengths as there are multiple cleavage sites that 

may be utilized within the B domain. FVIII circulates in an inactive state in 
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a high-affinity, non-covalent complex with its carrier protein VWF. At the 

site of injury, FVIII is activated by thrombin-mediated cleavage of the 

heavy chain at the A1-A2 boundary. Activation of FVIII generates a 

molecule, FVIIIa, with a low affinity for VWF and a high affinity for FIXa. 

This results in the dissociation of FVIII from VWF and the generation of 

the FVIIIa-FIXa “intrinsic tenase” complex, a key component of the 

coagulation cascade and secondary hemostasis. 

 

 

1.5 Site of FVIII Synthesis 

 

Several tissue and cells types have been implicated as sites of FVIII 

production and as the source of circulating FVIII protein. 

 

  

1.5.1 Hepatic FVIII Synthesis 

 

The liver was first suspected as a site of FVIII production based on the 

observation of increased FVIII plasma levels in the blood outflow versus 

inflow of the pig liver. These studies were followed, and supported, by 

liver transplant studies in hemophilia A dogs. Upon transplantation of a 

normal liver to a hemophilia A dog, the recipient’s plasma FVIII levels 

increase to normal levels and the hemophilia phenotype is corrected18,19. 
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These studies were extended to human patients with hemophilia A with 

similarly positive results20,21.  These results indicated that the liver as a 

whole is a major site of FVIII production, the question then became what 

cell type(s) within the liver synthesize FVIII. 

 

Three major types of cells make up the liver; the hepatocytes which 

constitute 70-80% of the mass of the liver and have a significant role in 

protein synthesis and storage; the Kupffer cells which are resident 

macrophages and the liver sinusoidal endothelial cells (LSECs) which form 

a fenestrated lining of the liver sinusoids. The mid 1980s saw a Blood and 

three Nature articles published within three years attempting to answer 

the question of what liver cell type(s) was responsible for FVIII production. 

While one reported FVIII expression based on the presence of mRNA in 

hepatocytes but not LSECs,22 others observed FVIII protein staining in 

LSECs, possibly Kupffer cells but not in hepatocytes23,24 finally a third 

iteration of FVIII production was reported wherein FVIII protein was 

observed in both LSECs and hepatocytes25. Needless to say, no consensus 

was reached on the cellular origin of hepatic FVIII production based on 

these publications. 

 

Today, it is broadly accepted that the major site of FVIII production within 

the liver is the LSECs and to a lesser extent the hepatocytes26. While 

Kupffer cells may play a role in low density lipoprotein receptor related 
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protein (LRP) dependent clearance of FVIII they are not thought to 

produce any FVIII themselves27. The landmark paper on the subject was 

published in 1999. The authors isolated LSECs, hepatocytes and Kupffer 

cells allowing for highly controlled in vitro experiments. FVIII mRNA was 

readily detectable in total RNA from LSECs and hepatocytes but 

undetectable in Kupffer cell total RNA. LSECs were shown to have ~4.5 

fold higher number of FVIII transcripts than hepatocytes per μg of total 

RNA by competitive RT-PCR. In order to show not only expression of FVIII 

but also protein synthesis and secretion, the authors went on to measure 

FVIII activity in the supernatant of cultured LSECs. Using a FXa formation 

assay it was shown that unlike other endothelial cells that they tested, 

LSECs secrete FVIII into their supernatant. 

 

 

1.5.2 Extra-hepatic FVIII Synthesis 

 

Our understanding of hepatic FVIII production has come a long way since 

the first transplantation studies indicated the liver as a major source of 

FVIII production, but the liver is only part of the FVIII production story. 

While transplantation of a normal liver to a hemophilia A human or dog 

can correct FVIII deficiency as discussed above, it has also been shown 

that when the reverse procedure is performed and a hemophilic liver is 

transplanted to a non-hemophilic recipient their FVIII plasma levels 
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remain normal suggesting extra hepatic FVIII production28. Furthermore, 

during acute liver failure, when there is a loss of function of 80-90% of 

liver cells and impairment of hepatic protein synthesis, FVIII plasma levels 

remain normal or increase unlike other coagulation proteins that are 

synthesized predominantly or exclusively in the liver (FII, FV, FVII, FIX and 

FX) whose plasma levels fall29,30. Taken as a whole, these observations 

suggest that although the liver is a major source of FVIII production there 

must exist extra hepatic sites as well.  

 

The earliest experiments that attempted to answer the question of extra 

hepatic FVIII production also involved organ transplants in hemophilic 

dogs. The spleen gained attention early on as a site of extra hepatic FVIII 

production when it was reported that like transplantation of a normal 

liver to a hemophilia A dog recipient, splenic transplantation too could 

restore normal plasma FVIII levels 31. These results however could not be 

repeated in later experiments. Other groups reported only a transient 

increase in FVIII levels after similar procedures. These researchers 

concluded that the spleen might serve as a reservoir for FVIII but not as a 

site of production.  Neither kidney nor bone marrow transplants from 

healthy to hemophilia A dogs resulted in an increase in FVIII plasma 

levels, but this was in contrast to what was observed following lung 

transplants18,19,32. Grafting normal lungs into dogs with hemophilia A 

resulted in a significant increase in circulating FVIII. Despite the 



	   13	  

observation that extra hepatic FVIII synthesis occurs in the lungs of dogs, 

the cell type responsible for the phenomenon would remain unknown for 

over 30 years.  

 

Pulmonary endothelial cells seemed a logical place to start looking for 

FVIII production in the lung to Jacquemin et al. due to what was known 

about the role of LSECs in hepatic FVIII synthesis. Taking a rather indirect 

first step, they examined the levels of coagulation factors in the perfusion 

media following a lung perfusion. FVIII protein accumulated in the 

perfusion media in 3 out of 4 experiments unlike FV or fibrinogen, which 

are known to originate in the liver. The researchers then when on to 

study purified human pulmonary microvascular endothelial cells (HPMECs) 

in culture and found that FVIII protein activity was detectable in the 

culture media of these cells. HPMECs were the first extra hepatic cell 

identified that could synthesize and secret FVIII. What made this discovery 

all the more significant was that lung and hepatic FVIII production had a 

common cell of origin – the endothelial cell.   

 

 

1.5.3 Endothelial Synthesis of FVIII 

 

Endothelial synthesis of FVIII, as described above in LSECs and HPMECs, is 

of particular significance because of the implications it could have in the 
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initiation of the interaction between FVIII and its carrier protein VWF, 

which is expressed by all vascular endothelial cells. In the circulation, the 

interaction between FVIII and VWF is absolutely crucial to maintaining 

normal FVIII plasma levels 33. Unbound FVIII is rapidly proteolyzed, 

reducing its plasma half-life from 12hr to 1-2 hr. This is evident in 

patients with mutations in VWF that result in an absence of VWF in the 

circulation, known as type 3 von Willebrand desease (VWD). Although 

FVIII synthesis is unaffected in these patients, their FVIII plasma levels are 

below 10%34. However, when a patient with type 3 VWD is treated with 

VWF protein replacement their endogenous FVIII levels gradually climb 

reaching normal levels35.  

 

VWF is synthesized in endothelial cells and megakaryocytes, and in both 

cell types is stored in specialized vesicles36,37. In endothelial cells, these 

storage vesicles are known as Weibel-Palade bodies (WPBs) that are 

generated in the late trans-Golgi network where VWF is packaged into 

releasable storage granules38 Several external stimuli can induce VWF 

release from WPBs including mediators of inflammation and hemostasis 

(eg histamine and thrombin, respectively) as well as the synthetic 

vasopressin analog Desmopressin or DDAVP, which is used to treat type I 

(mild) VWD and mild hemophilia A39–41. Upon administration to normal 

individuals, DDAVP causes a rapid and parallel increase of VWF as well as 

FVIII plasma levels. In contrast, if a patient with type 3 VWD is treated 
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with VWF replacement and their VWF and FVIII levels have normalized as 

described above, are then they are treated with DDAVP, neither their VWF 

nor FVIII levels increase. Taken together this indicates that the DDAVP 

induced releasable pool of FVIII requires endogenous expression of VWF 

and that FVIII synthesized in endothelial cells may interact with VWF prior 

to secretion and be co-stored in WPBs. 

 

 In order to address this, Montgomery has used several approaches with 

genetically engineered cells and animals. In the first set of experiments 

mouse pituitary tumour cells (AtT-20), which do not normally express 

either VWF or FVIII where used. When these cells are stably transfected 

with VWF alone pseudo WPBs form that stain positive for VWF. In contrast, 

when FVIII is stably transfected no such pseudo WPBs form and FVIII 

staining is faint, diffuse and perinuclear. Interestingly, when VWF and 

FVIII are simultaneously stably transfected, FVIII staining co-localizes with 

VWF in the pseudo WPBSs. Similar co-localization was observed when 

bovine aortic endothelial cells (BAECs), which endogenously express VWF 

and form WPBs, were stably transfected with FVIII.  Finally, Montgomery’s 

group generated transgenic mice to study ectopic FVIII synthesis in 

endothelial cells in vivo. In these mice the endothelial specific Tie2 

promoter/enhancer element was used to drive FVIII cDNA expression in 

an existing mouse model of hemophilia A, in which FVIII has been 

knocked out. These mice therefore expressed FVIII in their endothelial 
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cells but did not express any FVIII from its endogenous promoter. FVIII 

plasma levels were comparable to wild type in these mice, and VWF and 

FVIII colocalize in WPBs in their endothelial cells. Furthermore, in these 

mice, FVIII stored together with VWF in WPBs is releasable by epinephrine 

stimulation (epinephrine was used as mice do not respond to DDAVP).    

 

That exogenous FVIII synthesized in endothelial cells is biologically active 

and can compensate for a lack of endogenous FVIII production was made 

clear in the studies described above, and several groups have gone on to 

study ex vivo cell based strategies for the treatment of hemophilia A 

using endothelial cells and demonstrating great success in small animals. 

Many questions remain however when it comes to endogenous 

endothelial FVIII synthesis. While it is clear that some endothelial cell 

types do synthesis FVIII, many do not42. Furthermore, it has been 

reported that the endothelium from a single microvascular bed contains 

both FVIII expressing and non-expressing cells43. How is it then that 

some endothelial cells acquire the FVIII production phenotype while 

others do not?  
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1.6 Endothelial Heterogeneity 

 

The recognition that not all endothelial cells are homogeneous is not at 

all new44. Structural heterogeneity was first recognized in the 1950s and 

60s with the advent of the electron microscopy and the observations, for 

example that in some vascular beds endothelial cells were tightly 

connected to one another while in other vascular beds the endothelium is 

permeated with holes or fenestrae. Given that the endothelium 1) plays 

an active role in many physiological processes, including control of 

vasomotor tone, the trafficking of blood cells, thrombosis, hemostasis 

and both innate and adaptive immunity 2) lines vessels which themselves 

are heterogeneous in terms of size and structure and 3) permeate all the 

diverse tissues and organs of the body, it would be surprising if 

endothelial cells where not heterogeneous45. 

 

 

1.6.1 Structural Heterogeneity in Endothelial Cells 

 

As mentioned above, structural heterogeneity was the first example of 

endothelial heterogeneity described. This has been observed in terms of 

gross cell morphology, intracellular structures, and intercellular 

junctions. The cell morphology of endothelial cells lining vessels in 

straight segments of the circulatory system can be described as having an 
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elongated spindle shape that is aligned with the direction of blood flow.  

Endothelial cells at sites of bifurcation or curvature in the circulatory 

system on the other hand are much smaller and have an unorganized 

cobble stone morphology46. Structural heterogeneity also exists within 

the cell. Caveolae are membrane-bound vesicles which are present in 

very high numbers in endothelial cells of the lung and skeletal muscle but 

are rare in the endothelial cells of the blood brain barrier47,48.   At the 

intercellular surface the concentration of tight junctions between adjacent 

endothelial cells is heterogeneous. The endothelial cells of large arteries 

have a well-developed system of tight junctions known as adherens 

junctions that result in the formation of a strong barrier between the 

luminal and abluminal spaces. Adherens junctions are less prevalent in 

venules, thus facilitating inflammation-induced extravasation of 

leukocytes and plasma constituents44. Thus, there are many examples of 

heterogeneity of the structure of endothelial cells. 

 

 

1.6.2 Biochemical Heterogeneity in Endothelial Cells 

 

While gross structural heterogeneity in endothelial cells was initially more 

easily identified, increasing attention is being given to biochemical 

heterogeneity. Some of the first molecular differences identified between 

endothelial cells were unique markers of the arterial and venous systems. 
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While arterial endothelial cells preferentially express ephrinB2 and Delta-

like 4, venous endothelial cell-specific markers include EphB4 and 

neuropilin 249–52. Biochemical heterogeneity also exists within endothelial 

cells of the arterial system.  At sites that are prone to atherosclerotic 

lesions, prior to any pathology, endothelial cells express vascular cell 

adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 

(ICAM-1), while other arterial endothelial cells do not53. Furthermore, a 

specific extracellular stimulus can evoke different responses in different 

types of endothelial cell. While tumour necrosis factor alpha (TNFα) 

results in increased endothelial permeability of mouse inferior vena cava, 

it has no such effect on the aorta54. In addition, the endothelium plays a 

crucial role in hemostasis and examples of heterogeneous expression of 

both pro- and anti-coagulant molecules have been observed. The pro-

coagulant TF for example is only expressed by endothelial cells which are 

exposed to disrupted blood flow or other pro-inflammatory signals, while 

the anti-coagulant endothelial protein C receptor (EPCR) is expressed 

predominantly in large arteries and veins where flow is uninterrupted55,56. 

As our understanding of endothelial biology deepens, heterogeneity 

seems to be the rule rather than the exception.  
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1.6.3 Basis of Endothelial Heterogeneity 

 

The current model put forth by William Aird and others to explain 

endothelial heterogeneity has two main components, epigenetics and the 

microenvironment45. The epigenetic component consists of molecular 

modifications including DNA methylation, histone modification and 

chromatin remodelling, which influence gene expression and are 

mitotically stable. In zebrafish it has been demonstrated that specific 

markers of arterial and venous endothelial cells are established in their 

progenitors before the heart begins to pump 57. Moreover, when 

endothelial cells from different blood vessels and anatomical sites are 

cultured in vitro under identical conditions they maintain some of their 

characteristic gene expression programs indicating epigenetic 

regulation58. The microenvironmental component of endothelial 

heterogeneity consists of all the biochemical and biomechanical stimuli 

that an endothelial cell is directly exposed to. Unlike epigenetics, the 

endothelial microenvironment generates heterogeneity that is maintained 

only as long as a given stimulus is present. When post-capillary high 

venule endothelial cells are cultured for two days in vitro a significant 

number of their characteristic transcripts were down regulated or lost, 

highlighting the significant role that the microenvironment has in 

generating endothelial cell heterogeneity59. The role of biomechanical 

forces, and in particular those generated by flowing blood, has come to 
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be appreciated as a key component of the microenvironment that helps 

establish endothelial heterogeneity.  

 

 

1.6.4 Shear Stress and Endothelial Heterogeneity 

 

Any fluid moving along a solid surface will exert a force on that surface, 

in the direction of the movement, known as shear stress. In terms of 

flowing blood in the circulatory system the shear stress is exerted on the 

endothelial cells, which line the vessels, and is proportional to the 

viscosity of the blood, the rate of blood flow and the inverse cube of the 

radius of the vessel60. Within the circulatory system there are two types of 

shear stress, laminar shear stress (LSS) and turbulent or oscillatory shear 

stress (OSS). LSS occurs in regions of the circulatory system where the 

vessels are straight and flow is uninterrupted. LSS can range from 0.1 – 5 

dyne/cm2 in small veins, 5 – 10 dyne/cm2 in large veins and small 

arteries, 10 – 15 dyne/cm2 in large arteries, and > 60 dyne/cm2 in 

pathological stenotic vessels (a dyne is a measure of force not unlike a 

Newton). OSS on the other hand occurs where there is disrupted flow in 

the circulatory system such as at sites of bifurcation or curvature, where 

the net shear stress can be 0 dyne/cm2 owing to the reversal of direction 

of flow.  These two types of shear stress and their magnitudes have been 

shown to induce distinct endothelial phenotypes60. 
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Research into the effect of shear stress on the endothelial phenotype 

began in the 1970s in attempt to understand the focal nature of 

atherosclerotic lesions in the arterial tree, at sites of bifurcations and 

curvatures61. Indeed, the model proposed, where disrupted OSS 

generates an endothelial phenotype that is predisposed to form 

atherosclerotic lesions, has stood the test of time. Not only is OSS 

responsible for the disorganized cobble stone morphology typical of 

endothelial cells at sites predisposed to atherosclerotic lesions but it is 

also the cause of phenomenon mentioned above, where VCAM-1 and 

ICAM-1 are expressed at these sites prior to any pathology, but not in 

other endothelial cells53. TF expression is also induced by OSS but not 

LSS and the promoter elements responsible for regulating TF, VCAM-1 

and ICAM-1 expression have been identified and all contain a binding 

site for the pro-inflammatory transcription factor nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-κB)62. Generally speaking, 

OSS tends to induce a pro-inflammatory, pro-coagulant phenotype.  

 

LSS, on the other hand, tends to confer an anti-inflammatory, anti-

coagulant phenotype. Endothelial nitric oxide synthase (eNOS) is a nitric 

oxide synthase that is a potent vasodilator, inhibits platelet aggregation 

and whose expression is significantly induced by LSS63. Thrombomodulin 
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(TM), an anti-coagulant molecule that is a cofactor in the thrombin-

induced activation of protein C in the anticoagulant pathway, is similarly 

induced by LSS. In both cases, the transcription factor lung Krüppel-like 

factor (KLF2) is responsible for their LSS induced expression. 

 

The Krüppel-like factors (KLFs) are a group of proteins that belong to the 

zinc finger family of transcription factors, which regulate cellular 

differentiation and development64. KLF1 for example is essential for red 

blood cell maturation while KLF4 regulates the differentiation and 

maturation of the gastrointestinal epithelium65,66. KLF2-null mice made 

clear the crucial role KLF2 has in normal vascular biology, as these mice 

exhibit abnormal blood vessel formation leading to embryonic 

haemorrhage and death67.  

 

In 2002, Dekker et al. published what would be the first of several papers 

on KLF2 and the LSS response68. In order to identify regulators of the LSS 

response, expression data from endothelial cells cultured in static 

conditions was compared to cells which had been cultured under LSS by 

microarray analysis, and KLF2 was identified as the gene with the 

strongest LSS induction. This group went on in a subsequent publication 

to show that endothelial cells stably transfected with KLF2 had a 
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strikingly similar expression profile to endothelial cells exposed to LSS. 

Furthermore, some structural characteristics of endothelial cells exposed 

to LSS, such as flow-induced actin fibre formation, were recapitulated in 

the cells stably transfected with KLF2, thus connecting shear stress, 

biochemical heterogeneity and structural heterogeneity69.  

 

KLF2 is considered the “master regulator” of the LSS expression network. 

Not only does it activate expression of LSS, it also has a role in 

suppressing OSS induced pro-inflammatory pro-coagulant genes60. KLF2 

inhibits the nuclear localization of phosphorylated activating transcription 

factor 2 (ATF2), which is essential for inflammatory gene expression in 

endothelial cells70. KLF2 also recruits the essential cofactor, cyclic AMP 

response element-binding protein (CBP/p300) preventing its association 

with NF-κB, thereby inhibiting its promotion of pro-inflammatory and 

pro-coagulant genes71. The significance of KLF2 in both the induction 

and suppression of shear responsive genes cannot be overstated.  
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1.7 Hypothesis 

 

Shear stress modulates the expression of several pro- and anti-coagulant 

genes in endothelial cells generating heterogeneity throughout the 

endothelium. We hypothesize that FVIII expression is regulated, at least in 

part, by biomechanical forces exerted by flowing blood and that 

variations in the type and magnitude of shear stress throughout the 

circulatory system account for the heterogeneity of endothelial FVIII 

expression. 

 

In order to test these hypotheses we have undertaken studies to examine 

the effect of shear stress on FVIII mRNA and protein levels in blood 

outgrowth endothelial cells (BOECs) in vitro.  
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CHAPTER II. MATERIALS AND METHODS 

 

2.1 Materials 

 

Bovine serum albumin (BSA), ethylenediaminetetraacetic acid (EDTA), rat 

tail collagen type 1, 4'-6-Diamidino-2-phenylindole (DAPI) nucleus stain, 

trypsin, L-glutamine, penicillin, streptomycin, Histopaque 1077 and 

foetal bovine serum (FBS) were purchased from Sigma-Aldrich (Oakville, 

ON). Serum free protein blocking solution and mounting media, were 

purchased from Dako (Burlington, ON) TritonX-100 was purchased from 

Thermo Fisher Scientific (Burlingston, ON). Streptavidin Poly-HRP was 

purchased from Pierce Biotechnology (Rockford, IL). VisuLize FVIII ELISA 

and the biotinylated FVIII antibody were purchased from Affinity 

Biologicals (Ancaster, ON). Phosphate buffered saline (PBS),10 cm tissue 

culture plates, 6-well flat bottom multi-well tissue culture plates, 

MCDB131tissue culture medium, Hanks’ balanced salt solution (HBSS), 

and SuperScript II Reverse Transcriptase were purchased from Gibco-

Invitrogen (Burlington, ON). EGM-2 SingleQuot was purchased from Lonza 

(San Diego, CA). VERSAmax Tunable Microplate Reader was purchased 

from Molecular Devices (Sunnyvale, CA). Immulon 4HBX 96 well plates 

were purchased from Dynex Technologies (Chantilly, VA). The ABI PRISM 
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7000 Sequence Detection System, TaqMan Master Mix solution and 

TaqMan primer-probe sets were purchased from Applied Biosystems 

(Carsbad, CA). Complete Cocktail protease inhibitor tablets were 

purchased from Roche (Mississauga, ON). The RED 15cm Perfusions Set, 

Ibidi μ-Slide I and Ibidi Pump System were purchased from Ibidi (Verona, 

WI). 

 

 

2.2 BOEC Isolation and Culture 

 

Human BOECs were isolated from 100 mL venous blood from a healthy 

human volunteer donor. Blood was anticoagulated with buffered sodium 

citrate and diluted 1:1 with HBSS containing 1 mM EDTA and 0.5% BSA. 

Buffy coat mononuclear cells were then obtained from the diluted blood 

using Histopaque 1077. Histopaque 1077 is a solution of polysaccharid 

which, through cetrifugation at 400 g for 30 min, facilitates the 

separation of plasma, mononuclear cells and red cells from whole blood. 

The mononuclear cells were isolated then washed three times through 

centrifugation at 250 g for 10 minutes using BOEC culture medium 

consisting of MCDB131 medium supplemented with EGM-2 SingleQuot, 2 

mM L-glutamine, 100 IU/mL penicillin, 100 g/mL streptomycin and 10% 

FBS. After the final wash, the cells were resuspended in 2 mL of culture 

media and plated into two collagen type I coated wells of a 6-well plate. 
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The plates were then incubated at 370C in a humidified environment with 

5% CO2. After 24 hours, the medium was changed, removing non-

adherent cells and debris. The medium was changed daily until colonies 

began to form 2-3 weeks later with typical endothelial cobblestone 

morphology. BOECs were split to new collagen coated plates when they 

reached 95% confluency using 0.025% tyrypsin to mediate detachment 

from the collagen-coated wells BOECs were characterized by flow 

cytometry and were >95% positive for the endothelial markers CD31, 

CD144 and CD146 and negative for the hematopoietic marker CD45 and 

the monocyte/macrophage marker CD14. All experiments were 

performed using passage 4 cells at 95% confluency. 

 

 

2.3 Shear Stress 

 

Prior to starting shear stress experiments all tubing, culture slides and 

media was equilibrated in a tissue culture incubator overnight.  

 

BOECs grown to 95% confluency on a collagen type I coated 10 cm plate 

were exposed to trypsin, washed once through centrifugation at 500 g 

for ten minutes and resuspended in equilibrated culture media at a 

concentration corresponding to 12.5 X 104 cells/channel volume 

depending on which slide was being used (Table 2.1). 12.5 X 104 cells 
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were then transferred to an Ibidi μ-Slide I and returned to the tissue 

culture incubator for 2 hours prior to starting the shear stress 

experiment. Shear stress experiments were performed using the Ibidi 

Pump System, which generates shear forces by flowing media through a 

channel lined with cells and in accordance with the manufacturer’s 

specifications (Figure 2.1). All experiments were performed using the RED 

15cm Perfusion Set and the flow rate was monitored as detailed in Table 

2.1. Shear stress experiments at 30 and 60 dyne/cm2 include an initial 

hour of exposure to 15 dyne/cm2 to introduce the cells to a shear stress 

environment as per the recommendations of the manufacturer. During 

oscillatory shear stress experiments the direction of flow was set to 

oscillate every 0.5 seconds. 

 

 

2.4 Total RNA Isolation 

 

Total RNA was isolated from cultured endothelial cells using the 

RNAqueous-Micro Kit according to the protocol provided with the kit for 

“Cultured cells (<5 x 105 cells)”. Cell lysis was done directly on the Ibidi 

μ-Slide I using 200 μL of Lysis Solution following aspiration of the culture 

media. Upon completion of the protocol, the RNA was eluted from the 
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Table 2.1. Shear stress magnitudes and corresponding Ibidi slides 
with channel volume and flow rate. 
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Figure 2.1. Ibidi pump system. The ibidi pump system generates shear 
forces by flowing media through tubing and over cells which line the base 
of a channel in a slide seen in the foreground on the right. 
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silica-based filter using two aliquots of 13 μL of Elution Solution. 20 μL of 

the final elution was used for a subsequent reverse transcriptase reaction 

and 2 μL of the final elution were used to assess RNA concentration and 

purity using a NanoDrop 2000. Only samples > 50 ng/μL in 

concentration with an A260/A280 ratio between 1.8 and 2.1 were 

deemed acceptable for subsequent study. 

 

 

2.5 Reverse Transcription 

 

From total RNA, cDNA synthesis was accomplished using SuperScript II 

Reverse Transcriptase and oligo(dT)18 primers. A 40-μL reaction was used 

according to the manufacturer’s protocol using 20-μL of total RNA and 

500 μg/mL of oligo(dT)18. The optional RNaseOUT step was included in 

our protocol.  

 

 

2.6 Real Time PCR 

 

Following reverse transcription, qPCR was used to quantify FVIII, VWF and 

KLF2 cDNA levels. Pre-designed TaqMan primer-probe sets for FVIII 

(Hs00252034_m1), VWF (Hs00169795_m1) and KLF2 (Hs00370951_s1) 

were used in conjunction with a primer-probe set for the endogenous 
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internal control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

(4333764T) to determine the amounts of FVIII, VWF and KLF2 mRNA in 

cells exposed to shear stress relative to those cultured in static 

conditions.  

 

Each sample was run in four replicates, each replicate consisting of 12.5 

µL TaqMan Master Mix solution, 1.25 µL primer-probe mix, 0.6 µL cDNA, 

and 10.65 µL dH2O.  The ABI PRISM 7000 Sequence Detection System 

(Applied Biosystems) and its accompanying software were used to analyze 

the samples. In brief, cDNA quantification is based on measuring the 

fluorescence that is released when a probe (which contains a fluorophore 

and a quencher) is degraded by Taq polymerase during a cycle of PCR.  

 

Fold change in gene expression was calculated using the comparative CT 

method where the fold-change in expression or ΔΔCT is equal to the ΔCT 

of a shear stress sample minus the ΔCT of a static sample and ΔCT is the 

difference between CT target and CT reference. The target being FVIII, VWF or 

KLF2 and the reference being GAPDH. 
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2.7 ELISAs 

 

BOECs were lysed directly on the Ibidi μ-Slide I by adding 250 μL of ice-

cold RIPA buffer pH 8.0 supplemented with protease inhibitor Complete 

Cocktail Tablets to the cells following aspiration of culture media. The 

cell suspension was then transferred to an ice-cold microfuge tube and 

pipetted up and down for 0.5 minutes. The suspension was then 

centrifuged for 20 minutes at 12 000 rpm in a microcentrifuge at 4o C to 

pellet cell debris. 200 μL of the soluble fraction was removed and used 

for ELISA analysis. 

 

 

2.7.1 VWF ELISA 

 

For detection of VWF antigen in cell lysate a VWF sandwich ELISA was 

employed. First, the coating antibody (Rabbit Anti-Human von Willebrand 

Factor, DAKO A0082) was diluted to 10 μg/mL in Buffer A (PBS, pH 7.2) 

and 100 μL was added to each well of an Immulon 4HBX 96 well plate. 

The plate was sealed and stored at 4o C for sixteen hours. The wells were 

then washed with 200 μL Buffer B (PBS 0.5 M NaCl, 0.1% Tween 20, pH 

7.2) three times followed by hard inverted tapping to dry the wells. 100 

μL of sample, diluted with Buffer B, were added to each well and 

incubated at room temperature for 2 hours. The wells were then washed 
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with 200 μL Buffer B three times followed by hard inverted tapping to dry 

the wells. The detecting antibody (Rabbit Anti-Human von Willebrand 

Factor HRP, DAKO P0226) was diluted to 160 ng/mL in Buffer B and 100 

μL was added to each well and incubated for 1 hour at room temperature. 

The wells were then washed as above, 3 times with Buffer B. Finally 100 

μL of the detection Reagent D (10 mg o-phenylenediamine and 6.2 μl 

30% H2O2 in 15 mL 0.1 M Citric Acid-Phosphate Buffer, pH 5) was added 

to each well and the plate was covered and incubated for 20 minutes at 

room temperature. The reaction was stopped with 100 μL Reagent E (1 M 

H2SO4) The results were read at 492 nm using a VERSAmax Tunable 

Microplate Reader.  

 

 

2.7.2 FVIII ELISA 

 

For detection of FVIII antigen in the cell lysates a commercially available 

VisuLize FVIII sandwich ELISA from Affinity Biologicals was employed with 

some modifications to increase sensitivity. First, 100 μL of sample were 

added to the Affinity Biologicals FVIII ELISA plates which are pre-coated 

with sheep anti-FVIII antibodies. The samples were incubated for 1 hour 

and then the wells were washed 3 times with supplied wash buffer. The 

manufacturer’s protocol then calls for a 45 minute incubation with the 

peroxidase-labeled sheep anti-Human FVIII detecting antibody followed 
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by colour development and detection. In our modified protocol, we 

performed the 45 minute incubation with a biotinylated sheep anti-

human FVIII antibody. We then washed the wells three times with wash 

buffer and added 100 µL of Streptavidin Poly-HRP diluted to 50 ng/mL in 

1% BSA in PBS and incubated for 15 minutes at room temperature. Finally, 

color development was permitted with the addition of 

tetramethylbenzidine. The ELISA was read at 450 nm using a VERSAmax 

Tunable Microplate Reader.  

 

 

2.8 Immunofluorescent Staining 

 

Immunofluorescent staining was used to evaluate the subcellular 

localization of FVIII and VWF and was performed directly on the Ibidi μ-

Slide I. First, the slide was washed with PBS 3 times for 5 minutes each 

time, and then fixed with 200 µL 4% formalin at room temperature for 10 

min. After washing again with PBS, the cells were permeabilized with 200 

µL PBS-1% TritonX-100 for 10 min on ice. The cells were then washed 

again three times with PBS followed by blocking with 200 µL serum free 

protein blocking solution for 20 min at room temperature. The slides 

were washed three times with PBS and then incubated with 200 µL 

primary antibody (VWF, 2 µg/mL [1:500] of polyclonal rabbit anti-human 

VWF, [Dako, CAT #: A0082]; FVIII, 2 µg/mL [1:500] of polyclonal sheep 
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anti-human FVIII [Affinity Biologicals, CAT #: SAF8C-AP]) overnight at 4°C 

in a 15 cm plate with a moist paper towel. After again washing three 

times with PBS the slides were incubated with 200 µL secondary antibody 

(VWF, 2 µg/mL [1:500] of anti-rabbit immunoglobulin-fluorescein 

isothiocyanate [FITC] [Dako, CAT #: F0205]; FVIII, 2 µg/mL [1:500] of 

donkey polyclonal anti-sheep IgG-H&L [TR] (Abcam, CAT #: ab6898) at 

room temperature for 1 hour. The slides were then washed again three 

times followed by an incubation with 200 µL of DAPI nucleus stain for 10 

min. After the slides were allowed to air dry and 200 µL of Mounting 

Media was used to fill the channel of the slide.  

 

 

2.9 Statistics 

 

The data are expressed as the mean +/- standard error of the mean 

(SEM). In all experiments, statistical comparisons were calculated using a 

2-tailed Student’s t test. The data were considered statistically significant 

at p < 0.05. 
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CHAPTER III. RESULTS 

 

3.1 FVIII is responsive to shear stress 

 

To determine if a particular magnitude of shear stress can induce the 

expression of FVIII we exposed BOECs to a range of physiological shear 

stress. Specifically, BOECs were exposed to 1, 5, 15, 30 or 60 dyne/cm2 

of laminar shear stress for 48 hours. At 48 hours, total RNA was prepared 

and cDNA generated using oligo(dt)18 primers. qPCR was then used to 

determine the expression level of FVIII and VWF under each condition 

relative to BOECs cultured under static conditions.  

 

Regardless of the magnitude of shear stress tested, both FVIII and VWF 

were expressed at levels significantly higher in cells exposed to laminar 

shear stress relative to cells cultured in static conditions (Figure 3.1).  

 

While FVIII expression was augmented by laminar shear stress this 

induction was observed regardless of the magnitude of shear stress. In 

order to study further the role of laminar shear stress in restricted FVIII 

expression a second set of experiments were performed using more  
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Figure 3.1. FVIII and VWF expression are induced by short term 
laminar shear stress. Fold change in mRNA expression level of FVIII and 
VWF were determined in BOECs exposed to laminar shear stress for 48 
hours relative to BOECs cultured in static conditions. All FVIII and VWF 
mRNA levels are significantly higher (p<0.001) relative to static levels 
regardless of the magnitude of shear stress. Mean values are shown +/- 
SEM. (N=6) 
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prolonged exposure to laminar shear stress. BOECs were exposed to 1, 5, 

15, 30 or 60 dyne/cm2 for 120 hours. As above, qRT-PCR was then used 

to determine the expression level of FVIII and VWF under each condition 

relative to BOECs cultured under static conditions.  

 

In each of the conditions tested, VWF was expressed significantly higher 

in the cells exposed to laminar shear stress (Figure3.2). VWF expression 

was most strongly induced by 15 dyne/cm2 to levels 11.7-fold higher 

than that of BOECs cultured under static conditions. FVIII mRNA levels on 

the other hand were not significantly different than those in BOECs 

cultured in static conditions (Figure 3.2). 

 

 

3.2 FVIII is expressed in BOECs exposed to prolonged oscillatory 

shear stress 

 

The pattern of laminar shear stress dependent FVIII expression we 

observed, an initial upregulation of mRNA levels followed by a return to 

basal levels at longer time points, is consistent with other genes that are 

induced by oscillatory shear stress. In order to evaluate the effects of 

oscillatory shear stress on FVIII expression, BOECs were exposed to 15 

dyne/cm2 of either oscillatory or laminar shear stress for 120 hours.  
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Figure 3.2. VWF but not FVIII expression is induced by long term 
laminar shear stress. Fold change in mRNA expression level of FVIII and 
VWF were determined in BOECs exposed to laminar shear stress for 120 
hours relative to BOECs cultured in static conditions. All VWF mRNA levels 
are significantly higher (p<0.001) relative to static levels regardless of 
the magnitude of shear stress while FVIII levels are not significantly 
different. Mean values are shown +/- SEM. (N=6) 
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qRT-PCR was then used to determine the expression levels of FVIII and 

VWF as well as those of KLF2 the “master regulator” of the laminar vs 

oscillatory shear stress response. BOECs exposed to 15 dyne/cm2 of 

shear stress oscillating every 0.5 sec for 120 hrs had FVIII mRNA levels 

4.7-fold that of cells in static conditions. This was significantly higher 

than FVIII expression in BOECs exposed to 15 dyne/cm2 of laminar shear 

stress for the same duration. Interestingly, VWF mRNA levels were 

significantly higher in both laminar and oscillatory samples relative to 

static samples. Finally, expression of KLF2, a transcription factor that 

suppresses endothelial pro-coagulant gene expression under laminar 

shear stress, was significantly reduced in BOECs exposed to oscillatory as 

opposed to laminar shear stress (Figure 3.3). 

 

 

3.3 Prolonged oscillatory shear stress induces the synthesis of FVIII 

protein  

 

Changes in gene expression as measured by mRNA levels do not always 

correlate with changes in protein levels. In order to study the effect of 

prolonged oscillatory shear stress on FVIII protein levels, we performed 

ELISAs on cell lysates following shear stress experiments. Specifically,  
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Figure 3.3. FVIII expression is endured by prolonged oscillatory shear 
stress. Fold change in mRNA expression level of A) KLF2 B) VWF and C) 
FVIII in BOECs exposed to 15 dyne/cm2 laminar shear stress (La) or 
oscillatory shear stress (Os) for 120 hours relative to BOECs cultured in 
static conditions (St). KLF2 and VWF but not FVIII mRNA levels from 
laminar shear conditions are significantly higher (p<0.001) than in static 
conditions while VWF and FVIII but not KLF2 mRNA levels from oscillatory 
shear conditions are significantly higher (p<0.001) than in static 
conditions. Mean values are shown +/- SEM. (N=6) 
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BOECs were exposed to 15 dyne/cm2 of either oscillatory or laminar 

shear stress for 120 hours, cell lysates were prepared and intracellular 

FVIII and VWF protein levels were determined by enhanced sensitivity 

sandwich ELISAs. Consistent with our mRNA studies, we found that VWF 

protein levels were not significantly different in our laminar vs oscillatory 

shear samples (3.4). Furthermore, while FVIII protein was undetectable in 

our static and prolonged laminar shear samples we were able to detect 

FVIII protein in our prolonged oscillatory shear samples (Figure 3.5).  

 

 

3.4 FVIII and VWF proteins demonstrate subcellular co-localization in 

BOECs exposed to prolonged oscillatory shear stress  

 

To determine the subcellular localization of the FVIII protein we detected 

by ELISA, and to evaluate whether or not FVIII and VWF proteins co-

localize in endothelial cells synthesizing both proteins,  we went on to 

perform immunofluorescence for FVIII and VWF. Accordingly, BOECs were 

exposed to 15 dyne/cm2 of either oscillatory of laminar shear stress for 

120 hours, cells were fixed, stained and visualized directly on the Ibidi μ-

Slide I.  
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Figure 3.4. VWF protein is synthesized by BOECs exposed to either 
prolonged laminar or prolonged oscillatory shear stress. VWF antigen 
(VWF:Ag) levels in BOEC cell lysates from BOECs exposed to 15 dyne/cm2 
of laminar or oscillatory shear stress. Mean values are shown +/- SEM. 
(N=3) 
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Figure 3.5. FVIII protein is synthesized by BOECs exposed to 
prolonged oscillatory shear stress. FVIII antigen (FVIII:Ag) levels in 
BOEC cell lysates from BOECs exposed to 15 dyne/cm2 of laminar or 
oscillatory shear stress or cultured in static conditions. Mean values are 
shown +/- SEM. (N=5) 
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Consistent with our ELISA results, in cells exposed to prolonged laminar 

shear stress FVIII staining is undetectable, while VWF staining is clear in 

all cells and takes on a punctate pattern typical of VWF storage vesicles or  

WPBs (Figure 3.5). A similar VWF staining pattern is seen in cells exposed 

to prolonged oscillatory shear stress. Remarkably, in these cells exposed 

to prolonged oscillatory shear stress FVIII staining is clear and has a 

similar punctate pattern as VWF. Indeed, when the images are merged, 

co-localization of FVIII and VWF is evident (Figure 3.6).  
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Figure 3.6. Immunolocalization of FVIII and VWF in BOECs exposed to 
shear stress by confocal microscopy. BOECs exposed to 15 dyne/cm2 

laminar (A-C) or oscillatory (D-F) shear stress for 120 hours were 
costained for VWF (in green) and FVIII (in red). Nuclei are counterstained 
with DAPI (blue). Merge image shown in panels C and F.  
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CHAPTER IV. DISCUSSION  

 

Extra-hepatic synthesis of FVIII plays a significant role in maintaining 

circulating FVIII levels20. Increasingly, attention in the literature has been 

focused on endothelial synthesis of FVIII, and more specifically on 

identifying which endothelial subtypes produce FVIII26,42,43,72. As the list 

of identified FVIII producing endothelial subtypes grows, the mechanisms 

which govern this phenotype remained elusive. Several groups have 

studied the impact of shear stress on modulating gene expression in 

endothelial cells and in creating endothelial heterogeneity throughout the 

vascular system. In particular, shear stress has been shown to play a 

significant role in maintaining the balance between coagulation and 

bleeding through its modulation of both pro and anti-coagulant genes73. 

Here, we show that shear stress modulates FVIII expression as well as the 

expression of its carrier protein, VWF, in endothelial cells.  

 

In this thesis BOECs were used to study the affect of shear stress on 

endothelial FVIII expression. BOECs are derived from a circulating 

endothelial progenitor cell and therefore are unique among primary 

endothelial cells in that they have never been exposed to shear stress in 

vivo. Furthermore, BOECs can be expanded at least 1000 fold in vitro 

making them ideal for cell based therapy74,75.  
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Exposing BOECs to laminar shear stress for 48 hours induced the up 

regulation of VWF mRNA regardless of the magnitude of shear stress 

examined. Similar results were produced when the duration of exposure 

to laminar shear stress was increased to 120 hours, indicating that VWF is 

robustly up regulated by laminar shear stress. Interestingly, a 120 hour 

exposure to oscillatory shear stress had the same effect on VWF 

expression. This is of particular interest for two reasons.  

 

Firstly, VWF is a pro-coagulant protein and there is currently consensus in 

the literature that oscillatory and not laminar shear stress augments pro-

coagulation genes60. Our results may be most easily understood if we 

consider how VWF is secreted from endothelial cells and where VWF is 

biologically active. VWF is secreted both apically into the circulation and 

basally onto the subendothelial matrix where it plays an important role in 

the very earliest steps in coagulation following damage to the vessel wall 

where it binds, and slows platelets prior to the formation of the platelet 

plug76,77. Vessel damage can occur at any point in the vasculature, thus it 

is advantageous to have VWF deposited throughout the circulation 

regardless of the type shear stress at any given location. As the majority 

of endothelial cells are exposed to laminar shear stress it would be 

necessary that these conditions, and therefore KLF2, not impede the 

production of subendothelial VWF.  
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Secondly, there are no reports of the expression of any other gene, 

regardless of its biological function, that is augmented by both laminar 

and oscillatory shear stress. The current dogma suggests that oscillatory 

and laminar shear stresses induce mutually exclusive molecular pathways 

and that gene expression that is activated by one is suppressed by the 

other60. Our results have shown that VWF responds to shear stress in a 

more complex manner which may help to explain contradictions in the 

literature when it comes to the effect of different types of shear stress on 

VWF expression.  

 

FVIII mRNA levels in BOECs exposed to laminar shear stress for 48 hours 

were significantly higher that in BOECs that had not been exposed to 

laminar shear stress regardless of the magnitude of shear stress studied. 

These results were the first indication that FVIII is indeed responsive to 

shear stress. However, when the duration of laminar shear stress was 

extended to 120 hours, FVIII mRNA levels returned to basal levels. This 

pattern of expression in response to laminar shear stress, where there is 

an initial induction followed by a subsequent return to basal levels has 

been reported previously for genes which respond to oscillatory shear 

stress60,78. Indeed, when BOECs were exposed to prolonged oscillatory 

shear stress, FVIII mRNA levels were significantly higher than in cells 

exposed to prolonged laminar shear stress. Furthermore, we have shown 

that prolonged exposure to oscillatory shear stress induces the synthesis 
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of FVIII protein in BOECs. Although some subsets of endothelial cells have 

been previously shown to endogenously synthesize FVIII in vivo, this is 

the first report of the induction of endothelial FVIII synthesis in vitro. 

Furthermore, it indicates that the heterogeneity of FVIII synthesis in 

endothelial cells in vivo is dependent, at least in part, on differing shear 

conditions. Furthermore, when we consider the flow patterns and shear 

stress that endothelial cells that endogenously express FVIII - endothelial 

cells of the liver sinusoids, the pulmonary artery and several 

microvascular beds - are exposed to, these findings are supported. 

 

The liver sinusoids are highly specialized vessels that are lined by a 

fenestrated endothelium through which damaged red blood cells, 

bacteria and other debris is cleared from the circulation. A mixture of 

approximately 75% venous and 25% arterial blood flows through the 

sinusoids with a low rate of flow relative to the diameter of the vessels 

and at low pressure to facilitate this clearance79. These conditions result 

in the LSECs being exposed to very low levels of shear stress. Consistent 

with our results, it has been shown that KLF2 expression is not induced 

under very low levels of shear stress (<1 dyne/cm2) resulting in an 

oscillatory shear stress type68,73. Furthermore, unlike other vessels, which 

are lined by a smooth contiguous endothelium, the fenestrated 

endothelium of the sinusoids may result in non-uniform flow patterns 
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that again could produce an oscillatory shear stress response leading to 

FVIII production.  

 

The pulmonary artery begins at the base of the right ventricle of the heart 

and then bifurcates, supplying deoxygenated blood to each of the lungs. 

Two characteristics of this vessel in particular must be taken into account 

when we consider the flow patterns that pumonary artery endothelial cells 

are exposed to. First, the angle of the bifurcation is obtuse making it 

particularly disruptive to blood flow. Second, the proximity of the 

pulmonary artery to the right ventricle results in large fluctuations in the 

rate of blood flow through the vessel in concordance with the beating of 

the heart. This exacerbates the disruption of flow through the vessel, 

generating non-laminar flow, an oscillatory shear stress response in the 

endothelial cells that line the artery and the mediation of FVIII synthesis.  

 

The isolation of endothelial cells from larger vessels such as the 

pulmonary artery produces a population of endothelial cells for which the 

structure of the vessel, and therefore the type of shear stress associated 

with the vessel, are known. Microvascular endothelial cells on the other 

hand are isolated from a heterogeneous single cell suspension of an 

organ or tissues by either magnetic or fluorescence-activated cell 

sorting42. This inevitably leads to the isolation of endothelial cells from 

multiple vessels, some of which are exposed to laminar shear stress and 
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others to oscillatory shear. Indeed, when FVIII was studied in pulmonary 

microvascular endothelial cells by IHC it was noted that although a strong 

signal for FVIII was detected in some cells, not all microvascular 

endothelial cells stained positively for FVIII43. These observations are 

likely true for all microvascular endothelial cell preparations that 

synthesize FVIII and ultimately reflect the inter-cellular heterogeneity of 

shear patterns to which these cells are exposed. 

 

Endothelial synthesis of FVIII in general is of particular interest because of 

the implications it has in the interaction between FVIII and its carrier 

protein VWF. Our study demonstrates that prolonged oscillatory shear 

stress not only induces the synthesis of FVIII protein but that this protein 

co-localizes with VWF in WPBs. This is consistent with published work in 

which exogenously expressed FVIII co-localized with VWF in culture80–85. 

Furthermore, in two studies of endothelial sub-populations, which 

endogenously express FVIII, it was reported that FVIII and VWF are co-

stored in WPBs when cultured in vitro42,43. In each of the these 

publications concerning endogenously expressed FVIII, although co-

localization was reported, and a punctate FVIII staining pattern indicative 

of WPB storage was visible, the co-localization was less consistent both 

within and between cells than documented in Figure 3.5 of this thesis. 

These previous observations may in fact represent vestigial FVIII 

production in endothelial cells which are no longer receiving the 
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necessary oscillatory shear stress induced signalling to maintain robust 

FVIII production and trafficking. Indeed, it is well known that most 

endothelial populations will quickly loose their unique phenotype once 

placed in static culture conditions45,46,86.  

 

The endothelium in general has distinct anti-inflammatory and anti-

coagulant qualities due to the expression of laminar shear stress 

responsive genes including eNOS and TM, which are activated by KLF246. 

This is in contrast to regions of the vasculature that are exposed to 

turbulent or oscillatory shear stress where endothelial cells acquire a 

phenotype that is characterized by the expression of several pro-

inflammatory and pro-coagulant oscillatory shear stress responsive 

genes such as ICAM-1 and TF, which are suppressed in the presence of 

KLF2.  

 

One of the most well understood mechanisms by which KLF2 suppresses 

oscillatory responsive genes is through inhibition of the transcriptional 

activity of NF-κB through recruitment of the transcriptional coactivator 

p300/CBP-associated factor87. NF-κB binding sites have been identified 

in the promoters of several oscillatory responsive genes such as ICAM-1, 

TF, MCP-1 and E-Selectin78. Binding of NF-κB to these sites has been 

shown to be responsible for their activation by short term (<48 hours) 

laminar shear stress and oscillatory shear stress. Interestingly, it has been 
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shown that in cultured hepatocytes the FVIII promoter is activated by LPS 

treatment and that this activation is dependent on an NF-κB binding site 

in the FVIII promoter88. It is tantalizing to speculate that the same binding 

site may be involved in endothelial FVIII expression in response to 

oscillatory shear stress and we have proposed just such a model (Figure 

4.1). 

 

Our model of endothelial FVIII expression can be used to help understand 

two phenomena of augmented circulating FVIII levels. During acute liver 

failure, unlike other coagulation proteins that are synthesized in the liver, 

FVIII levels remain normal or increase29,30. It has been proposed that 

extra-hepatic endothelial synthesis of FVIII can account for FVIII levels 

remaining normal in this situation42,43,72. However, this does not explain 

why FVIII levels often increase during liver failure. Concurrent with the 

progression of liver failure is the increase of circulating TNFα levels89. In 

endothelial cells, TNFα activates NF-κB activity and mediates its transport 

to the nucleus. Based on our model, during liver failure, as TNFα levels 

rise, endothelial NF-κB activity increases shifting the balance of KLF2 and 

NF-κB towards FVIII expression. A similar mechanism may account for 

changes in FVIII levels associated with age. It is well documented that 

FVIII levels increase with age, as does endothelial NF-κB activity90,91. 

Again, increased NF-κB activity in the endothelium of aging individuals  
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Figure 4.1. A model for shear stress dependent endothelial FVIII 
expression. A) In cells exposed to oscillatory shear stress NF-κB activates 
FVIII expression in the absence of KLF2 activity. B) In cells exposed to 
laminar shear stress KLF2 is activated and inhibits FVIII expression via 
NF-κB inhibition. 
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could shift the balance of KLF2 and NF-κB activity towards increased FVIII 

expression. 

 

Supporting a biologically significant role FVIII expression, the NF-κB 

binding site responsible for LPS-induced FVIII expression in hepatocytes 

is highly conserved across several species88. Furthermore, a mutation in 

the consensus sequence has been reported to cause hemophilia A. 

Bogdanova et al. reported a guanine to alanine change at position -112 

relative to the ATG start site92. This guanine is the second residue in the 

NF-κB binding site and is invariant across several species including 

human, horse, mouse, dog and pig88. The mutation was identified in a 

patient with mild hemophilia A and FVIII levels of 50% normal. The patient 

described was male and due to the X-linked nature of hemophilia A, all of 

their circulating FVIII was synthesized from this allele. Thus, in the 

absence of NF-κB binding, FVIII expression can occur with reduced 

efficiency, presumably through the activity of other transcription factors. 

Another possibility is that substitution of the conserved second guanine 

residue in the binding sequence impairs, but does not completely ablate, 

NF-κB binding and activation. 

 

While understanding the molecular regulation of endothelial FVIII 

synthesis in greater and greater detail will provide fertile ground for 

many a future graduate thesis let us not forget how far we have come. In 
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the past four decades alone basic research and translational medicine has 

made hemophilia A a treatable disease and no longer the death sentence 

it once was.  

 

 

CHAPTER V. CONCLUSIONS AND FUTURE DIRECTIONS 

 

This study has shown that FVIII expression is induced by prolonged 

oscillatory shear stress, offering the first mechanistic explanation for the 

heterogeneous nature of the expression of FVIII throughout the 

vasculature. In contrast, VWF expression was shown to be augmented by 

both oscillatory and laminar shear stress. This is the first description of a 

gene that responds to shear stress in this manner, and may be 

representative of a previously undescribed class of indiscriminate shear 

stress responsive genes. Furthermore, it has been demonstrated that 

exposing BOECs to prolonged oscillatory shear stress generates 

endothelial cells that synthesize FVIII protein, which co-localizes with its 

carrier protein VWF prior to entering the circulation. We have proposed a 

model for endothelial FVIII expression wherein expression is dependent 

on NF-κB activity and is inhibited by KLF2. Finally, we have highlighted a 

previously reported hemophilia A causative mutation in the FVIII promoter 

which alters a highly conserved residue in a NF-κB binding site. 
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von Willebrand factor’s previously undescribed pattern of expression in 

response to oscillatory and laminar shear stress could represent a new 

direction in which future studies could focus. It would be of interest to 

examine the promoter region of VWF in an attempt to better understand 

what motifs are important in mediating its indiscriminate shear stress 

responsiveness. 

 

Although these studies have shed new light on the mechanisms that 

govern endothelial FVIII expression, many questions still remain. First and 

foremost, further studies will be required to fully understand the role of 

KLF2 in modulating FVIII synthesis in response to shear stress. Also, 

given the proposed role of NF-κB NF-κB in FVIII expression it would be of 

interest to examine the affects of NF-κB activating cytokines such as 

TNFα on FVIII expression in the context of both oscillatory and laminar 

shear stress. 

 

The only non-microvascular endothelial cells known to synthesis FVIII in 

vivo – those from the pulmonary artery, and LSECs – line vessels that 

carry predominantly deoxygenated blood. Given these observations, it 

would be prudent to study the role of blood oxygen content in 

modulating FVIII expression in conjunction with shear forces. 
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Despite our growing appreciation of endothelial cells as a source of FVIII 

synthesis, and the insights presented here into the mechanisms that 

govern this process, little is known about the biological significance of 

FVIII with an endothelial origin in maintaining hemostasis. In order to 

address this question a FVIII conditional knockout model could be 

engineered and used to generate endothelial FVIII knockout mice. 

 

Finally, it is unclear how exactly the mutation identified in the NF-κB 

binding site manifests itself in lower FVIII levels and a hemophilia A 

phenotype. It is currently unclear whether NF-κB binding is absolutely 

required for FVIII expression or simply enhances its expression. This 

would be an interesting area of future work that could potentially have 

clinical implications. 
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