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Abstract 

 von Willebrand Factor (VWF) is a plasma multimeric glycoprotein involved in platelet 

adhesion and aggregation at sites of vascular injury, and the carrier for coagulation Factor VIII 

(FVIII). Levels of VWF are influenced by many genetic and environmental factors, but appropriate 

levels are needed for a balanced hemostasis, since high levels of VWF are associated with an 

increased risk for cardiovascular disease, while low levels result in prolonged bleeding. Aging is 

associated with both increased levels of VWF and a higher incidence of cardiovascular disease, 

however, the exact mechanism responsible for this age-related increase remained unknown. 

In this thesis, we describe the age-related pathophysiology of VWF and the mechanisms 

responsible for the quantitative changes in VWF using human and mouse models. First, we found 

that the increase in VWF levels with age is highly dependent on ABO blood type, as both factors 

exert interrelated influences on VWF levels through secretion and clearance mechanisms. Second, 

we evaluated if similar age-related increases in VWF levels occurred in mice and found that 

C57BL/6 mice showed similar increases. Consequently, we used the mouse model to test the three 

mechanisms that influence VWF levels in plasma: synthesis, secretion and clearance. An age-

related increase in Vwf expression was observed in lung, brain, spleen and liver samples obtained 

from aging mice. In addition, increased secretion of VWF, measured by mouse VWF propeptide 

levels, was also observed with advancing age. No significant changes with age were observed in 

VWF clearance, but several findings suggested that the mouse might not be the appropriate model 

to study age- and ABO-related VWF clearance mechanisms. Finally, we found that despite 

increased VWF oxidation and reduced ADAMTS13 activity, a neutral effect on VWF function 

was attained in later life. 
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 In conclusion, this is the first detailed study of the age-related pathophysiology of VWF. 

This thesis provides new insights into the mechanisms that control the increase in VWF levels with 

aging. The findings of this thesis could also have implications on the prevention of cardiovascular 

disease in older individuals, and on the treatment of patients with von Willebrand disease and 

hemophilia A in later life. 
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Chapter 1 

An introduction to von Willebrand Factor and aging 
 

1.1 von Willebrand Factor 

In the presence of a blood vessel injury, an immediate vascular response is triggered to 

prevent excessive bleeding and preserve vascular function, while allowing the wound to be 

repaired. This response, known as hemostasis, occurs in a tightly controlled manner and includes 

the activation of endothelial cells (ECs) and the release of von Willebrand Factor (VWF), a 

multimeric glycoprotein that initiates the formation of a platelet plug to stop the bleeding and 

carries coagulation Factor VIII (FVIII) to sites of injury [1,2]. VWF is synthesized by ECs and 

megakaryocytes (MKs) and stored in specialized organelles, Weibel-Palade Bodies (WPBs) of 

ECs and alpha-granules of platelets. Secretion of VWF can occur constitutively from ECs or in 

response to vascular damage from storage organelles, with the aim to capture circulating platelets 

by forming elongated superactive strings. However, these strings are quickly trimmed down by 

the action of the metalloprotease ADAMTS13 (A Disintegrin And Metalloprotease with 

ThromboSpondin type 1 motifs – member 13), which prevents excessive platelet aggregation and 

thrombus formation [3,4]. Increased levels of VWF in plasma have been associated with a higher 

risk for cardiovascular diseases (CVDs), while low levels result in the bleeding disorder von 

Willebrand disease (VWD) [5,6]. With aging, the plasma levels of VWF increase significantly and 

are presumed to contribute to the higher incidence of CVDs in later life, but the mechanisms 

responsible for this phenomenon are incompletely understood. This chapter provides background 

information on VWF biosynthesis, processing, function and clearance mechanisms and on the 

association of aging with changes in the hemostatic system, with a particular focus on VWF. 
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1.1.1 Gene expression of VWF 

The human VWF gene, located on chromosome 12p13.31, contains 52 exons and spans 

about 178 Kbp, while the murine Vwf gene also with 52 exons and located on chromosome 6, spans 

134 Kbp. The murine Vwf coding sequence is highly homologous (84%) to the human VWF gene 

[7]. Although the expression of VWF is restricted to ECs and MKs, its pattern of expression is not 

uniform throughout the vasculature and there is significant heterogeneity within the vascular tree. 

For example, VWF is highly abundant in pulmonary vessels greater than 40 μm in diameter, while 

its expression is low in pulmonary capillaries and microvessels. In contrast, a similar pattern of 

expression has been observed between the different vessels of the spleen [8,9]. The diversity in 

VWF expression throughout the endothelium is likely dependent on the specific microenvironment 

surrounding the cells, as it has been shown that the vascular endothelium is also highly diverse, 

both functionally and morphologically [10]. For instance, ECs on vascular valves experience 

different mechanotransduction pathways and gene expression profiles due to the unique flow shear 

forces to which they are subjected, as they align perpendicular to the direction of flow, in contrast 

to vascular endothelial cells [11]. Similarly, venous ECs are distinct to those present in arteries, 

but can acquire arterial-like properties when implanted into the arterial circulation, including 

developing a thicker wall and reduced permeability [12].  

The endothelium-specific but diverse VWF expression is likely the result of a complex 

regulation, where the sum of distinct signaling pathways and transcription factors work together 

to enhance or repress its expression [9]. This complexity has also been observed at the VWF 

promoter level, as it contains several elements that can bind activators and repressors. The 

proximal promoter region of VWF has been shown to be essential for endothelial expression, as it 

contains a negative response element (nucleotides +96/+105) that binds the transcription factor 
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E4BP4. In non-expressing cells, this repressor is present as a large complex that binds directly to 

the response element, while the repressor is present only in small forms in endothelial cells, where 

it is unable to block VWF expression [13]. Also, the region spanning from -487 to +247 can bind 

the repressor NF-1-like protein in non-endothelial cells, while NFY can activate or inhibit the 

expression of VWF by forming complexes with histone acetyltransferases or deacetylases, 

respectively [14,15]. Moreover, the first intron of VWF contains sequences required for VWF 

expression in ECs but not in MKs [16]. Other transcription factors including GATA and Ets have 

been found to participate in VWF endothelial cell-restricted promoter activity, while Oct-1 has 

been found to negatively regulate VWF expression and be involved in stimulated responses 

[17,18]. Similarly, the promoter sequence between -843 and -620 has been shown to direct the 

expression of VWF in capillaries but not in large vessels of the heart and skeletal muscle [19]. 

Finally, epigenetic regulation has also been implicated in the regulation of VWF expression, as the 

proximal promoter region of VWF shows more methylation in non-expressing VWF cells, such as 

vascular smooth muscle cells, hepatocytes and keratinocytes, when compared to several 

endothelial cell lines [20]. 

The structural sequence organization of the human, mouse and bovine VWF promoter 

areas, including the first exon and intron are closely related. The promoter region of the mouse 

Vwf gene shares a 67% homology to the human VWF gene, with many sequences conserved 

between the two, including the two GATA binding sequences at -80 and +215 [7,21]. Despite 

some differences in gene regulation, a similar heterogeneity in Vwf expression to what has been 

observed in humans has also been found in mice, in which a wide range of expression is present 

within and between tissues [22]. 
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1.1.2 Biosynthesis and protein structure 

VWF is synthesized as a pre-pro-VWF monomer of 2,813 amino acids and molecular 

weight of approximately 350 kDa. An N-terminal signal peptide of 22 amino acids directs the 

newly synthesized protein to the endoplasmic reticulum (ER), where it is then cleaved by signal 

peptidases. The pro-VWF is composed of three A domains, a cystine-knot (CK), six C domains 

and several D domain assemblies, including D1, D2, D’-D3 and D4 (Figure 1.1). The VWF 

propeptide (VWFpp) of 741 amino acids is composed of the D1-D2 domains located at the N-

terminus of the protein, while the mature secreted VWF monomer of 2,050 amino acids is 

composed of D’-D3-A1-A2-A3-D4-C1/6-CK [23]. 

 

Figure 1.1 Structure and organization of the VWF monomer. The 2,813 amino acid VWF monomer 
with each of its structural domains is represented, including the regions corresponding to the signal peptide, 
propeptide and mature VWF. See text above for details. Numbers at the bottom of the figure represent the 
amino acid number at which each region starts and ends. (Based on the annotation reported by Zhou et al., 
2012 [23]). 

In the ER, an initial round of glycosylation of VWF takes place (see section 1.1.2.1) and 

the majority of intra-molecular disulphide bonds within VWF are created. The C-terminal CK 

domain, containing 11 cysteine residues, is involved in the formation of VWF dimers through 

inter-molecular disulphide bond formation [24,25]. Three cysteine residues (Cys2771, Cys2773, 

Cys2811) in the CK domain previously suggested as candidates to form the covalent link between 

VWF monomers, have now been shown to form 3 inter-chain disulphide bonds. This highly 
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crosslinked region provides the dimer with a stable structure able to resist the high force to which 

the VWF is exposed under flow, especially when it is bound to the vessel wall and platelets [25,26]. 

The VWF dimers are then transported to the trans-Golgi network (TGN) where VWF 

forms multimers and WPBs are formed. Multimerization requires the formation of N-terminal 

disulphide bonds between VWF dimers and involves the D1-D2 and D’-D3 domains of VWF. The 

VWFpp (D1-D2), under the low pH conditions of the Golgi, serves as a catalyst for the disulphide 

bond formation by acting as an oxidoreductase and spatially reorganizing the N-terminal region of 

VWF [27]. Of the 52 cysteine residues present in the D’-D3 region, 2 cysteines (Cys1099 and 

Cys1142) have been shown to be involved in the multimerization of VWF by forming 2 disulphide 

bonds between two parallel D3 domains [28]. A summary of the VWF biosynthesis is depicted in 

Figure 1.2. 

The acidic conditions of the Golgi not only allow VWF multimerization, but also for tubule 

formation and WPB creation. The VWFpp has also a key role in this process, as it directs the VWF 

into the storage organelle, as demonstrated by the lack of VWF in WPBs when the VWFpp is 

absent, and the presence of VWFpp in granules when it is expressed alone [29]. Furthermore, the 

VWFpp has the capacity to direct other proteins to storage organelles when expressed with the 

VWFpp sequence, confirming its role in directing VWF to storage [30].  

Nevertheless, the presence of both the VWFpp and the mature VWF is what determines 

the ultimate formation and cigar-shape of WPBs. The absence of VWF results in the lack of WPBs 

in ECs, while expression of VWF in non-endothelial cells with secretory pathways results in the 

formation of WPB-like organelles [31,32]. After multimerization, the VWFpp and D’-D3 domains 

arrange into a helical tubule, allowing the large VWF multimers to be packaged and compacted 

inside the WPBs. The low pH and high Ca2+ content of WPBs allows and helps to maintain the 
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tubular packing of VWF multimers [33,34]. Although the VWFpp is cleaved by furin before 

packaging into WPBs, it is necessary for the assembly into the helical tubule, and thus, remains 

associated until secretion [34]. During VWF secretion, the neutral pH of the blood causes the 

dissociation of the VWF tubule and induces the rapid and orderly unfurling of the VWF, that will 

be necessary for its platelet recruitment function [35]. 

 

Figure 1.2. Intracellular processing and multimer formation of VWF. In the Endoplasmic Reticulum, 
the signal peptide of 22 amino acids is removed and the first steps of glycosylation occur. Then, the 
monomeric VWF forms tail-to-tail disulphide bonds to form dimers. Once in the Golgi, more glycosylation 
events take place and head-to-head disulphide bonds will lead to multimer formation. The mature form of 
VWF with 2,050 amino acids will be produced after the cleavage of the 741 amino acids propeptide by 
furin. (Representation based on information presented elsewhere [25,28,34,36,37]). 
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While VWF is crucial for the formation of WPBs, it is not the only protein stored in this 

organelle. A high heterogeneity in WPB content exists, including mediators of inflammation, 

vascular tone and angiogenesis [38]. Studies have shown that after stimulation of ECs, Interleukin-

8 (IL-8) is synthesized, binds to VWF in the TGN and is stored in WPBs [39]. Similarly, a small 

proportion of WPBs contain the tissue-type plasminogen activator (t-PA) under normal conditions, 

but after stimulated synthesis, the number of t-PA positive WPBs increases dramatically [40]. 

Although P-selectin and angiopoetin-2 (Ang-2) are both directed to WPBs and colocalize with 

VWF, they never colocalize with each other, supporting the existence of different subsets of WPBs 

[41]. A summary of WPB contents and protein functions is shown in Table 1.1. 

Table 1.1. Weibel-Palade body contents and their function (Taken from Rondaij et al., 2006 [38]). 

Protein Function 
VWF Hemostasis 
P-selectin Inflammation, leukocyte adhesion 
IL-8 Inflammation, granulocyte adhesion/migration 
Eotaxin-3 Inflammation, eosinophil recruitment/migration 
Calcitonin gene related peptide Vasodilatation 
Endothelin Vasoconstriction 
Endothelin converting enzyme Vasoconstriction 
CD63/lamp3 Cell adhesion/migration 
α-1,3-fucosyltransferase VI Membrane glycosylation 
t-PA Fibrinolysis 
Ang-2 Angiogenesis, Inflammation  
Osteoprotegerin Vascular homeostasis 

 

VWF biosynthesis and storage in platelets is quite distinct from that in ECs. Platelets 

contain over 300 different biologically active proteins that are mostly stored in alpha-granules, the 

main storage organelle within platelets. Some of these proteins include chemokines, cytokines, 

adhesive proteins, angiogenesis and coagulation factors, such as fibrinogen, Factor V and VWF 

[42]. Similar to WPBs, not all alpha-granules store the same contents, as distinct subpopulations 
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have been described. For example, VWF and fibrinogen have been shown to localize in distinct 

and separate alpha-granules [43]. Moreover, the formation of alpha-granules is markedly different 

than that of WPBs. In contrast to WPBs, the presence of VWF is not necessary for alpha-granule 

formation, as demonstrated by electron microscopy of platelets obtained from pigs and patients 

with VWD [44,45]. These storage granules develop from budding vesicles in the Golgi, and their 

contents can come from proteins synthesized by the MK or by uptake from plasma in both platelets 

and MKs [42]. In the case of VWF, studies with bone marrow transplantation between normal and 

VWD pigs demonstrated that VWF in platelets originates only from MK synthesis and that platelet 

VWF is thus independent of the plasma pool of the protein [46]. Finally, although platelet VWF 

is also stored in a tubular structure similar to that found in WPBs, it is localized in a specific and 

small area of the mainly round shaped alpha-granules, highlighting the smaller influence of VWF 

on the structure of these organelles [47]. 

1.1.2.1 VWF glycosylation 

Glycosylation of VWF occurs when the protein is trafficking through the ER and Golgi 

apparatus, and includes the addition of both O- and N-linked glycans. It has been estimated that 

the total carbohydrate content of VWF accounts for approximately 20% of the molecular weight 

of the protein [48]. When VWF is translocated to the ER, a core of mannose rich and mainly 

bifurcated N-linked glycans are added to 17 asparagine residues present throughout the VWFpp 

and mature VWF (Figure 1.3) [36]. This initial glycosylation step is critical for VWF folding and 

trafficking to the TGN, as studies have shown that treatment with tunicamycin causes the VWF to 

be retained in the ER and prevents dimerization [37]. In particular, three asparagine residues have 

been shown to be critical at this stage; Asn99 (D1 domain), Asn857 (D’ domain) and Asn2790 (CK 

domain). Mutagenesis studies demonstrated that the N-linked glycan present in the VWFpp D1 
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domain has the most dramatic effect, as it likely prevents the interaction between the nascent 

protein and ER chaperones. Also, Asn2790 has been shown to be required for dimer formation as it 

is located within the region where the three disulphide bonds are formed between VWF monomers 

[36]. 

 

Figure 1.3. Distribution of N- and O-linked glycans on VWF. Ten O-linked (blue spheres) glycans are 
present in the mature VWF, mainly around the A1 domain, while 17 N-linked glycans (orange spheres) are 
distributed throughout the entire VWF, including the VWFpp D1-D2 domains. (Representation based on 
information presented elsewhere [23,49,50]). 

Once in the Golgi, the core of N-linked glycans are further modified into complex 

structures, including the addition of ABO(H) glycan structures [49,51]. The N-linked profile of 

VWF mostly contains sialylated and fucosylated bi-antennary structures, but more than 300 

distinct structures have been identified. Of those, approximately 50% are capped with sialic acid 

(mainly N-acetylneuraminic acid, NeuAc) and 35% contain both sialic acid and ABO(H) antigens 

[49]. The VWFpp has also been shown to contain complex N-linked glycans capped with sialic 

acid, but in contrast to the mature VWF, does not seem to contain H antigen and therefore, is 

unlikely to possess blood type A/B antigens [36]. 

The addition of ABO(H) antigens to secreted proteins is not common, and only few cases 

have been described. This process involves the sequential action of glycosyltransferases that will 

add a specific glycan to a precursor carbohydrate. First, the basic H antigen structure is formed by 

the addition of a fucose by the action of a fucosyltransferase. Then, depending on the ABO blood 

type of the individual, an N-acetylgalactosamine (GalNAc) or Galactose (Gal) glycan is added to 
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the already fucosylated antennae, by the action of the glycosyltransferase A or B, respectively.  In 

the case of blood type O (where a null ABO glycosyltransferase phenotype is present), no further 

antigens are added and only the H antigen is present [52]. 

Also in the Golgi, O-linked glycans are added to 10 amino acid residues, either serine or 

threonine, mainly located around the A1 domain (Figure 1.3). The majority of O-linked glycans 

present on VWF consist of the sialylated tumor-associated T antigen, which is composed of a Gal-

(β1-3)-GalNAc capped with 2 sialic acid residues [53]. A more recent and detailed study revealed 

that VWF possesses a heterogeneous population of 18 distinct sialylated glycans, with the highly 

sialylated structure previously described accounting for 70% of all the O-linked glycan population. 

Moreover, in contrast to N-linked glycans, only about 1% of the O-linked glycans carry ABO(H) 

antigens [50]. 

The presence of O-linked glycans around the A1 domain has been shown to modulate the 

interaction of VWF with the platelet receptor GPIbα, while these glycans have shown no effect on 

VWF biosynthesis or secretion. The rich O-linked region in the A1 domain seems to regulate the 

accessibility of this area to platelets, as mutations affecting these glycosylation sites had increased 

GPIbα binding capacity [54]. Furthermore, the presence of O-linked glycans seems to modulate 

VWF clearance, as inhibition of the addition of these carbohydrates increased clearance by ~2.5-

fold in a rat model [55]. However, an inverse correlation between the amount of sialylated T-

antigen structures present on VWF and plasma levels has been observed in healthy humans [56]. 

Finally, the O-linked glycosylation profile of VWF within WPBs seems to be different from that 

of circulating VWF, suggesting that further modifications may occur once VWF is secreted [56]. 

A recent study showed that the glycosylation content of VWF from ECs is distinct from 

that from platelets, as platelet-derived VWF contains 50% less sialic acid than the EC-derived 
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counterpart, and has no A/B antigens. This characteristic glycosylation profile of platelet VWF 

was associated with an increased resistance to ADAMTS13 cleavage, rendering this ultra large 

molecular weight VWF (ULVWF) with an extended activity at sites of vascular injury [57]. 

Similarly, the presence of N-linked glycans in VWF purified from plasma has been shown to 

negatively modulate the interaction and cleavage by ADAMTS13 [58]. 

 Further modifications of VWF carbohydrates have been reported, including sulfation of N-

linked glycans. Mass spectrometry analysis revealed 10 mono-sulfated glycans present in the 

VWF, mainly occurring on sialylated N-acetyllactosamine (LacNAc) residues [49]. This 

modification seems to occur in the Golgi, after VWF multimerization and before VWFpp cleavage 

and storage in WPBs. However, none of these steps seems to be affected when the sulfation process 

is inhibited [59]. Also, no effect on VWF clearance has been observed with changes in sulfation 

[55]. It has been hypothesized that the presence of sulfated glycans on VWF could serve as a motif 

for P-selectin binding [49], but its definitive biological role remains to be investigated. 

 

1.1.3 VWF secretion, processing and function 

After synthesis is completed, VWF can be secreted into the circulation or can be stored in 

WPBs and alpha-granules for basal and stimulated secretion. Although previous reports suggested 

that 90-95% of the VWF was released through the constitutive secretory pathway [60], new studies 

have shown that only a small portion is secreted this way [61,62]. Indeed, this pathway seems to 

be responsible for the release of an unprocessed and unstable VWF (pro-VWF) that is secreted 

before it can be directed to storage organelles [61]. A slower pathway, termed basal secretion, 

seems to be responsible for the majority of VWF released into the circulation, and takes place in 

ECs after VWF is stored in WPBs, without the need of agonist stimulation [61,62]. 
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Finally, consistent with its role as an acute phase protein, VWF can be released from 

storage organelles after stimulation of both ECs and platelets. This pathway can be stimulated by 

many agonists, including thrombin, histamine, epinephrine, vasopressin, and superoxide anion 

[38]. These agonists act through two main mechanisms to stimulate VWF release, either by raising 

intracellular Ca2+ levels or by elevating cAMP levels. For example, epinephrine increases the 

concentration of cAMP within the cell, while thrombin elevates intracellular Ca2+ levels [63,64]. 

As described earlier, the VWF tightly packaged inside storage organelles will unfurl during 

secretion and form extraordinarily long string-like structures that have a high ability to bind and 

capture circulating platelets. This ULVWF can be composed of up to 200 monomers and be 20,000 

kDa in molecular weight [65,66]. Because these ULVWF strings are super active and can bind 

platelets very easily, these multimers are very rapidly proteolyzed by ADAMTS13, a 

metalloprotease whose sole substrate appears to be VWF [67,68]. 

The activity of ADAMTS13 is essential for regulating the multimeric composition of 

VWF. By cleaving ULVWF multimers, ADAMTS13 limits the growth of a thrombus by 

preventing the excessive accumulation of platelets, and also, prevents unwanted platelet 

aggregation when VWF is released from ECs [69]. After secretion, the ULVWF is quickly cleaved 

into a wide range of smaller multimers [70]. These smaller multimers will become active and able 

to bind platelets again when hydrodynamic forces unfold the globular circulating VWF. In fact, 

the cleavage of VWF has been shown to occur preferentially at high shear rates, such as those 

experienced by VWF when it is bound to the cell surface after secretion or when bound to exposed 

collagen at sites of vessel injury [71]. 

The site where ADAMTS13 cleaves VWF is located within the A2 domain (Figure 1.4), 

and the unfolding of this domain is necessary for the process to take place. The lack of a disulphide 



  13 
 

bond that restrains the conformation of the A2 domain ensures that the domain is less resistant to 

the force exerted by flow and thus, facilitates the unfolding of VWF. Moreover, when ADAMTS13 

cannot cleave VWF effectively, the physiologic and lower shear stress can activate VWF and 

promote thrombosis [71]. 

 

Figure 1.4. Functional domains of the mature VWF monomer. The multiple domains present in VWF 
allows for multiple interactions with many ligands. The D’-D3 domains of VWF are not only involved in 
VWF multimerization, but also in the binding to FVIII and P-selectin. The A1 domain contains the binding 
site for the platelet receptor GPIbα, while the C4 domain contains a binding site for the platelet receptor 
GPIIb/IIIa. The A2 domain contains the cleavage site for ADAMTS13 at Tyr1605-Met1606, while the A3 
domain interacts with collagen. Finally, the CK domain is where the disulphide bonds between VWF 
monomers are created to form VWF dimers. (Based on information presented elsewhere [72–75]). 

The elongation of VWF under high shear rates not only promotes ADAMTS13 cleavage, 

but also the binding of VWF to platelets. This is likely due to a reduction in the shielding effect 

provided by neighbouring domains when the VWF is in its circulating globular form. Thus, high 

shear flow stimulates the rate of binding and affinity of bonds formed between the A1 domain of 

VWF and the GPIbα platelet receptor (Figure 1.4) [76]. Further interactions between VWF and 

platelets will be formed to promote stable platelet aggregation, through binding of the C4 domain 

with the platelet receptor GPIIb/IIIa [77]. 

Another function of VWF is to carry FVIII in circulation, the protein that is deficient in the 

bleeding disorder hemophilia A [78]. VWF protects FVIII from early degradation by activated 

protein C and localizes it to sites of vascular injury. The interaction of VWF with FVIII is 
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characterized by a high non-covalent binding affinity, so it is estimated that more than 95% of 

plasma FVIII is complexed with VWF. Thus, FVIII levels are highly dependent on VWF 

circulating levels [79]. FVIII binds to VWF in a 50:1 molar ratio, and does so by interaction with 

the VWF D’D3 domains (Figure 1.4) [73,74]. In contrast to the binding of VWF with platelets and 

ADAMTS13, VWF binds FVIII more efficiently at low shear rates. At sites of vascular injury, 

where shear rates are high, FVIII is released from VWF, an event that could likely assist in the 

delivery of FVIII to the surface of the platelet plug to promote thrombin generation and fibrin 

deposition [80].  

Plasma levels of VWF represent the balance between biosynthetic and catabolic pathways, 

and have been shown to be influenced by both genetic and environmental factors. Studies in twins 

have shown that VWF levels have a heritability of approximately 65-75%, and that 30% of the 

genetic variance can be explained by the ABO blood type [81,82]. As mentioned earlier, VWF 

contains ABO(H) antigens as part of its glycosylation profile. Studies have shown that these 

antigens can modulate the rate of clearance of VWF and thus, explain the 25-35% difference 

reported in VWF plasma levels between individuals with blood type O and non-O [83,84]. The 

ABO genotype has been associated with VWF plasma levels and with the loading of ABO(H) 

antigens on VWF in the following order O<A≤B≤AB [52,85,86]. Genetic variation within the 

promoter region of the VWF gene has also been shown to be associated with plasma VWF antigen 

levels [87,88]. Also, several new genetic determinants have been recently identified outside the 

VWF locus, including proteins that may be involved in VWF synthesis, secretion and clearance 

[89]. Lastly, aging has been associated with an increase in VWF levels [81,90]. Several 

environmental influences have been reported to affect VWF plasma levels, including inflammatory 

cytokines, stress, estrogenic hormones, diabetes, hypoxia, and exercise. These environmental 
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factors mostly influence VWF levels through the regulated secretory pathway, as previously 

discussed [91–95]. 

 

1.1.4 VWF clearance 

The biosynthesis and secretion of VWF have been extensively studied over the past two  

decades, but information regarding the molecular mechanisms responsible for the clearance of 

VWF has only come to light recently [96–99]. Initial studies in mice with radiolabeled VWF 

demonstrated that VWF clearance is predominantly targeted to the liver (40-60%), whereas other 

organs contribute only small amounts [98]. It was later reported that both the liver and spleen can 

efficiently uptake VWF from the circulation, but the overall contribution of the spleen was limited 

due to its smaller size and lesser blood supply. Further analysis also revealed that macrophages 

present within the spleen and liver could mediate VWF and FVIII clearance [100]. 

The LDL receptor-related protein 1 (LRP1) present on macrophages in the liver is known 

to bind and clear FVIII [101], and because this protein circulates in a tight complex with VWF, it 

was hypothesized that it could also be involved in the clearance of VWF. Indeed, a positive 

association between the LRP1 receptor and VWF clearance was later demonstrated. In this study, 

a mouse model, deficient in macrophage-specific LRP1, showed a 2-fold increase in VWF half-

life. Moreover, in vitro analysis suggested that the interaction was dependent on shear stress, and 

thus, required the unfolding of VWF to bind to the clearance receptor [99]. Nonetheless, the modest 

increase in VWF half-life observed in these mice suggested that likely other receptors and 

clearance pathways are also involved in the clearance of VWF. 

The Ashwell receptor (ASGPR) is a member of the C-type lectin family that binds 

asialoglycoproteins (proteins lacking terminal sialic acid on their carbohydrate chains), and is 
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expressed in hepatocytes and macrophages [102]. Although VWF is highly sialylated, deficiency 

of this receptor in mice results in a 1.5-fold increase in plasma VWF and FVIII levels [103]. 

Moreover, the mouse strain RIIIS/J has significantly lower levels of VWF due to an enrichment 

of VWF glycans with terminal GalNAc residues, which results in rapid clearance through the 

ASPGR receptor [104]. Also, expression of the ST3Gal-IV sialyltransferase has been shown to 

modulate VWF levels in both humans and mice [105]. Lastly, VWF clearance has also been shown 

to be mediated through its interaction with the sialic-acid binding immunoglobulin-like lectins 

(Siglecs). In particular, Siglec-5, a member of this family that has a broad affinity for many sialic 

acids, including NeuAc, has been shown to bind and clear both VWF and FVIII in in vivo and in 

vitro models [106].  

A large genome-wide association study (GWAS) meta-analysis recently performed by the 

CHARGE (Cohorts for Heart and Aging Research in Genome Epidemiology) Consortium 

identified several novel candidate loci associated with VWF and FVIII plasma levels. Three new 

potential candidates for VWF clearance were identified in this study: Stabilin-2, SCARA-5 and 

CLEC4M. Furthermore, all the loci found to be associated with FVIII levels overlapped with those 

found for VWF [89]. 

Reports regarding these three new potential VWF clearance receptors and their influence 

on VWF half-life have been presented or published recently. The C-type lectin domain family 4 

member M (CLEC4M), is a calcium-dependent mannose-specific receptor that is expressed on 

endothelial cells, including the liver sinusoidal endothelium. A study using in vitro and in vivo 

models demonstrated that CLEC4M can bind and internalize VWF alone, or in complex with 

FVIII, and regulate VWF/FVIII plasma levels [107]. Additionally, a new study revealed a 2-fold 

increase in the half-life of VWF in Stabilin-2 deficient mice and demonstrated that liver sinusoidal 
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endothelial cells (LSECs) cells can bind and internalize VWF via this scavenger receptor [108]. 

Similarly, the scavenger receptor class A member 5 (SCARA5) was recently shown to bind to 

VWF in vitro and promote VWF internalization in transfected cells [109]. 

The studies reported until now have highlighted the significant influence that VWF 

glycosylation has on its clearance rate, as the glycan modifications of VWF seem to mediate the 

protein’s interaction with most of the receptors identified so far. The fact that shear stress and 

VWF unfolding facilitates the clearance of VWF by LRP1 suggests that other influences are also 

likely to be involved in regulating clearance rates. Evidence presented to date, indicates that 

ADAMTS13 cleavage of VWF does not seem to affect the VWF half-life, as studies with high and 

low molecular weight multimers have shown similar clearance rates [98]. Most studies indicate a 

prominent role of the VWF D3 domain on VWF clearance, as demonstrated by VWD patients with 

accelerated clearance and in vitro and in vivo models [96,98,110,111]. Nevertheless, many 

questions remain unanswered, such as the mechanism by which VWF with different glycan 

content, such as those related to ABO blood type or MK synthesis, influences its clearance rate. 

There are many missing pieces of information in this area of VWF biology. 

 

1.2 Aging and hemostasis 

The hemostasis system in older individuals is distinctly different from that in children and 

young individuals [112]. In children, the blood coagulation system reaches an initial state of 

maturity by the age of weaning, but then is followed by a gradual increase in hemostatic activity 

during young adulthood that will almost double by old age [112,113]. This phenomenon seems to 

be the consequence of a strictly controlled normal biological process, rather than the result of 

dysregulation of hemostasis with age. The progressive increase in procoagulant activity with aging 
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likely contributes to the development and progression of CVDs and thrombotic disorders, because 

the anticoagulant proteins remain almost unaffected in the elderly [114,115]. The development of 

CVDs involves a complex interaction between multiple genetic and acquired risk factors [116]. 

Nonetheless, the occurrence of CVDs is well known to increase with age, with individuals over 60 

years old having a significantly higher risk of developing these diseases than younger individuals. 

It is proposed that a procoagulant state in elderly subjects contributes to the basis for their increased 

thrombotic tendency [117]. 

The effect of aging on CVDs is highlighted by the fact that individuals with progeroid 

syndromes, a group of diseases characterized by early aging, frequently die prematurely because 

of heart disease and stroke, around the age of 13 years [118]. In vitro studies have shown a higher 

abundance of the coagulation protein tissue factor in cells from patients with these syndromes than 

in cells from age-matched normal individuals [119]. Additionally, an increase in other 

procoagulant proteins has also been observed in patients with accelerated-aging diseases, which 

could predispose them to an increased risk of thrombosis [118,120]. 

One of the molecular characteristics of aging is the gradual loss of chromosomal telomere 

length, which occurs after each cell replication cycle. Telomeres are important in the maintenance 

of chromosomal stability and in the control of cell cycle, so age-dependent telomere loss may 

contribute to a reduction in viable cells, altered functions and an impaired regenerative response 

[121]. Telomere length has also been associated with the development of CVDs, as people over 

60 years old with shorter telomeres have more than 3-fold higher cardiac mortality in the following 

ten years than age matched control subjects with normal telomeres [122]. Additionally, shorter 

telomeres have been found in endothelial cells from patients with CVDs compared to those in 

healthy subjects; likewise, a mouse model of telomerase knockout showed evidence of cardiac 
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dysfunction [123]. All this evidence supports a strong association between aging and CVDs, and 

the idea that there are cellular mechanisms that control the changes in the hemostatic system with 

advancing age.  

One example of such age associated control in blood coagulation came after the study of 

the human F9 gene, which encodes the procoagulant protein Factor IX (FIX) [114]. The levels of 

this protein are known to rise with age in humans due to an increase in mRNA levels. It was 

demonstrated that the increase in gene expression was controlled by an age-related increase 

element (AIE) present in the 3’-UTR of the gene, which binds to a ribonucleoprotein that 

accumulates with age and provides stability to the mRNA [114,124]. The importance of this age-

related control on gene expression is highlighted by the phenotype in patients with Hemophilia B 

Leyden, a unique variant of this inherited bleeding disease, in which patients experience a natural 

recovery of FIX expression following puberty, leading to a clinically normal phenotype around 

the third to fourth decade of life [125]. 

In general, the procoagulant state in later life is characterized by increased levels of several 

coagulation factors and fibrinolysis inhibitors, and higher levels of coagulation activation markers 

[126–128]. Specifically, it has been shown that the plasma concentration of Factors I, V, VII, VIII, 

IX, XI, XII, XIII, VWF and plasminogen activator inhibitor 1, as well as thrombin generation, 

increase with age in healthy humans [112,128–131]. The increase in these coagulation proteins 

with age reflects not only a procoagulant state in later life, but is also reflected by an increased risk 

for CVDs [130]. Given the critical role of VWF in hemostasis and that several studies have 

associated this protein with the development of CVDs, it is particularly interesting to evaluate how 

this protein changes with age, and to characterize the molecular mechanisms behind these age-

related changes. 
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1.3 Aging and von Willebrand factor 

As mentioned before, VWF levels can be influenced by a variety of stimuli including aging. 

High levels of VWF have been observed in older individuals and significantly higher 

concentrations have been found in centenarians [90]. The mechanisms of age-related changes on 

VWF levels are largely unknown, but it has been hypothesized that they could be the result of a 

specific control mechanism or the result of an altered endothelial cell microenvironment in later 

life [5]. VWF is considered an independent and reliable marker for endothelial dysfunction, and 

therefore, its levels can be used as a marker for thrombotic risk [5,132]. Indeed, high levels of 

VWF have been strongly associated with arterial thrombotic events, either coronary heart disease 

or ischemic stroke, two diseases that are prevalent in later life [133–136]. Moreover, increased 

VWF secretion has been found in patients with venous thrombosis and more recently, VWF was 

also associated with deep vein thrombosis in an animal model, in which VWF-dependent platelet 

adhesion was essential for thrombus formation [137,138]. 

A constitutive activated phenotype of endothelial cells with later age, called senescent 

activation, causes an imbalance in tissue homeostasis and could be a possible mechanism for the 

age-related increase in VWF levels [139]. Also, a shorter leukocyte telomere length, a marker for 

systemic inflammation and oxidative stress, has been associated with an increase in VWF levels 

in three large aging populations [140]. The changes of VWF levels with age have been associated 

with arterial rigidity and its related oscillatory shear stress, as they may induce a local 

inflammatory environment, an increase in the generation of superoxide anion and the impairment 

of endothelial nitric oxide function [132,141]. With aging, endothelial cells become less sensitive 

to the inhibitory effects of nitric oxide, causing an increase in endothelial exocytosis [142]. This 

type of endothelial dysfunction could promote a procoagulant state by enhancing the secretion of 



  21 
 

VWF from WPBs, and consequently, by promoting thrombus formation through platelet adhesion 

and aggregation, and enhancing the availability of FVIII for thrombin generation.  

Although the ULVWF that is secreted from ECs is quickly cleaved by ADAMTS13, 

studies have shown that the levels of this protease tend to decrease with age, especially after the 

age of 60 years [143]. Low levels of this enzyme can lead to serious complications, due to the 

presence of more active ULVWF in the circulation. In fact, when ADAMTS13 does not cleave 

VWF efficiently or ADAMTS13 levels are markedly reduced, a critical combination of events can 

develop, including microthrombi, hemolysis, thrombocytopenia and tissue infarction, in a disorder 

known as thrombotic thrombocytopenic purpura (TTP) (Figure 1.5) [144].  

 

Figure 1.5. ADAMTS13 cleavage of ULVWF under normal and pathological conditions. Under 
normal conditions, VWF can bind to platelets once it is released into the circulation. The action of 
ADAMTS13 (+) cleaves this ULVWF to prevent unwanted platelet adhesion and to reduce the size of a 
thrombus. When this cleavage does not occur (-), VWF can bind to platelets spontaneously causing TTP 
(Based on Sadler et al., 2008 [144]). 
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The physiological importance of these age-related findings is demonstrated by the fact that 

patients with lower levels of ADAMTS13 have a higher risk for CVDs than controls, specially, 

for coronary heart disease. Moreover, the risk for CVDs in these patients is even higher when they 

have coincident high levels of VWF and low levels of ADAMTS13 [134,145]. Similarly, the levels 

of VWF and ADAMTS13 activity might play an important role in the pathogenesis of 

disseminated intravascular coagulation (DIC), as these two parameters have been found to be 

increased and decreased, respectively, in patients with this condition. Additionally, a poor outcome 

with DIC was associated with a higher secretion of VWF and low ADAMTS13 activity [146]. 

Finally, the importance of the age-related increases in VWF levels is highlighted by the 

fact that patients with VWD have a 15-60% decreased risk for CVDs, including coronary heart 

disease, ischemic stroke, acute myocardial infarction and peripheral vascular disease  [147,148]. 

Therefore, understanding how and why VWF levels increase with age may provide opportunities 

to improve the management and treatment of patients at risk for CVDs. Similarly, this knowledge 

is also of relevance to the clinical care of VWD patients, as two recent studies have demonstrated 

that patients with mild and moderate VWF deficiency (VWD type 1) also experience age-related 

increases in VWF levels [149,150]. 
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1.4 Thesis Hypothesis and Aims 

 

1.4.1 Thesis Hypothesis 

 We hypothesize that VWF plasma levels increase with age as a result of changes in 

biosynthetic (expression/synthesis and secretion) and catabolic pathways, and that aging is 

accompanied by structural and functional changes to VWF that influence its interactions with its 

ligands. 

   

1.4.2 Thesis Aims 

1. To investigate the effect of aging and ABO blood type on VWF and FVIII levels, and the 

contribution of VWF secretion and clearance mechanisms in a normal aging population. 

 

2. To evaluate the mechanisms involved in the increase in VWF levels, through studies of 

Vwf expression, secretion and clearance in a mouse model. 

 

3. To evaluate the effect of age-related oxidative stress on VWF levels and function. 
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Chapter 2 

Aging and ABO blood type influence VWF and FVIII levels through 

interrelated mechanisms 
 

2.1 Summary. 

Background: Plasma levels of von Willebrand Factor (VWF) and Factor VIII (FVIII) are 

influenced by both ABO blood type and age. Although both effects have been widely reported, a 

comprehensive analysis of their combined effect has not been performed and the mechanisms 

responsible for the age-related changes have not been determined. Objectives: To assess the 

influence of aging and ABO blood type on VWF and FVIII levels, and to evaluate the contribution 

of VWF secretion and clearance to the age-related changes. Methods: In a cohort of 207 normal 

individuals, we measured plasma levels of VWF, FVIII, VWF propeptide (VWFpp) and calculated 

the VWFpp/VWF antigen ratio. The A antigen content on VWF was also quantified. Results: We 

found that aging and ABO blood type exert interrelated effects on VWF/FVIII plasma levels, as 

the age-related increase of both proteins occurred mostly in type non-O individuals (1.71-fold vs. 

1.25-fold, p<0.001). This increase with age in non-O subjects drove the differences between blood 

types in VWF levels, as they went from 1.15-fold in the young to 1.51-fold in the old. Moreover, 

the amount of A antigen on VWF increased with age and was negatively correlated to VWF 

clearance (r=-0.38, p=0.001). We also documented an effect of ABO blood type on VWF secretion 

in later life, as old individuals with blood type non-O showed higher levels of VWFpp. 

Conclusions: Aging and ABO blood type have an interrelated effect on VWF/FVIII levels, where 

the effect of one is significantly influenced by the presence of the other. 
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2.2 Introduction 

von Willebrand Factor (VWF) is a multimeric glycoprotein synthesized by endothelial cells 

and megakaryocytes that carries coagulation Factor VIII (FVIII) and promotes platelet adhesion 

and aggregation [4]. Adequate levels of VWF in plasma are needed for a balanced hemostasis, 

since high levels of VWF are associated with an increased risk for cardiovascular disease 

[5,135,136], while VWF deficiency results in von Willebrand disease (VWD) [151]. Nevertheless, 

plasma levels of VWF have been shown to be influenced by several genetic and environmental 

factors, including exercise, hormones, ABO blood type and age [90,95,152].  

The ABO locus alone accounts for ~30% of the genetic determinants of VWF levels [153]. 

Indeed, blood type O individuals have been shown to have ~25% lower levels of VWF in plasma, 

as the presence of ABO antigens on VWF might be protective from clearance [83,84]. Moreover, 

individuals with blood type O are overrepresented in type 1 VWD [151], while individuals with 

blood type non-O are at increased risk for cardiovascular diseases [154–156]. 

Many studies have also shown a positive correlation between aging and VWF levels. In 

centenarians, VWF levels were found to be significantly elevated, even more than in old controls 

[90]. This phenomenon has also been observed in individuals with type 1 VWD, where the levels 

of VWF can normalize with advancing age [149,150]. Although the hemostatic system in general 

seems to shift towards a more procoagulant state with aging [117,157,158], little is known about 

the mechanisms that control the increase in VWF levels with age. 

FVIII levels have also been shown to be influenced by both aging and ABO blood type, 

although reports on the presence of ABO antigens on FVIII are controversial [159,160]. The 

changes in FVIII levels are likely dependent on the changes in VWF, as FVIII circulates in a 

complex with VWF, which protects FVIII from early degradation. Furthermore, deficiency of 
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VWF is accompanied by reduced levels of FVIII, while usually an increase in VWF levels will 

drive an increase in FVIII levels [161,162]. 

Plasma levels of VWF are the combined result of protein secretion and clearance. 

Consequently, an increase in VWF levels could be the result of enhanced secretion, reduced 

clearance, or both. VWF propeptide (VWFpp), a 741 aa cleavage product of VWF, is stored 

together and remains associated with VWF until both are secreted into the circulation in equimolar 

concentrations. Once in the plasma, the interaction between VWFpp and the mature VWF is lost 

and both proteins follow different clearance kinetics, where the estimated half-life for VWFpp is 

approximately 2 hours while that for the mature form is around 8-12 hours [163,164]. For this 

reason, many studies have used VWFpp levels as a marker for endothelial cell activation and VWF 

release, as it is independent of VWF clearance. Increased VWF secretion, observed by high levels 

of VWFpp, have been observed in both chronic and acute vascular diseases, such as malaria [165], 

sepsis [166], diabetes [167], disseminated intravascular coagulation [146] and thrombotic 

microangiopathy [168].  

Moreover, since for every molecule of VWFpp released there is one molecule of VWF, the 

ratio between these two proteins can serve as a surrogate marker for VWF clearance. This ratio 

has been useful in identifying VWD patients with accelerated VWF clearance, as VWF levels are 

low but VWFpp levels are normal, and thus, the ratio is higher [169–172]. In contrast, a reduced 

VWF clearance from plasma would result in a smaller ratio. 

In this study, we investigated the effect of aging and ABO blood type on VWF and FVIII 

levels and the contribution of VWF secretion and clearance mechanisms to the age-related 

changes, by evaluating surrogate markers in a normal aging population. 
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2.3 Materials and methods 

2.3.1 Human samples 

A total of 207 healthy controls were included in this study, with individuals grouped into 

three age categories: young (mean 7±5, 1-17 years, n=52), middle-age (mean 41±6, 30-49 years, 

n=42) and old (mean 71±7, 55-87 years, n=113). The three age groups were similar in gender and 

ABO blood type composition (~50% females and ~50% blood type O). Pediatric samples were 

recruited from the waiting room of the Children’s Outpatient Clinic at Hotel Dieu Hospital in 

Kingston, Ontario. Adult samples were recruited from either community volunteers who 

responded to local advertisement or from the waiting room of a pre-surgical clinic for knee and 

hip replacement at Hotel Dieu Hospital. All individuals responded to a bleeding questionnaire and 

had negative bleeding scores. Blood samples were collected by venipuncture and the blood 

centrifuged at 4,000 x g for 20 min to obtain the plasma, after which it was stored at -80 °C until 

protein measurements. Research Ethics Board approval was obtained from Queen’s University and 

all subjects gave informed consent to participate. 

2.3.2 Protein measurements 

VWF antigen levels (VWF:Ag) were determined by enzyme-linked immunosorbent assay 

(ELISA) using VWF polyclonal antibodies (DAKO, Glostrup, Denmark). VWF Ristocetin 

cofactor activity (VWF:RCo) was quantified using a standard platelet agglutination assay. Plasma 

levels of VWF propeptide (VWFpp) were measured with a VWFpp ELISA kit (Immucor GTI 

Diagnostics, Waukesha, WI, USA). Angiopoetin-2 (Ang-2) levels were quantified using the 

Angiopoetin-2 Duo Set ELISA kit (R&D Systems, Minneapolis, MN, USA). FVIII antigen levels 

(FVIII:Ag) were quantified using a matched-pair antibody set for ELISA (Affinity Biologicals, 

Ancaster, ON, Canada). FVIII activity (FVIII:C) was measured through a standard one-stage 
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clotting assay. Normal Human Reference Plasma (NRP) was used as standard (Precision 

Biologics, Dartmouth, NS, Canada). 

2.3.3 Estimation of VWF half-life 

VWF half-life was estimated as previously reported [138], taking into consideration the 

VWFpp/VWF:Ag ratio and the molar concentrations of both VWF and VWFpp. This estimation 

assumes that VWFpp half-life is relatively invariable, that the clearance pattern of both the mature 

VWF and the propeptide follows first-order kinetics and that both are at steady state. Shortly, VWF 

half-life was defined as: 

VWFhalf-life =  

where 2 (h) is the estimated half-life of VWFpp, and 5.05 the ratio between the molar 

concentrations of VWF (31 nM) and VWFpp (6.13 nM). 

2.3.4 Blood type A antigen content on VWF 

The amount of blood type A antigen present on VWF was measured by ELISA in all 

samples with blood type A (n=73). Briefly, plasma samples were incubated in a plate coated with 

a rabbit polyclonal anti-VWF antibody (DAKO, Glostrup, Denmark) and blocked with 5% milk-

PBS. A mouse monoclonal anti-blood group A antibody was then added (Sigma-Aldrich, St. Louis, 

MO, USA) and the amount of A antigen present determined with a goat anti-mouse IgG antibody 

conjugated with HRP (Santa Cruz Biotechnology, Texas, USA). Pooled plasma from healthy blood 

type A individuals was used as a standard. 
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2.3.5 Statistical analysis 

Protein levels and half-lives are presented as means and standard deviations, unless 

otherwise stated. Difference in protein levels between groups was tested with Mann-Whitney or 

Kruskal-Wallis tests. Associations between the different variables were tested through Spearman 

correlations analysis. Statistical analysis and graphs were performed with GraphPad Prism v.4 

(San Diego, CA, US), and a p-value <0.05 was considered significant. 

2.4 Results 

2.4.1 Effect of aging and ABO blood type on VWF levels 

Plasma levels of VWF showed significant increases with age, with an overall change of 

1.56-fold by later life (Table 2.1). This increase was accompanied by an increase in VWF:RCo, as 

the activity was strongly correlated to VWF:Ag levels (r=0.81, p<0.0001). Aging was positively 

associated with VWF:Ag levels (Figure 2.1A), and there was no gender difference (p=0.62). 

However, there was a clear distinction between ABO blood types (Figure 2.1B), where VWF levels 

were more strongly correlated with aging in individuals with blood type non-O than in type O 

subjects (r= 0.57 vs. 0.39, p=0.008). 

For those individuals with blood type non-O, VWF levels increased progressively and 

significantly with age, reaching a 1.71-fold change by old age (0.98±0.32 vs. 1.22±0.43 vs. 

1.68±0.62 U/mL, p<0.0001) (Figure 2.2A). In contrast, VWF levels in blood type O individuals 

did not increase significantly by middle-age (0.85±0.25 vs. 0.95±0.34 U/mL, p=0.42), and even 

when they were significantly elevated in the old population (0.85±0.25 vs. 1.11±0.38 U/mL, 

p=0.002), they only increased by 1.25-fold. 
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Table 2.1. Age-related changes in VWF and FVIII levels, as well as markers of VWF secretion 

and clearance. 

Variable 
Young 

7±5 years (1-17) 
n=52 

Middle-age 
41±6 years (30-49) 

n=42 

Old 
 71±7 years (55-87) 

n=113 

Fold 
change‡ 

VWF:Ag (U/mL) 0.91±0.29 1.08±0.41* 1.42±0.59*** 1.56 

VWF:RCo (U/mL)† 0.66±0.21 0.76±0.14* 1.34±0.55*** 2.03 

FVIII:C (U/ml) 0.95±0.39 1.19±0.38** 1.48±0.54*** 1.56 

FVIII:Ag (U/ml) 0.65±0.19 0.80±0.24*** 0.99±0.32*** 1.52 

VWFpp (U/mL) 1.08±0.22 1.09±0.36ns 1.26±0.39** 1.17 

VWFpp/VWF:Ag ratio 1.24±0.28 1.04±0.28*** 0.95±0.23*** 0.77 

Estimated VWF half-life (h) 8.6±2.0 10.3±2.4*** 11.2±2.7*** 1.31 

Values represent mean and standard deviations. *p<0.05, **p<0.01, ***p<0.001, ns=not significant. 

All p-values were obtained using the young population as a reference. †VWF:RCo results available 

only for 32, 20 and 65 samples, in each of the age categories, respectively. ‡Fold change between 

the young and old population.  
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Figure 2.1. Distinct associations of aging with plasma VWF and FVIII levels. A positive 
correlation was observed with increasing age and both VWF (A) and FVIII levels (C). A 
significantly different effect of aging on VWF and FVIII levels was observed between blood types, 
as levels of both proteins were significantly more associated with aging in individuals with blood 
type non-O than O (B,D). Linear regression with 95% CI lines (dotted lines) are shown. 

The well-known differences in VWF levels between ABO blood types was observed when 

samples from all age-groups were combined and classified by blood type, with significantly higher 

levels in non-O individuals (1.01±0.36 vs. 1.42±0.60 U/mL, p<0.0001). Nevertheless, the 

influence of ABO blood type was more evident with advancing age, as small but not significant 

differences were observed in young individuals (type O 0.85±0.25 vs. non-O 0.98±0.32 U/mL, 

p=0.25, 1.15-fold) (Figure 2.2A). With aging, the differences became evident in the middle-age 

population (0.95±0.34 vs. 1.22±0.43 U/mL, p=0.011; 1.28-fold) and were even more pronounced 

in the old (1.11±0.38 vs. 1.68±0.62 U/mL, p<0.0001; 1.51-fold). 
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Figure 2.2. Combined effect of ABO blood type and aging on VWF and FVIII levels. In the 
young population, levels of VWF and FVIII were not significantly different. With aging, as the 
levels of VWF and FVIII increased in individuals with blood type non-O, the difference between 
blood type O and non-O became evident and more marked with advanced age (A,C). A similar 
effect of ABO and aging was observed on VWF Ristocetin cofactor activity levels (B). Results of 
VWF:RCo were available only for 31 young and 65 old samples. Mean values are depicted and 
error bars represent SEM. *p<0.05, **p<0.01, ***p<0.001. 
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The effect of ABO on VWF activity was also observed when all samples were combined 

by blood type, with higher activities in individuals with blood type non-O (0.93±0.50 vs. 1.20±0.54 

U/mL, p=0.002). As data on VWF activity was not available on all samples, particularly for the 

middle-age population, the analysis by blood type and age-category was not possible. Nonetheless, 

VWF activity was similar in young individuals, independent of blood type (0.67±0.20 vs. 

0.66±0.24 U/mL, p=0.78, n=31), while the activity was significantly higher in old individuals with 

blood type non-O (1.16±0.60 vs. 1.49±0.47, p=0.006, 1.28-fold, n=65) (Figure 2B). 

2.4.2 Effect of aging and ABO blood type on FVIII levels 

The FVIII coagulant activity and antigen levels were measured in the three age categories 

and showed a gradual increase with age, both reaching a 1.5-fold increase by later life, similar to 

VWF:Ag levels (Table 2.1). As expected, FVIII:Ag levels were found to be strongly correlated to 

VWF:Ag levels (r=0.84, p<0.0001), and increased proportionately with VWF.  

Based on these findings, FVIII levels were also associated with aging (r=0.53, p<0.0001) 

(Figure 2.1C). As with VWF, there was no difference between genders (p=0.77), but a distinct 

ABO blood type influence was observed, with FVIII levels more strongly associated with aging in 

individuals with blood type non-O than in type O subjects (r= 0.62 vs. 0.47, p=0.004) (Figure 

2.1D). This effect was observed for both FVIII antigen and activity levels. 

Consequently, FVIII:C increased significantly with age in individuals with blood type non-

O, achieving a 1.75-fold increase by old age (0.97±0.40 vs. 1.35±0.31 vs. 1.70±0.53, p<0.0001), 

in contrast to a 1.29-fold increase in individuals with blood type O (0.94±0.38 vs. 1.03±0.38 vs. 

1.21±0.42, p=0.04) (Figure 2.2C). 

 When all samples were grouped and classified by blood type, a 34% difference was 

observed in FVIII levels (1.11±0.42 vs. 1.48±0.55, p<0.0001). Once again, the effect of ABO 
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blood type was influenced by aging. There was no significant difference in FVIII levels observed 

in young subjects of different blood types (0.94±0.38 vs. 0.97±0.40, p=0.98), but with aging, 

significantly higher levels of FVIII were observed in blood type non-O middle-age (1.03±0.38 vs. 

1.35±0.31, p=0.005, 1.31-fold) and old subjects (1.21±0.42 vs. 1.70±0.53, p<0.0001, 1.41-fold) 

(Figure 2.2C). 

2.4.3 Contribution of VWF secretion and clearance to the age-related changes 

As plasma levels of VWF are the net result of protein secretion and clearance, we 

established the contribution of each of these mechanisms to the increase in VWF and FVIII levels 

with age. In our entire study population, VWF:Ag levels were similarly associated with both 

secretion (r=0.75, p<0.0001) and clearance (r=-0.73, p<0.0001). Moreover, both VWF and FVIII 

were associated with VWF secretion and clearance in each of the three age populations (Table 

2.2), suggesting that both mechanisms play a role in the changes of VWF levels with age. 

 

Table 2.2. Associations between VWF and FVIII antigen levels and markers of VWF secretion 

and clearance with aging. 

 
 Young Middle-age Old 

 r p-value r p-value r p-value 

VWF:Ag vs. 

VWFpp 0.56 <0.0001 0.76 <0.0001 0.82 <0.0001 

VWFpp/VWF:Ag ratio -0.82 <0.0001 -0.67 <0.0001 -0.62 <0.0001 

Estimated VWF half-life 0.82 <0.0001 0.67 <0.0001 0.62 <0.0001 

FVIII:Ag vs. 

VWF:Ag 0.88 <0.0001 0.69 <0.0001 0.79 <0.0001 

VWFpp 0.55 <0.0001 0.58 0.0001 0.73 <0.0001 

VWFpp/VWF:Ag ratio -0.67 <0.0001 -0.42 0.007 -0.40 <0.0001 

Estimated VWF half-life 0.67 <0.0001 0.42 0.007 0.40 <0.0001 
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VWF secretion. When VWFpp levels were measured as a marker of VWF secretion, 

increased levels were observed in the elderly, while no differences were found between young and 

middle-age individuals (Table 2.1).  

Despite weak prior evidence suggesting that ABO blood type also has an effect on VWFpp 

levels, we found significantly higher levels of VWFpp in individuals with blood type non-O 

(1.08±0.31 vs. 1.28±0.37, p<0.0001, 1.19-fold), when all samples were combined by blood type. 

Nevertheless, this effect was only observed in the old population (Figure 2.3). Levels of VWFpp 

were 1.26-fold higher in older subjects with blood type non-O when compared to old subjects with 

blood type O (1.11±0.33 vs. 1.40±0.39 U/mL, p<0.0001). No significant differences were 

observed in VWFpp levels between genders for any of the three populations (data not shown). 

 

Figure 2.3. Increases in VWFpp with aging and different blood types. No significant 
differences in VWFpp levels throughout aging were observed in individuals with blood type O, 
while VWFpp levels were significantly elevated in old individuals with blood type non-O. Mean 
values are depicted and error bars represent SEM. **p<0.01, ***p<0.001. 
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correlated to both VWFpp (r=0.43, p=0.003) and VWF:Ag levels (r=0.52, p=0.0002), supporting 

the proposal that enhanced VWF secretion is responsible for high levels of VWFpp in old age. 

VWF clearance and estimated half-life. Analysis of VWF clearance in each age-specific 

population showed marked differences in terms of the VWFpp/VWF:Ag ratio and estimated half-

life. The VWFpp/VWF:Ag ratio showed a gradual decrease with age, with a 0.77-fold change 

between the young and old populations (Table 2.1). Similarly, a gradual increase in the estimated 

VWF half-life was observed, with an overall 1.31-fold change. These changes occurred 

independent of gender, but were influenced by blood type, as expected from the previous results 

on VWF:Ag and VWFpp levels. 

The change in VWF clearance for type non-O subjects occurred gradually, with a 

significant reduction of the VWFpp/VWF:Ag ratio by middle-age (1.22±0.31 vs. 0.94±0.20, 

p=0.0013, 0.77-fold) and even more by old age (1.22±0.31 vs. 0.88±0.20, p<0.0001, 0.72-fold) 

(Figure 2.4A). This was also seen with the estimated VWF half-life, which gradually increased 

with advancing age (8.7±2.1 vs. 11.2±2.2 vs. 12.2±2.8 hours, p<0.0001, 1.39-fold) (Figure 2.4B). 

 Although individuals with blood type O also had a decreased clearance with advancing 

age, the effect was less marked, with only 0.83-fold change, and was only significant in the old 

population (1.26±0.25 vs. 1.04±0.23, p=0.001) (Figure 2.4C). Hence, the small reduction in VWF 

clearance translated into a slightly longer estimated half-life in old individuals (8.4±2.0 vs. 

10.2±2.2, p=0.0011, 1.21-fold) (Figure 2.4D). 
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Figure 2.4. Distinct changes in VWF clearance with age and the effect of ABO blood type. A 
significant reduction in VWF clearance in individuals with blood type non-O was observed, as 
shown by a decrease in VWFpp/VWF:Ag ratio (A) and by an increase in the estimated VWF half-
life (B). A small reduction in VWF clearance in later life was observed in individuals with blood 
type O, based on the VWFpp/VWF:Ag ratio (C) or in the estimated VWF half-life (D). Mean 
values are depicted and error bars represent SEM. **p<0.01, ***p<0.001. 

 

The influence of ABO blood type on VWF clearance and half-life was again most evident 

with advanced age. Hence, no significant differences were observed in the young population 

between blood types for either the VWFpp/VWF:Ag ratio (1.26±0.25 vs. 1.22±0.31, p=0.49) or 

estimated VWF half-life (8.4±2.0 vs. 8.7±2.1 hours, p=0.49) (Figure 2.5A-B). By middle-age, the 
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significantly in type non-O individuals but changed minimally for those with blood type O. In later 

life, the difference reached 1.2-fold, as individuals with blood type non-O had the smallest 

VWFpp/VWF:Ag ratio (1.04±0.23 vs. 0.88±0.20, p=0.0002) and the longest estimated VWF half-

life (10.2±2.2 vs. 12.2±2.8 hours, p=0.0002). 

 

Figure 2.5. Distinct changes in VWF clearance with age and blood types. The differences in 
VWFpp/VWF:Ag ratio with blood type were apparent only with advancing age, as no differences 
were observed in the young population (A). Similarly, no differences in the estimated VWF half-
life were observed between blood types in young individuals, but were shown with increasing age 
(B). Mean values are depicted and error bars represent SEM. *p<0.05, ***p<0.001. 
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2.4.4 A antigen content on VWF throughout aging 

In an attempt to explain the differential changes in VWF levels with age and ABO blood 

type, the amount of blood type A antigen present on VWF was measured (A-VWF) in all samples 

with blood type A. A significant increase in A-VWF levels was found in the middle-age (1.52-

fold, p=0.01, n=13) and old populations (1.35-fold, p=0.03, n=40) when compared to young 

individuals (n=20) (Figure 2.6A). Furthermore, the amount of A-VWF was associated with 

VWF:Ag levels (r=0.33, p=0.004) and VWFpp/VWF:Ag ratio (r=-0.37, p=0.001), but not with 

VWFpp (r=0.15, p=0.22) (Figure 2.6B-D). These findings support our observations of the role of 

ABO antigens on VWF clearance with age, but does not explain the differential increase in VWF 

secretion documented with non-O blood type. 

 
Figure 2.6. Relative A antigen content on VWF with aging and its association with VWF 
levels. A-VWF levels were calculated relative to the mean levels of the young population. (A) 
Significantly higher levels of A-VWF were observed in the middle-age (n=13) and old (n=40) 
populations when compared to the young population (n=20). Mean values are depicted and error 
bars represent SEM. *p<0.05. Relative A-VWF levels were associated with VWF:Ag levels (B) 
and VWF clearance (D), but not with VWF secretion (C). Linear regression lines are shown. 
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2.5 Discussion 

In this study we found that ABO blood type and aging have combined and bidirectional 

influences on VWF, and therefore, FVIII levels. This is the first time that this combinatorial 

mechanistic influence has been documented. The presence of both aging and A/B antigens had a 

major effect on VWF plasma levels, in contrast to when only one factor was present. In the young, 

the effect of ABO blood type on VWF levels was limited (1.15-fold); likewise, VWF levels in 

elderly individuals with blood type O only increased by 1.25-fold. In contrast, when both aging 

and A/B antigen influences were present, a very significant increase of 1.71-fold in VWF levels 

was found. Therefore, the presence of A/B antigens was found to be a main driver for the increase 

in VWF/FVIII levels with age, while aging explained most of the differences between blood types. 

Furthermore, our study suggests that the increase in VWF levels with age is independent of platelet 

contribution, as it has been shown that platelet VWF does not possess A/B antigens [57,173].  

Our findings are supported by other studies in which VWF levels were measured in 

pediatric and adult populations, although none of these studies evaluated the proposal that aging 

and ABO blood type could influence VWF levels by interrelated mechanisms. Akin et al. found 

similar results to ours when analyzing 200 children with a mean age of 8 years (2-17), as only a 

15% difference in VWF levels was found between type O and non-O children [174]. In addition, 

in a study of over 500 healthy children, Klarmann et al. found no ABO blood type-related 

differences in VWF levels during early childhood, but did observe these differences during 

adolescence, and suggested that this was associated with the physiologic development of the ABO 

blood system [175]. Here, we suggest that the ABO blood system continues to change throughout 

aging and is a major contributor to the increase in VWF levels with age. 



  41 
 

 In more than 400 healthy adults, Favoloro et al. found a positive correlation between VWF 

levels and age, as well as higher levels of VWF in type non-O individuals [176]. However, they 

noted that the major differences in ABO-related VWF levels were at the high end of VWF levels, 

rather than at the low end. Gill et al. found a similar trend with age between blood types in more 

than 1000 healthy adults [84]. Interestingly, Coppola et al. did not find significant differences in 

VWF levels between ABO blood types in centenarians, although they observed it on younger 

controls (1.54-fold in individuals >45 years old) [90]. It is possible that the VWF levels in type O 

individuals take longer to achieve the high levels the blood type non-O achieved much earlier in 

life, and thus the lack of significance in centenarians, or that additional factors participate in the 

increase in VWF levels in advanced old age. 

ABO blood type has been associated with differences in VWF clearance, but not with VWF 

secretion. In a study performed on healthy volunteers infused with DDAVP, Gallinaro et al. found 

that individuals with blood type non-O had a significantly longer VWF half-life [83]. The 

participants had a mean age of 40 years (24-70), similar to our middle age group, in which the 

differences in VWF levels between ABO blood types are evident, and in which a reduction in 

VWF clearance and increase in VWF half-life for type non-O individuals was observed. We 

observed very significant differences in VWF clearance between ABO blood types with advancing 

age. Studies have linked the ABO genotype to the amount of ABO antigens present on VWF, while 

their quantity explains approximately 18% of the variation in VWF plasma levels [85,86]. 

Nevertheless, in a very recent study, the ABO status of the individual rather than the presence of 

ABO antigens on VWF was shown to be responsible for the differences in VWF clearance [177]. 

In our study, the amount of A antigen present on VWF was significantly elevated in middle-

age and old individuals, which could explain the significant increase in VWF levels with age in 



  42 
 

type non-O subjects. However, the ABO genotype of our study group was not available, so the 

distribution of the different A subtypes within each age group is unknown and thus, it is possible 

that a skewed distribution of the genotypes caused the differences in A antigen content between 

the age groups. 

Nonetheless, the amount of A antigen on VWF was significantly correlated to VWF:Ag 

levels and VWF clearance, supporting the hypothesis that an increase in the amount of these 

antigens per VWF molecule could cause the increase in VWF levels with age by decreasing its 

clearance, and therefore, creating the well-known differences in VWF levels between ABO blood 

types. Furthermore, altered expression of blood type A antigens on VWF has been reported in 

response to inflammation [178], which could also explain the changes we observed with aging, as 

these modified antigens might help stabilize VWF under conditions of inflammation. Moreover, 

additional age-related but ABO blood type independent changes in VWF glycosylation could also 

contribute to the reduction in VWF clearance, as observed in elderly type O subjects.  

 Of note, our study also found an effect of ABO blood type on the secretion of VWF, an 

influence not previously documented. However, this effect was only observed in later life. 

Therefore, to establish if this effect could be the result of changes in VWFpp clearance with age, 

we measured the levels of another marker of WPB exocytosis, and found that the levels of Ang-2 

correlated to those of VWFpp, supporting the observation of increased endothelial cell secretion. 

The mechanism responsible for this effect will prove challenging to investigate, as expression of 

ABO antigens by endothelial cells is highly heterogeneous and most cells used for analysis of 

VWF in vitro do not express ABO antigens [173,179]. Moreover, the evidence of an effect of ABO 

on VWFpp levels is limited, as only one meta-analysis GWAS has showed a signal at the ABO 

locus [180], and the presence of ABO antigens on VWFpp has not been proven [138]. Finally, the 
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elevated levels of VWFpp in non-O individuals in later life could be the result of an indirect effect, 

such as the presence of coexisting aging cardiovascular pathologies, for which, in many cases, an 

association with ABO blood type has already been established [181,182], and in which endothelial 

cell activation or dysfunction occurs. 

In conclusion, our study suggests that aging and ABO blood type regulate VWF levels 

through interrelated mechanisms, where the amount of A/B antigens seems to be a key factor for 

the changes in VWF levels with age. Finally, our study also suggests that VWF secretion is also 

influenced by ABO blood type in later life. The mechanism responsible for this finding remains to 

be elucidated. 
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Chapter 3 

Evaluation of the mechanisms involved in the age-related increase in von 
Willebrand Factor plasma levels in a mouse model 

 

3.1 Summary. 

In this study, we used a mouse model to evaluate the mechanisms involved in the age-

related increase in VWF and FVIII levels. As plasma levels of VWF represent the balance of 

protein synthesis/secretion and clearance, we investigated age-related changes in Vwf gene 

expression, VWF secretion and clearance. We also evaluated changes in f8 expression and FVIII 

plasma levels, as this protein is carried by VWF in plasma and also increases with age in humans. 

First, we showed that plasma levels of VWF and FVIII gradually and significantly increased with 

age in mice, recapitulating the findings in humans. In addition, we showed that these age-related 

increases were independent of ADAMTS13 activity. Vwf expression was found to be upregulated 

with advancing age in 4/5 tissues analyzed, with the highest increases in brain (14-fold) and liver 

(10-fold). In contrast, f8 expression was only upregulated in the lung (2-fold), while no relevant 

changes were observed in liver and spleen. VWF secretion increased with age, with higher levels 

of VWFpp in old mice. Although a significant reduction in the expression of the clearance receptor 

Stabilin-2 was observed with age, no significant differences were observed in the clearance of 

VWF between young and old mice. Moreover, no differences were observed in mice, in the 

clearance of plasma-derived VWF obtained from young and old human subjects. In conclusion, 

our results suggest that increased VWF biosynthesis and secretion are the main mechanisms 

responsible for the age-related increase in VWF plasma levels in mice. However, clearance 

mechanisms could not be ruled out because the mouse model failed to recognize important age-

related glycan modifications in VWF, such as ABO antigens.  
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3.2 Introduction 

Plasma levels of von Willebrand Factor (VWF) and Factor VIII (FVIII) have been shown 

to increase with advancing age [90,117,183]. VWF acts as the carrier for FVIII in circulation and 

protects it from early degradation, thus it is likely that the increase in FVIII levels with age is 

dependent on VWF. Since high levels of both proteins have been associated with an increased risk 

for cardiovascular diseases [135,148,161,184], the mechanisms involved in the age-related 

increase in VWF and FVIII levels are of significant interest as worldwide, populations continue to 

age. Our previous study in human populations suggested that both secretion and clearance 

mechanisms contribute to the increase in VWF levels with age, and indicated a role for the ABO 

glycosylation system in this process [185].  However, the details of this biology remain to be 

investigated.  

An increase in protein synthesis through enhanced VWF gene expression with age could 

potentially contribute to the increase in VWF plasma levels, as has previously been demonstrated 

for coagulation Factor IX [114]. Studies on the mechanisms that regulate VWF expression have 

been widely performed on human cells in vitro and in animal models. Analysis in mouse tissues 

has shown that Vwf expression varies between and within tissues, with the highest expression in 

lung and lowest in liver, and significant variability of expression between vascular beds within 

each tissue [22]. This variability in Vwf mRNA levels has been associated with a highly 

heterogeneous distribution of VWF protein between different vascular beds in both pigs and mice 

[22,186,187]. Overall, it seems likely that changes in VWF protein synthesis and secretion are 

mediated by changes at the transcriptional level. 

Alternatively, changes in the expression of VWF clearance receptors or intrinsic changes 

to VWF protein structure with age, such as glycan modifications, could result in reduced VWF 

clearance from the circulation and increased plasma levels. The VWF half-life is widely variable 
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in normal individuals, ranging from 4 to 26 hours [188,189]. Evidence from many studies suggests 

that the rate of VWF clearance can be affected by differences in VWF glycosylation between 

individuals, such as those related to ABO blood type, and also by variability in VWF clearance 

receptors due to genetic polymorphisms [83,89,107]. 

VWF clearance has been shown to occur mostly in the liver, where macrophages but also 

liver sinusoidal endothelial cells (LSECs) and hepatocytes can uptake VWF for degradation. 

Several scavenger and lectin-type clearance receptors have been involved in this process, including 

the asialoglycoprotein receptor, LRP1, CLEC4M, Stabilin-2, Siglec-5 and SCARA5 [89,99,106]. 

Moreover, the interaction between most of these clearance receptors and their ligands, including 

VWF, has been shown to be dependent on carbohydrate content. 

Studies in VWF deficient mice have proven to be useful for evaluating VWF clearance. 

These experiments have helped determine the tissues and cells involved in VWF uptake from the 

circulation and have characterized the influence of particular mutations and carbohydrates on VWF 

clearance [98,100,110,111,190]. Nevertheless, the effect of potential intrinsic changes in VWF 

with advancing age on VWF clearance has not been performed. In addition, it is still unknown if 

age-related changes in some of the VWF clearance receptors could contribute to the increase in 

VWF levels with age.  

In this study, we evaluated in a C57BL/6 mouse model the potential contribution of changes 

in gene expression, protein secretion and clearance to the well-known age-related increase in VWF 

and FVIII plasma levels. 
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3.3 Materials and methods 

3.3.1 Mouse models 

Wild-type (normal), VWF deficient (VWF KO) and ADAMTS13 deficient (AD13 KO) 

mice all on a C57BL/6 background were used in this study [191,192]. Plasma samples from normal 

or AD13 KO mice were obtained from blood drawn via cardiac puncture at 3-, 9-, 27-, 41-, 55- or 

97-weeks of age. Samples were aliquoted and stored at -80 ºC until protein quantification. VWF 

KO mice were used when either young (9-weeks) or old (67-, 82- or 84-weeks). In addition, tissues 

were harvested from normal mice at 3-, 9-, 55- and 97-weeks of age. All mouse experiments were 

reviewed and approved by the Queen’s Animal Care Committee. 

3.3.2 Protein measurements 

 Human and mouse VWF antigen levels (VWF:Ag) were determined by enzyme-linked 

immunosorbent assay (ELISA) using VWF polyclonal antibodies A0082 and P0226 (DAKO, 

Glostrup, Denmark). Plasma levels of mouse VWF propeptide (mVWFpp) were measured with 

monoclonal antibodies 349.3 and 349.2, kindly provided by Dr. Sandra Haberichter (Blood Center 

of Wisconsin, Milwaukee, WI, USA). Murine FVIII activity (mFVIII:C) was measured with the 

Coatest SP4 chromogenic assay (Chromogenix, Bedford, MA, USA). Mouse pool plasma from at 

least 20 normal, mixed sex mice, aged 8-15 weeks, was used as a reference for murine protein 

determinations, with an arbitrarily concentration set to 1 U/ml. Normal Human Reference Plasma 

(NRP – derived from healthy adults) was used as the standard for human VWF quantification 

(Precision Biologics, Dartmouth, NS, Canada). 

3.3.3 Mouse tissues 

 Mouse tissues were harvested from 9-, 55- and 97-week old normal mice, including spleen, 

liver, lung, aorta and brain. Liver and spleen tissues were also obtained from mice at 3-weeks of 
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age. All tissues were rinsed with Hank’s Balanced Salt Solution (HBSS) and immediately 

incubated in RNAlater® stabilization solution (Life technologies, Burlington, ON, Canada), before 

storage at -80 ºC. 

3.3.4 RNA extraction and cDNA synthesis 

Total RNA was extracted after tissue disruption and homogenization using the RNeasy® 

Mini Kit, RNeasy® Micro Kit or RNeasy® Lipid Tissue Mini Kit (QIAGEN, Toronto, ON, Canada). 

The cDNA was synthesized from 5 μg of total RNA with 2.5 mM oligo dT, 0.5 mM dNTPs, 200 

U SuperScript® III Reverse Transcriptase, 5 mM DTT, 1X First Strand Buffer and 40 U 

RNaseOUT® Ribonuclease Inhibitor (Invitrogen, Burlington, ON, Canada). RNA samples, oligo 

dT and dNTPs were incubated at 60 ºC for 5 min and then at 50 ºC for 1 hour with the remaining 

reagents, before a final inactivating step at 70 ºC for 15 min. 

3.3.5 Gene expression analysis 

 Expression analysis of genes of interest was performed through quantitative real time-PCR 

(qRT-PCR) on a ViiA7 Real-Time PCR system (Life technologies, Burlington, ON, Canada). The 

following TaqMan® assays were used: Vwf (Mm00550410_g1), F8 (Mm01215675_m1), Lrp1 

(Mm00464608_m1), Stabilin-2 (Mm00454684_m1), Scara5 (Mm00512269_m1), Proc 

(Mm00435966_m1) and Gapdh (Mm99999915_g1). cDNA samples were mixed with 1X TaqMan 

assay and 1X TaqMan Universal PCR master mix and amplified using the manufacturer’s 

recommendations. Samples were grouped into biological replicates by age groups and analyzed by 

Relative Quantification (RQ) through Comparative Delta Delta Ct, using the 9-week old group as 

a reference. 
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3.3.6 Recombinant and plasma-derived mouse VWF 

 Recombinant mouse VWF (r-mVWF) was produced by transient transfection of the murine 

Vwf cDNA into HEK293 cells, as previously described [193]. Plasma-derived mouse VWF (pd-

mVWF) was obtained from 8-12 week old normal mice expressing high levels of mVWF after 

hydrodynamic delivery of the murine Vwf cDNA, as reported earlier [194]. Briefly, 100 μg of the 

Vwf cDNA plasmid pSC11-ET-mVWF was diluted in a 10% body weight volume of lactated 

Ringer solution and injected via the tail vein, using a 27-gauge needle and a 3 mL syringe. Blood 

samples were collected 4-5 days after injection via cardiac puncture, and the plasma rich in VWF 

(>30 U/ml) obtained by centrifugation.  

3.3.7 Human samples 

Blood samples were obtained from either young (23±2 years, n=18) or old (72±7 years, 

n=56) healthy individuals, with either blood type O (n=28) or non-O (n=46). Young samples were 

recruited from Queen’s University in Kingston, Ontario, while older subjects were recruited from 

either community volunteers or from a pre-surgical clinic for knee and hip replacement at Hotel 

Dieu Hospital in Kingston, Ontario. All individuals responded to a bleeding questionnaire and had 

negative bleeding scores. Blood samples were collected by venipuncture and the blood was 

centrifuged at 4,000g for 20 min to obtain platelet poor plasma, after which it was stored at -80 °C. 

Research Ethics Board approval was obtained from Queen’s University, and all subjects gave 

informed consent to participate. 

3.3.8 Plasma-derived human VWF 

Plasma-derived human VWF (pd-hVWF) was used from a commercially available source 

(CSL Behring, Ottawa, ON, Canada) or purified from the human plasma samples described above. 

Briefly, frozen plasma samples were thawed slowly on ice inside a 4 ºC cold room to obtain a 
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cryoprecipitate. After centrifugation at 4,000g for 20 min at 3 ºC, the cryoprecipitate was 

resuspended in Tris-HCl pH 7.0 and the fibrinogen precipitated with glycine buffer (2.8 M Glycine, 

0.3 M NaCl, 2.5 mM Tris, pH 6.8). After an acid-chill step (pH 5.8-6.0, 4ºC), samples were 

centrifuged at 4,000g to remove fibronectin. Finally, VWF was precipitated with a saturated 

solution of NaCl (1 g per 10 ml solution) and resuspended in a buffer containing 20 mM Trisodium 

citrate, 2.5 mM CaCl2, 20 mM Glycine, 60 mM NaCl and 1% Sucrose, pH 7.1. 

3.3.9 Infusions in VWF KO mice and VWF half-life determination 

 Infusions with each human and mouse VWF product were performed on VWF KO mice 

via tail vein injections with 200 U of VWF per Kg of body weight. Blood samples were collected 

from each mouse at 5 min post-infusion and two other additional time-points via retro-orbital 

venipuncture, after which mice were euthanized. Plasma samples were obtained after 

centrifugation at 11,500g for 5 min at 4 ºC and aliquots were stored at -80 ºC until VWF 

quantification. Remaining levels of VWF (%) were calculated using the initial level of VWF at 5 

min post-infusion as a reference, which was set to 100%. Each time-point included three or more 

samples. Data obtained from each set of infusions was analyzed for best-fit into either a One- or 

Two-Phase Exponential decay model, from which the half-life was obtained. 

3.3.10 Statistical analysis 

 Protein levels are presented as means and standard deviations, unless otherwise stated. 

Difference in gene expression and protein levels between samples was tested with Mann-Whitney 

or Kruskal-Wallis tests. Gene expression data was log transformed before statistical analysis. An 

F-test was performed to determine differences in VWF clearance. All graphs and statistical analysis 

were performed with GraphPad Prism v.4 (San Diego, CA, US), and a p-value less than 0.05 was 

considered significant. 
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3.4 Results 

3.4.1 Age-related changes in mouse VWF and FVIII plasma levels 

To confirm that the age-related increases in VWF and FVIII plasma levels described in 

humans also occur in mice, plasma levels of these proteins were measured in normal C57BL/6 

mice at several ages. Levels of mVWF:Ag were found to be significantly associated with age 

(r2=0.51, p<0.0001) and were accompanied by similar increases in mFVIII:C levels (r2=0.35, 

p<0.0001), confirming that mice also experience similar age-related changes (Figure 3.1A-B). 

Plasma levels for each protein throughout aging are presented in Table 3.1. Levels of mVWF:Ag 

and mFVIII:C at 3-weeks of age were significantly lower than those at 9-weeks (p=0.0005 and 

p=0.0007, respectively). With aging, mVWF:Ag levels continued to increase, reaching a 2-fold 

increase by 97-weeks of age, while mFVIII:C increased 3.5-fold. These findings suggest that the 

mouse model could be used to evaluate the mechanisms responsible for the increase in VWF levels 

with age, documented in humans. 

To further evaluate the increase in VWF and FVIII levels with age in mice, we tested if 

ADAMTS13 processing was involved in these age-related changes. In plasma samples obtained 

from AD13 KO mice at 9- and 55-weeks of age, levels of both mVWF:Ag and mFVIII:C showed 

distinct increases with age (Figure 3.1C-D). No significant differences were observed in the levels 

of mouse VWF and FVIII between normal mice and AD13 KO mice at either 9- or 55-weeks, 

indicating that ADAMTS13 proteolysis of VWF does not play a role in the increase in VWF levels 

with age. 
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Figure 3.1. Changes in mouse VWF and FVIII plasma levels with age. (A) Levels of mouse 
VWF increased gradually and significantly with age in normal mice, reaching a 2-fold change 
between 9-weeks and 97-weeks. (B) A similar effect of aging was observed on mouse FVIII levels. 
See Table 1 for VWF and FVIII levels at each time point. (C) In AD13 KO mice, levels of mouse 
VWF still increased significantly with age, from 1.52±0.59 U/ml in the 9-week old group to 
2.42±0.60 in the 55-week old animals. (D) Mouse FVIII levels also increased significantly with 
age in AD13 KO mice, from 0.99±0.26 U/ml in 9-weeks old mice to 1.60±0.41 U/ml in 55-weeks 
old mice. Solid lines represent mean values with 95% CI for the group. Each point represents an 
individual mouse. 
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3.4.2 Age-related changes in Vwf and F8 expression 

To determine if enhanced gene expression could contribute to the increase in plasma levels 

of VWF and FVIII with age, tissues from normal mice at several ages were used for RNA 

extraction, cDNA synthesis and mRNA quantitation. First, we confirmed if the endogenous 

control, Gapdh, changed its expression with age, and found no significant differences except in the 

lung (Supplementary Table 3.1). In this organ, the expression of Gapdh increased significantly 

with age (lower Ct values with aging), thereby reducing the effect of aging on Vwf expression. 

Next, changes in Vwf expression with age were evaluated through relative quantification using the 

9-week old group as a reference, after normalizing for Gapdh expression levels. Age-related 

increases in Vwf expression were observed in all tissues analyzed, except the aorta (Figure 3.2A). 

The highest expression of Vwf was observed in the lung, with almost 30,000-fold more than in the 

liver, an organ in which very little Vwf is known to be expressed under normal conditions 

(Supplementary Figure 3.1A). However, the liver showed one of the biggest increases in Vwf 

expression with age, with a 10-fold increase by 97-weeks of age. The most significant effect of 

aging was observed in the brain, as Vwf expression increased up to 14-fold in the old mice. 

Age-related changes in F8 gene expression were evaluated in liver, spleen and lung tissues. 

Although it has been reported that the liver is the major source of FVIII production, other organs 

have been shown to contribute to FVIII synthesis, such as the spleen and lung [195,196]. Increased 

expression of F8 with age was observed in the lung, while the expression was variable in the liver 

and spleen, with a trend to lower expression with advancing age, especially in the liver (Figure 

3.2B). When F8 expression was compared between organs, the spleen had 13-fold more than the 

liver, and the lung had half the level of expression (Supplementary Figure 3.1B). 
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Figure 3.2. Changes in mouse Vwf and F8 expression levels with age. A) Fold change in Vwf 
expression in lung, aorta, brain, spleen and liver collected from normal mice at 9- (n=10), 55- (n=8) 
and 97-weeks (n=15) of age. Spleen and liver samples from 3-week old mice were also included 
(n=5). Significant increases with age were observed in the lung, spleen, brain and liver. B) Fold 
change in F8 expression with age in lung, spleen and liver tissues (same as above). Significant 
increases with age were observed only in the lung, as variable expression was observed in the 
spleen and liver. All p-values were calculated using the 9-week old group as a reference. *p<0.05, 
**p<0.01, ***p<0.001. Error bars represent 95% CI. 
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3.4.3 Age-related changes in VWF secretion 

  To establish if more VWF was secreted into plasma with aging, mouse VWFpp levels were 

measured as a surrogate marker for endothelial cell release, in samples from mice at 9-, 55- and 

97-weeks of age. Significantly higher levels of mVWFpp were observed with aging, with the 97-

week old group showing a 2-fold increase when compared to the 9-week old group (Figure 3.3). 

 

Figure 3.3. Changes in mouse VWF secretion with age. Mouse VWF propeptide levels were 
used as a surrogate marker of VWF secretion. Using monoclonal antibodies against mVWFpp, 
levels were measured by ELISA in plasma samples collected from mice at 9-, 55- and 97-weeks of 
age. Significantly higher levels of mVWFpp were observed with advancing age (1.38±0.56 vs. 
1.97±1.27 vs. 2.42±1.21, p=0.02), reaching a 2-fold change by 97-weeks. Increasing variability in 
mVWFpp levels with age was also noted. Solid lines represent mean values with 95% CI for the 
group. Each point represents an individual mouse.  

 

3.4.4 Age-related changes in VWF clearance mechanisms 

3.4.4.1 Changes in VWF clearance receptors 

 The expression of three VWF clearance receptors was evaluated in spleen and liver samples 

collected from normal mice at 3-, 9-, 55- and 97-weeks of age. The expression of Lrp1 showed 

distinct patterns throughout aging in each of the tissues. In liver, Lpr1 expression was similar at 

every age, except at 55-weeks were it was reduced (Figure 3.4A). In spleen, there was minimal 

expression of Lrp1 at 3-weeks, and increased expression at 55-weeks, although not statistically 
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significant (Figure 3.4B). No expression of Scara5 was observed at 3-weeks of age in either spleen 

or liver (Figure 3.4C-D). Scara5 expression in liver did not change significantly at later time points 

but was highly variable at 97-weeks. In spleen, although not significant, the expression of Scara5 

decreased with advancing age. Finally, expression of Stabilin-2 showed a downward trend with 

advancing age, particularly in the spleen (Figure 3.4E-F). No expression was detected at 3-weeks 

in the spleen. Of note, expression levels of Protein C (Proc) were measured as a control in the liver, 

as expression of this gene has been shown to be stable with age in humans [115]. In our samples, 

a significantly lower expression was observed at 3-weeks (0.7-fold) but after 9 weeks, Proc levels 

remained stable (Supplementary Figure 3.2). 
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Figure 3.4. Expression of VWF clearance receptors in normal mice with aging. Total mRNA 
was isolated from spleen and liver samples collected from 3- (n=5), 9- (n=10), 55- (n=8) and 97-
week (n=17) old normal mice. The cDNA was analyzed by relative quantification with mouse 
Gapdh, using the 9-week old levels as reference. Expression of lrp1 in liver (A) and spleen (B) 
showed variable and almost opposite patterns of expression with age. Scara5 expression in liver 
(C) and spleen (D) was not detectable at 3-weeks. In liver, the expression was stable with age but 
became highly variable at 97-weeks, while in spleen, it decreased with advancing age, although 
not significantly. The expression of Stabilin-2 in the liver was higher at 3-weeks and then slightly 
lower at 55-weeks (E). In the spleen, minimal levels were detected at 3-weeks. With aging, the 
expression decreased gradually and significantly (F). All p-values were calculated using the 9-
week old group as a reference. *p<0.05, **p<0.01, ***p<0.001. Error bars represent 95% CI. 
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3.4.4.2 Changes in VWF clearance mechanisms 

To determine if the changes in the expression of clearance receptors resulted in changes in 

VWF clearance with age, infusions with an identical VWF product were performed in young and 

old VWF KO mice. Initially, infusions were performed with pd-hVWF in 9- and 82-week old VWF 

KO mice, but no significant differences were observed in VWF half-lives (55 vs. 57 min, p=0.53) 

(Figure 3.5A). We then tested a murine VWF product, based on the hypothesis that mice might not 

clear the human VWF equally and/or through the same receptors. However, once again no changes 

in VWF half-lives were observed with age when r-mVWF was infused into 9- and 67-week old 

VWF KO mice (38 vs. 35 min, p=0.78) (Figure 3.5B). 

As the r-mVWF was produced in HEK293 cells, and the glycan content on VWF has been 

shown to be a major determinant for its rate of clearance, we next attempted to purify mouse VWF 

from murine plasma. Unexpectedly, only a small portion of mouse VWF (~10%) cryoprecipitated, 

or was able to bind to ion exchange columns, in contrast to human VWF (>85%) (data not shown). 

Therefore, pd-mVWF was obtained from hepatic expression via hydrodynamic injection of a 

mVWF expression plasmid into normal mice, in which plasma levels of VWF after 4 days were 

greater than 30 U/ml. This murine plasma, rich in VWF, was then infused into 9- and 84-week old 

VWF KO mice. Although a trend to longer VWF half-life was observed with aging, this difference 

was not statistically significant (5.8 vs. 7.5 hours, p=0.12) (Figure 3.5C). This set of results suggest 

that VWF clearance does not change significantly with age; however, the results are limited to the 

products analyzed, which, with the exception of pd-hVWF, are not endothelial cell derived. 
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Figure 3.5. Clearance of different VWF materials in young and old VWF KO mice. Infusions 
via tail vein injection were performed with 200 U VWF per Kg in young (black) and old (grey) 
VWF KO mice (as indicated). No significant differences in VWF clearance with age were observed 
when pd-hVWF (A), r-mVWF (B) or pd-mVWF (C) were infused. 
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3.4.4.3 Changes in VWF structure with age that may affect its clearance 

Since a significant aged-related clearance receptor influence was not observed in mice, we 

tested the hypothesis that intrinsic changes in VWF structure with age, such as differential glycan 

modifications, could affect the clearance rate of VWF and contribute to the increase in VWF 

plasma levels. For this purpose, pd-hVWF was purified from young (23±2 years) and old 

individuals (72±7 years) and infused into 9-week old VWF KO mice (Figure 3.6). When the VWF 

half-lives were calculated, almost identical results were obtained (63 vs. 61 min, p=0.98), 

suggesting that no significant changes with age occur in VWF structure that affect its clearance 

rate, or that possibly, the mouse model was not able to recognize these differences. 

 
 
Figure 3.6. Clearance of plasma-derived human VWF from young and old individuals. Pd-
hVWF was purified from plasma samples obtained from young (23±2 years) and old (72±7 years) 
individuals and infused into young (9-weeks) VWF KO mice. Samples were collected at 15, 30, 
45, 60, 90 and 120 minutes after an initial sampling 5 min post-infusion. Lines represent the one-
phase exponential decay of the young (black) and old (grey) pd-hVWF. Similar clearance patterns 
were observed with both pd-hVWF materials. 

To evaluate if the mouse model was able to recognize changes in VWF glycosylation with 
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week old VWF KO mice. When the clearance of pd-hVWF from young and old individuals with 

blood type O was evaluated, no significant changes were observed (Table 3.2). Likewise, no 

changes were observed either when the pd-hVWF was obtained from young and old individuals 

with blood type non-O. Furthermore, no differences in clearance were observed for pd-hVWF from 

both young or old blood type O and non-O individuals.  

Nevertheless, when plasma-derived VWF products were compared to recombinant VWF 

proteins, either from mouse or human sources, a very clear and significant difference in VWF 

clearance was observed. The half-life of pd-mVWF was 9 times longer than for the respective r-

mVWF, despite both products being derived from the same murine Vwf cDNA (Table 3.3). 

Similarly, the half-life of the pd-hVWF was almost twice as long as the r-hVWF. 

Differences in amino acid composition between human and mouse recombinant VWF 

products did not have a significant effect on VWF clearance, as the half-lives of these products 

were not statistically different (Table 3.3), highlighting the importance of VWF post-translational 

modification, and likely glycosylation. Moreover, the half-lives of plasma-derived human and 

mouse VWF were significantly different, suggesting again that cell-specific post-translational 

modifications to VWF (and again, most likely glycan differences) play a predominant role in 

regulating VWF clearance, as each of these products was produced by different cell types 

(endothelial cells vs. hepatocytes, respectively). 
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3.5 Discussion 

In this study we evaluated age-related changes in VWF and FVIII levels in a C57BL/6 

mouse model and studied the potential mechanisms that control these changes, including gene 

expression, protein secretion and clearance. We first showed that mice recapitulate the changes 

observed in humans, where levels of VWF and FVIII increase progressively with advancing age, 

thus supporting the use of the mouse model for mechanistic determination (Figure 3.1). Our results 

show that increases in gene expression and protein secretion with age contribute to the increase in 

VWF plasma levels, as we found that four out of five tissues analyzed had increased Vwf mRNA 

levels and that old mice had elevated plasma levels of VWFpp. 

The increase in Vwf expression observed is likely the result of age-related changes within 

endothelial cells or their microenvironment that stimulate the transcriptional regulatory pathways 

governing VWF synthesis. Although VWF expression is tightly regulated and the result of complex 

mechanisms, multiple vascular bed-specific signaling pathways exist that enhance the capacity of 

endothelial cells to respond to the local environment. This localized response has been involved in 

the susceptibility of the endothelium to focal dysfunction and pathology [197]. With aging, it might 

be expected that the endothelium would respond to the evolving microenvironmental changes, 

including the development of increased oxidative stress and low grade inflammation [198]. For 

example, pseudocapillarization of the liver (see below), could develop in response to inflammation 

in later life [199]. This process has been shown to be accompanied by the transformation of 

sinusoidal endothelial cells to vascular endothelium and by increased expression of VWF [200], 

and could likely contribute to the results we have documented in the liver. 

Moreover, studies in mice have shown that under conditions of hypoxia, Vwf expression is 

upregulated in brain, heart, liver and in large vessels of the lung. Also, de novo expression in the 

lung microvasculature was also observed [201]. Recently, hyperglycemia has been shown to 
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upregulate Vwf expression and synthesis in multiple organs through repression of miR-24 

expression [202]. Although the expression of miR-24 has been shown to increase with age in 

cultured porcine muscle stem cells [203], in human peripheral mononuclear cells, levels of miR-

24 were significantly reduced with age [204], consistent with data in C. elegans where most 

miRNAs decline in abundance with age [205]. Therefore, it is possible that the age-related increase 

in Vwf expression observed could involve regulation by microRNAs, including miR-24. Similarly, 

epigenetic regulation could also play a role, and has already been shown to be influential in the 

regulation of gene expression in the vascular endothelium in both humans and mice [20]. Age-

related regulatory elements in the 5' and 3' UTR of the VWF gene have not been described, and 

therefore it seems less likely that a mechanism similar to the one described for human FIX is 

involved [114]. 

Recent conditional knock-out mouse studies have established the predominant role of 

endothelial cells in F8 mRNA synthesis [206,207]. A widespread tissue distribution of F8 mRNA 

has been reported, consistent with its endothelial cell origin, including but not limited to liver, 

kidney, heart, spleen, lung, brain and testis [206,208]. Nevertheless, the liver has been shown to be 

the primary source of FVIII synthesis (from the sinusoidal endothelium), with extrahepatic sources 

contributing in smaller proportions [195,209,210]. Transplantation studies have suggested that 

spleen and lung tissues can compensate with FVIII production in the absence of hepatic FVIII 

[211,212]. However, the contribution of other tissues to FVIII production in later life is unknown. 

In our study, only the lungs showed increased F8 expression with advancing age, while the liver 

and spleen had variable expression within and between age groups (Figure 3.2B). The lung was the 

tissue with the highest expression of Vwf, and was the only tissue where an age-related increase 

was observed for both Vwf and F8. Moreover, the magnitude of the gene expression changes was 

very similar for both genes. Of note, a prior study has suggested the pulmonary endothelium as a 
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pool of releasable FVIII that can be secreted in conjunction with VWF [196]. Nevertheless, the 

implications of our findings in the lung are limited and will require further analysis. 

The spleen exhibited the highest levels of F8 expression of the three tissues analyzed, but 

high levels of F8 mRNA expression in the spleen do not necessarily result in higher synthesis of 

FVIII. It has been shown that the spleen is unable to synthesize large quantities of this factor and 

that secretion only occurs short-term in response to stimuli [209]. It is possible that our results 

reflect the relative ratio of endothelial to parenchymal cells in each of these tissues, as for example, 

half of the liver is composed of hepatocytes, while endothelial cells represent only 22% of the 

cellular mass [213]. These results suggest that the age-related increase in FVIII levels likely 

depends more on the plasma levels of VWF than on increased FVIII biosynthesis, confirming 

previous observations that transcriptional activity of F8 is not a critical factor controlling plasma 

levels of FVIII [208]. Indeed, in our study FVIII levels were strongly associated with VWF levels 

throughout the aging process (r2=0.74, p<0.0001). 

3.5.1 Changes in VWF secretion with age 

Levels of VWFpp in human samples have been used as a useful albeit surrogate marker of 

VWF secretion in many conditions where acute and chronic perturbations of the vascular 

endothelium are present [146,165–168]. Aging is characterized by low-grade chronic inflammation 

and multiple vascular alterations, including oxidative stress, nitric oxide dysfunction, arterial 

stiffness and calcification, which could all result in chronic enhanced VWF secretion 

[132,214,215]. In contrast to acute diseases where there is a transient but significant increase in 

both VWFpp and VWF antigen levels, chronic diseases are characterized by only slightly elevated 

levels of VWFpp in the presence of high levels of VWF antigen [216]. In our study, the levels of 

VWFpp were significantly elevated in 97-week old mice, indicating an increase in VWF secretion 
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(Figure 3.3). The 2-fold change in VWFpp levels was similar to the increase observed in VWF 

antigen levels, which would be more consistent with an acute event. However, the half-life of 

murine VWFpp is believed to be in the order of minutes, making an acute raise in VWF secretion 

harder to detect. Instead, persistent stimulated VWF secretion due to aging could result in high 

VWFpp levels in old mice, especially since they also have increased VWF synthesis. 

3.5.2 Changes in VWF clearance with age 

As described previously, VWF can be efficiently cleared from the circulation by the liver 

and spleen, although the contribution of the spleen is limited due to its smaller size [100]. A 

reduction in blood flow to the liver has been shown to occur with advancing age in rodents and 

humans, and could result in reduced clearance of many substrates [217]. Furthermore, age-related 

changes in the liver sinusoidal endothelium have been reported in mice, rats, baboons and humans. 

These changes, known as pseudocapillarization, include an increase in endothelial thickness, a 

reduction in porosity and fenestration, and basal lamina deposition [199]. For example, an 

association between these changes and dyslipidemia has been found, since large lipoproteins can 

no longer transit through the sinusoidal endothelium and thus accumulate in blood [218]. 

Endothelium thickening has also been shown to reduce the endocytic capacity of LSECs [219]. In 

addition, the clearance of AGEs (Advanced Glycation End products), which occurs primarily 

through the hepatic sinusoidal endothelium, has been shown to impair the subsequent scavenger 

capacity of LSECs, by delaying intracellular transport and generating a loss of surface receptors 

[220]. 

Based on this evidence, it is reasonable to believe that VWF clearance could change with 

age and contribute to the increase in mouse VWF levels. For this reason, we first evaluated the 

gene expression profile of three VWF clearance receptors in spleen and liver samples obtained 
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from aging mice. Changes in gene expression in the spleen were observed for two of the receptors 

evaluated (Stabilin-2 and Scara5), however, no significant changes in the liver were observed 

(Figure 3.4). It is possible that the changes observed in mRNA expression are not translated to the 

protein level, but even if they are, they might not substantially affect the clearance of VWF, since 

a) they seem to take place only in the spleen, a secondary clearance organ and b) expression of 

other major receptors, such as LRP1, do not change consistently with age. 

To directly evaluate whether age-related changes occur in the clearance of VWF, we 

performed infusions with VWF in young and old VWF deficient mice. Despite evaluating three 

different VWF products, no significant differences in VWF clearance were observed between 

young and old mice (Figure 3.5). However, several influences need to be taken into account. These 

include the fact that there may be species-specific differences in the mechanisms mediating age-

related changes to the clearance of VWF. For example, mice do not express ABO antigens [221], 

there is no murine CLEC4M ortholog [107], and Stabilin-2 in mice is capable of clearing human  

VWF but not the murine protein [108]. Lastly, intrinsic changes in VWF, such as glycosylation 

differences, might be responsible and necessary to observe an effect in VWF clearance with age. 

3.5.3 Intrinsic changes in VWF that affect its clearance 

Little is known about glycosylation changes with age, but there is evidence suggesting that 

this is an evolving protein modification. For example, it has been described that aberrantly 

glycosylated IgG accumulates with age in response to low-grade inflammation and alterations in 

metabolic pathways in the elderly [222]. Moreover, inflammation and pulmonary hypertension, 

two conditions that are prevalent in later life, have been linked to aberrant glycosylation of VWF 

[178,223]. In addition, aging is associated with a higher incidence of glycation, a non-enzymatic 

reaction between reducing sugars and proteins, lipids and nucleic acids that results in the formation 
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and accumulation of AGEs [224–226]. As one example, increased levels of glycated hemoglobin 

(HbA1c) have been observed with aging in non-diabetic individuals [227]. 

Recently, intrinsic changes in VWF have been implicated with the increase in VWF levels 

during pregnancy, where posttranslational modifications such as glycosylation (as evidenced by a 

shift in the isoelectrical focus point of VWF), were suggested as the cause for an extended VWF 

half-life and increased plasma levels [228]. Additionally, variations in the content of sialic acid on 

VWF between individuals has been correlated to VWF plasma levels and VWF clearance [56], and 

we have previously shown that the blood group A antigen content on VWF increased with age and 

was associated with VWF clearance [185]. To demonstrate if these age- and ABO-related changes 

indeed extended the VWF half-life, we performed infusions in VWF KO mice with pd-hVWF 

obtained from either young/old and blood type O/non-O individuals. However, no significant 

differences in VWF clearance were observed (Table 3.2). Our results have confirmed those of a 

recent study which also found that mice do not recognize and clear VWF with different ABO blood 

types in a differential manner [177]. We therefore believe that there are significant differences in 

the clearance mechanisms for VWF in mice and humans that prevented us from observing the 

influence of age-related intrinsic changes in VWF. 

Despite these results, clear differences in VWF half-life were observed when VWF from 

different sources were compared (Table 3.3), suggesting that the mouse model is capable of 

recognizing some VWF modifications. The striking difference in VWF half-lives between 

recombinant and plasma-derived mouse VWF highlights the importance of VWF glycosylation on 

its clearance rate. It is possible that a combination of old age and ‘old’ VWF material would be 

needed to observe a significant change in VWF clearance. However, the hydrodynamic delivery 

method employed in this study to obtain pd-mVWF is limited by body weight, and old mice are 
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significantly heavier than younger mice. Lastly, studies in old mice also have a number of 

pragmatic challenges. 

In conclusion, our study evaluated the mechanisms involved in the age-related changes in 

VWF plasma levels in mice, from Vwf expression to VWF protein clearance. We showed that 

increased Vwf expression and VWF secretion occur with advancing age, but we were not able to 

confirm changes in VWF clearance, highlighting some of the limitations of using a mouse model 

for mechanistic investigation.  
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Figure S3.1. Changes in mouse Vwf and F8 expression levels with age. A) Comparison of Vwf 
expression in 9-weeks old normal mice between liver, lung and brain tissues. The highest 
expression was observed in the lung, followed by the brain. The analysis could not be done with 
spleen and aorta tissues as these were amplified using a singleplex qRT-PCR approach, instead of 
the multiplex Gapdh+Vwf used for liver, lung and brain. B) Comparison of F8 expression in 9-
weeks old normal mice between the tissues analyzed, using the liver as a reference. The highest 
expression was observed in the spleen, followed by the liver and the lung. Error bars represent 95% 
CI. 
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Figure S3.2. Expression of Proc in normal mice throughout aging. Liver tissues from 3- (n=5), 
9- (n=10), 55- (n=8) and 97-weeks (n=15) old normal mice were used for gene expression analysis 
of the Proc gene. The expression at 3-weeks was significantly lower than at 9-weeks (used as a 
reference) [RQ=0.66, p=0.0007 (**)]. No significant changes in gene expression were observed 
with aging after 9-weeks. Error bars represent 95% CI. 

 

Table S3.1. Gapdh amplification cycle threshold (Ct) values between age-groups per tissue 

analyzed. 
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Brain  14.762 0.234 14.669 0.270 14.726 0.203 0.83 

Lung 16.349 0.362 15.680 0.237 15.233 0.678 <0.0001 

Amplification from aorta samples was performed with different concentrations of cDNA, and 
thus, a comparison of Gapdh Ct values cannot be performed as with the other tissues. All p-
values were calculated using ANOVA tests. 
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Chapter 4 

Quantitative and qualitative effects of age-related oxidative stress on                 
von Willebrand Factor 

4.1 Summary. 

Aging is characterized by oxidative stress, low-grade inflammation and a procoagulant 

state, in which plasma levels of VWF increase approximately 1% per year. In this study, we 

investigated further age-related changes in VWF and the potential effects that age-related oxidative 

stress could have on VWF levels and function. First, we measured the total protein carbonyl 

content in plasma, as a marker of oxidative stress, and found that it increased progressively with 

age in individuals over 25 years old. Overall, oxidative stress was found to have a minor impact 

on VWF levels; however, it partially explained the small VWF increase previously documented in 

old individuals with blood type O, emphasizing the fact that distinct mechanisms regulate VWF 

plasma levels with age between different blood types. As previous studies have shown that 

oxidative stress can result in VWF oxidation and altered function, we next evaluated the extent of 

methionine oxidation of two residues present in the A1 and A2 domains of VWF. Although a small 

increase in VWF oxidation was observed in later life, the results were not statistically significant. 

Moreover, we found no changes in the specific ability of VWF to bind platelets and collagen, but 

observed a reduced content of VWF with the use of a nanobody that recognizes specifically the 

A1 domain open (“active”) conformation. In addition, reduced levels of ADAMTS13 with aging 

were observed, but no significant changes in VWF multimer composition were found. Taken 

together, our results found a small effect of oxidative stress on VWF plasma levels and a net neutral 

effect on VWF function. These results highlight the complexity of the interaction between VWF 

and the microenvironment in later life.  
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4.2 Introduction 

The production of oxygen radicals is a natural consequence of respiration and other 

metabolic processes, and is controlled by several antioxidant enzymes that prevent the damage that 

these reactive species can produce to almost every cellular constituent, including proteins, lipids 

and nucleic acids. Under some circumstances, a sustained production of oxidant molecules can 

exceed the threshold of the antioxidant system and result in oxidative stress [229,230]. For 

example, an increase in the production of reactive oxygen species has been observed with 

advancing age, resulting in oxidative stress in the tissues. In particular, changes in the vasculature 

and shear flow with age that are associated with a local inflammatory environment have been 

shown to induce the generation of superoxide anion and the impairment of the endothelial nitric 

oxide function [132,141]. In addition, with aging the endothelium can become less sensitive to the 

protective effects of nitric oxide and result in endothelial dysfunction, which can concurrently 

induce a procoagulant state by stimulating Weibel-Palade body (WPB) exocytosis [142]. Indeed, 

oxidative stress has been proposed as a major contributor to the aging process and its associated 

pathologies, including cardiovascular diseases [231]. 

Furthermore, it has been recognized that oxidative stress can contribute to protein 

oxidation, which is known to affect protein function and normal processing [231]. All amino acids 

are susceptible to oxidation, but methionine and cysteine residues are particularly prone to this 

modification. Although oxidation of these two residues is the only one that can be repaired, the 

activity of these repair enzymes has been shown to decrease with age, therefore contributing to the 

state of oxidative stress typical of later life [229,232,233]. 

Since oxidative stress is associated with increasing age, it could be hypothesized that this 

process might be associated with the increase in VWF plasma levels with age and alter the protein’s 
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function. In this regard, studies have shown that under inflammatory and oxidative stress 

conditions, VWF can be oxidized by hypochlorous acid and peroxynitrite [234,235]. The 

ADAMTS13 cleavage site, composed of residues Tyr1605 and Met1606 and present in the A2 domain 

of VWF, can be oxidized under oxidative stress conditions and result in a site highly resistant to 

ADAMTS13 cleavage. However, this site is only exposed when the VWF is present in its ULVWF 

form and when it is bound to collagen and platelets, and thus, oxidation is dependent on shear 

stress and VWF multimer size [234,236]. Moreover, it has been shown that oxidation can also 

occur at other methionine residues present within the A1, A2 and A3 domains of VWF. In 

particular, oxidation of the A1 domain has been associated with an open, “active”  conformation 

that has enhanced ability to bind platelets [236]. Thus, oxidation of VWF can result in a VWF with 

a higher ability to bind platelets due to reduced ADAMTS13 cleavage, conformational changes 

within the A1 domain, or both. 

The oxidation of VWF and reduction of its cleavage rate by ADAMTS13 has been 

observed in conditions such as type 2 diabetes mellitus, sickle cell disease and chronic kidney 

disease, which are all characterized by oxidative stress, inflammation and alteration of the vascular 

endothelium [236–238]. Moreover, a recent study showed that older individuals who suffer with 

type 2 diabetes mellitus have an even higher content of active VWF when compared to age-

matched controls or younger diabetic patients, suggesting that VWF undergoes both quantitative 

and qualitative changes during the aging process [239]. Hence, there is significant evidence 

suggesting that with aging VWF not only increases its concentration in plasma, but it can also have 

an altered function in later life. 

In this study, we investigated the possibility that with advancing age, oxidative stress can 

contribute to the increase in VWF plasma levels and be associated with changes in VWF function. 
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In particular, the effect of aging on the oxidation of methionine residues within the A1 and A2 

domain was evaluated with regards to changes in VWF function. 

 

4.3 Materials and Methods 

4.3.1 Study design and human samples 

A cross-sectional observational study was performed with a total of 207 normal individuals 

that were part of a previous study [185]. Samples ranged in age from 1 to 87 years old, with a mean 

age of 45±28 years (Mean±SD). 52% of individuals had blood type non-O and 50% were females. 

Research Ethics Board approval by Queen’s University was obtained, and all participants gave 

informed consent to participate. 

4.3.2 VWF measurements 

VWF antigen levels (VWF:Ag) were determined by enzyme-linked immunosorbent assay 

(ELISA) using VWF polyclonal antibodies (DAKO, Glostrup, Denmark). VWF Ristocetin 

cofactor activity (VWF:RCo) was quantified by a standard platelet aggregometry assay using 

freshly prepared normal washed platelets and 1.0 mg/ml Ristocetin. Plasma levels of VWF 

propeptide (VWFpp) were measured with a VWFpp ELISA kit (Immucor GTI Diagnostics, 

Waukesha, WI, USA). Normal Human Reference Plasma (NRP) was used as standard (Precision 

Biologics, Dartmouth, NS, Canada). 

4.3.3 Protein carbonyl content 

 Total protein carbonyl content in human plasma samples was measured with the 

OxiSelect™ Protein Carbonyl ELISA Kit (Cell Biolabs Inc., San Diego, CA, USA), following the 

recommendations of the manufacturer. In this assay, carbonyl groups are quantified by a reaction 

with dinitrophenylhydrazine (DNP), and detected with a biotinylated anti-DNP antibody followed 
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by streptavidin-HRP. A calibration curve was obtained with BSA with a known content of 

carbonyl groups and used as a reference. 

4.3.4 Quantification of oxidized residues in VWF A1 and A2 domains 

 A total of 13 plasma samples were used for the individual quantification of oxidized 

residues within the A1 and A2 domains of VWF, including 5 samples from children (2±1 years) 

and 8 from older subjects (73±5 years). Samples were selected based on the total protein carbonyl 

content: young samples had a mean carbonyl content of 518±127 pmol/mg, while old samples had 

significantly higher levels with 705±61 pmol/mg (n=6, p=0.026). Two samples from old 

individuals with low carbonyl content (420±23 pmol/mg) were also included as controls. One 

milliliter of plasma from each sample was used to obtain a VWF-rich cryoprecipitate. 

Cryoprecipitates were then resuspended in 100 μl of PBS pH 7.4 containing 5 mM L-methionine 

and sent to the Puget Sound Blood Center (Seattle, WA, USA) for mass spectrometry (MS) 

analysis. The analysis performed was as previously described [236]. Shortly, VWF was 

immunoprecipitated from the cryoprecipitate using a rabbit polyclonal anti-human VWF antibody 

(DAKO, Glostrup, Denmark). Then, samples were reduced and digested with trypsin before 

analysis by liquid chromatography (LC)-electrospray ionization-tandem MS (MS/MS). Peptides 

containing the Met1385 (A1 domain) and Met1606 (A2 domain) in the reduced and oxidized state 

were quantified. 

4.3.5 Nanobody assay for activated VWF 

 A Nunc Maxisorp plate (Thermo Scientific, Rochester, NY, USA) was coated overnight at 

4 ºC with 5μg/ml of AU/VWFa-11 nanobody (kindly provided by Dr. Philip G. de Groot) in 50 

mM carbonate buffer pH 9.6. The plate was blocked with 3% BSA 0.1% Tween-20 PBS for 1 hour 

at room temperature. Washes were done with 0.1% Tween-20 PBS. Plasma samples were diluted 
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1:10 in 3% BSA PBS and incubated on the plate for 2 hours at room temperature. A standard curve 

made with a recombinant VWF protein carrying the mutation S1310F, associated with a severe 

gain-of-function phenotype in the A1 domain, was set up as 100% of active VWF and used as a 

standard. Bound VWF was detected with 1.3 μg/ml of rabbit polyclonal anti-human VWF HRP 

conjugated antibody (DAKO, Glostrup, Denmark), and visualized with OPD/H2O2 and 1M H2SO4. 

The active VWF levels detected were then normalized to the VWF antigen levels of each sample. 

4.3.6 ADAMTS13 activity and antigen levels 

ADAMTS13 activity levels were measured by ELISA as follows: an Immulon 4HBX plate 

(Thermo Scientific, Rochester, NY, USA) was coated overnight with 5 μg/ml of a goat polyclonal 

anti-GST antibody (Ab6613, Abcam, Cambridge, MA, USA) in 50 mM carbonate Buffer pH 9.6. 

After blocking with 2% BSA-PBS pH 7.2, 0.5 μg/ml of the human VWF 73-mer peptide was added 

and incubated for 4 hours. Samples were diluted in digest buffer (10 mM Bis-Tris, 10 mM CaCl2, 

0.01% Tween-20, pH 6.1) containing 1:200 protease inhibitor cocktail (P8340, Sigma, St. Louis, 

MO, USA) and incubated at 37 ºC overnight. The uncleaved 73-mer was detected with 0.2 μg/ml 

of a rabbit polyclonal anti-VWF carboxyterminal antibody (Ab47139, Abcam, Cambridge, MA, 

USA) and 0.25 μg/ml of a polyclonal anti-rabbit IgG HRP conjugated antibody (P0448, DAKO, 

Glostrup, Denmark). A recombinant human ADAMTS13 protein with a known concentration was 

used as a standard. ADAMTS13 antigen levels were also measured by ELISA using mouse 

monoclonal anti-human ADAMTS13 antibodies, as previously described [240]. NRP was used as 

the standard (Precision Biologics, Dartmouth, NS, Canada). 
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4.3.7 Collagen binding assay 

The ability of VWF to bind collagen was evaluated following previously described 

protocols, with some modifications [241,242]. Briefly, an amine-binding maleic anhydride 

activated plate (Thermo Scientific, Rochester, NY, USA) was coated with 0.00075% bovine 

collagen (95% type I / 5% type III, MP Biomedicals, Solon, OH, USA) in PBS pH 7.4 for 2 hours 

in an orbital shaker. Then, the plate was blocked overnight with 5% BSA in PBS. After a washing 

step (0.075M NaCl, 0.005M Tris, 0.1% Tween-20, pH 9.1), samples diluted in 1% BSA, 0.1% 

Tween-20 PBS were added and incubated for 2 hours at room temperature. Detection of bound 

VWF was performed with a rabbit polyclonal anti-human VWF HRP conjugated antibody 

(DAKO, Glostrup, Denmark), followed by OPD/H2O2 and 1M H2SO4. NRP was used as the 

standard (Precision Biologics, Dartmouth, NS, Canada). 

4.3.8 VWF multimers 

 VWF multimer analysis was performed as previously described [95]. Shortly, plasma 

samples were analyzed by electrophoresis in 1.0-1.4% SDS-agarose gels under partially denaturing 

conditions (0.05 M Tris, 0.384 M glycine, 0.1% SDS) for approximately 16 hours at 4ºC. Samples 

were then transferred to a polyvinylidene fluoride (PVDF) membrane before a blocking step with 

5% skim milk in PBS. A polyclonal rabbit anti-VWF HRP conjugated antibody was added at 1.3 

μg/ml in 5% skim milk PBS and the bands visualized with the Western Lightning Detection 

System (Perkin Elmer, Waltham, MA, USA) using an X-ray film. Multimer lanes were analyzed 

by densitometry using AlphaEaseFC version 3.1.2 (Alpha Innotech, San Leandro, CA, USA). The 

relative content of high molecular weight VWF (>10 multimer bands) was quantified. 
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4.3.9 Statistical analysis 

 Measured levels are presented as means and standard deviations, unless otherwise stated. 

Differences between groups were tested with a Mann-Whitney test. Regression analysis was used 

to stablish association between variables. All graphs and statistical analysis were performed with 

GraphPad Prism v.4 (San Diego, CA, US), and a p-value less than 0.05 was considered significant. 

 

4.4 Results 

4.4.1 Association between oxidative stress, aging and VWF secretion and plasma levels 

 We first assessed if oxidative stress, measured by the total protein carbonyl content in 

plasma, was associated with aging in our sample population. Although a small trend was observed 

when all samples were analyzed (Figure 4.1A), a significant and positive association was observed 

in individuals >25 years old (Figure 4.1B). Thus, we evaluated if the increase in oxidative stress 

in later life resulted in endothelial cell activation and secretion of VWF, contributing to the increase 

in VWF antigen levels with age we have previously documented. Regression analysis showed that 

carbonyl content was not significantly associated with plasma levels of VWF, but was marginally, 

although significantly associated with VWFpp levels (Figure 4.1C-D), suggesting that oxidative 

stress plays only a small role in the age-related increases. 
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Figure 4.1. Association between oxidative stress, aging and VWF secretion and plasma levels. The 
total protein carbonyl content levels, used as a marker of oxidative stress, was found to be associated with 
aging only in individuals >25 years of age (A-B). A small but significant association was found between 
carbonyl content and VWFpp levels, but not with VWF antigen levels (C-D). Regression lines with 95% 
confidence bands are shown. 

 As we previously showed that VWF secretion was mainly increased in old individuals with 

blood type non-O, we evaluated if oxidative stress could be partially responsible for those findings. 

In contrast to what was expected, a positive and significant association was found only in 

individuals with blood type O (>60 years old), as shown in Figure 4.2. No association between 

carbonyl content and either VWF antigen or VWFpp levels was found in individuals with blood 

type non-O. 
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Figure 4.2. Association between oxidative stress, VWF and ABO blood types. Total protein carbonyl 
content levels were significantly associated with VWF secretion and plasma levels in old individuals with 
blood type O (A), while no association was found in those with blood type non-O (B). Regression lines 
with 95% confidence bands are shown. 

4.4.2 Oxidation of VWF with aging 

Because oxidative stress has been associated with increased methionine oxidation, we 

investigated the extent of oxidation of two key methionines in VWF in old age. The first 

methionine, Met1385 is present in the A1 domain and has been shown to be deeply buried in the 

globular form of VWF, protected from oxidation. The second methionine, Met1606 present in the 

A2 domain, is part of the cleavage site of ADAMTS13 [234,236]. Plasma samples from 5 young 

individuals and 8 old subjects, with either high or low carbonyl content, were used to evaluate the 

extent of methionine oxidation. 

As shown in Figure 4.3, there was a 25% increase in the mean content of oxidized 

methionines in older subjects, although this result was not statistically significant. In the A1 

domain, 2.4% (95% CI 1.9-2.9) of Met1385 was oxidized in young individuals versus 3.0% (95% 

CI 2.2-3.8) in old subjects with high carbonyl content (p=0.20) (Figure 4.3A). Similarly, young 

individuals had 2.1% (95% CI 1.9-2.3) of the A2 domain Met1606 in its oxidized state, in 

comparsion to 2.7% (95% CI 1.8-3.6) in the old (p=0.18) (Figure 4.3B). The extent of oxidation 

in old individuals with low carbonyl content (n=2) was lower than those with higher carbonyl 
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content, with a 2.5±0.3% for Met1385 and 2.4±0.1% for Met1606. The oxidation status of both 

methionines was highly associated in all the samples analyzed (Figure 4.3C). 

 
Figure 4.3. Extent of methionine oxidation in the A1 and A2 domains of VWF with aging. There was 
a higher content of oxidized Met1385 (A1 domain, panel A) and Met1606 (A2 domain, panel B) in old age, 
although not statistically significant. The extent of Met oxidation in the A1 domain was highly associated 
with that in the A2 domain (C). Regression line with 95% confidence band is shown. 

4.4.3. VWF ability to bind platelets and collagen throughout aging 

 Based on the previous results, we tested if the ability of VWF to bind and agglutinate 

platelets (per unit of VWF) changed throughout aging. As shown in Figure 4.4A, no association 

was found between aging and the VWF:RCo/VWF:Ag ratio, suggesting that the VWF binding 

ability for platelets remained unaffected. Moreover, as ULVWF has a greater capacity to bind 

collagen and oxidation has been shown to also occur in the A3 domain, we measured the binding 
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ability of VWF to collagen per unit of VWF. Similar to the platelet binding results, no increase in 

VWF collagen binding function with age was observed (Figure 4.4B). 

 
Figure 4.4. VWF specific ability to bind platelets and collagen throughout aging. No association was 
found between aging and the VWF:RCo/VWF:Ag ratio (A) or VWF:CB/VWF:Ag ratio (B). Regression 
lines with 95% confidence bands are shown. 

4.4.4. VWF active A1 domain content and its association with aging 

 Because the VWF Ristocetin cofactor assay measures the ability of VWF to bind platelets 

in an induced unfolded state, we also used a nanobody that recognizes exclusively the open 

conformation of the A1 domain in native conditions to evaluate further the effect of age-related 

oxidative stress on VWF. Surprisingly, a negative association was found between the active 

content of VWF and aging (Figure 4.5A). When the content of active VWF was compared in 

individuals <18 years old and those >60 years old, a significant reduction was found: from 4.9% 

(95% CI 4.3-5.6) to 3.1% (95% CI 2.7-3.5) (p<0.0001). Furthermore, a small but significant 

negative association was also found between VWF plasma levels and its active content (Figure 

4.5B), suggesting that higher levels of VWF, characteristic of old individuals, are associated with 

a reduction of active VWF, in contrast to what we had expected. 
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Figure 4.5. VWF active content and its association with age and VWF antigen levels. A) A negative 
association was found between aging and the active content of VWF, measured with a nanobody that strictly 
recognizes the open conformation of the A1 domain. B) The active content of VWF was negatively 
associated with the plasma levels of VWF throughout aging. Regression lines with 95% confidence bands 
are shown. 

4.4.5. Effect of aging on ADAMTS13 levels and VWF multimer size 

 Since ADAMTS13 activity has been shown to decrease with age [143], we measured the 

activity and antigen levels of ADAMTS13 in our human population. We confirmed that both the 

activity and antigen levels of this metalloprotease decreased with age, as shown in Figure 4.6. 

Activity levels were highly associated with antigen levels (r2=0.30, p<0.0001), suggesting that the 

reduction in activity is due to decreased protein levels. 
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Figure 4.6. Changes in ADAMTS13 activity and antigen levels with age. Aging was significantly 
associated with a decrease in both the activity (A) and antigen (B) levels of ADAMTS13. Regression lines 
with 95% confidence bands are shown. 

We next evaluated if the VWF multimer composition, in particular the high molecular 

weight multimers (HMWM), changed with aging as a result of the lower ADAMTS13 activity and 

higher oxidation of the cleavage site. First, multimers were analyzed in 1.4% SDS-agarose gels, 

but a poor resolution of the HMWM was obtained (Figure 4.7A). Although small variations could 

be observed, no significant differences were found when compared to normal reference plasma 

(103±29%, p=0.66, n=15). In an attempt to improve the resolution of HMWM, samples were 

analyzed in 1% SDS-agarose gels. As shown in Figure 4.7B, the resolution of the overall multimers 

decreased, but differences in the HMWM could be observed between individuals. Although a 

significantly higher proportion of HMWM was observed when compared to normal reference 

plasma (120±43%, p=0.016, n=30), no significant difference was obtained when compared to 

samples from young individuals (124±44%, n=8, p=0.51). Finally, as collagen binding can be used 

as a surrogate marker of VWF multimeric size, we compared samples that had “high” collagen 

binding per unit of VWF versus “low” samples. However, no major differences could be observed 

(Figure 4.7C). 
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Figure 4.7. Analysis of VWF multimers. Samples from old individuals were analyzed by electrophoresis 
in 1.4% (A) or 1% (B) SDS-agarose gels: 1- Normal reference plasma; 2-9 plasma from old individuals 
(same in A and B). Samples with “high” (lanes 2,6,7) and “low” (lanes 3,4) VWF:CB/VWF:Ag ratio were 
analyzed in 1.4% agarose gels (C). Lane 1, Normal reference plasma; lane 5, type 2A VWD control; lane 
8, type 2B VWD control. Dotted line represents the cut-off for high molecular weight multimers (>10 
bands). 
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4.5 Discussion 

Previously, we have shown that VWF levels increased gradually with age, and that VWF 

secretion was enhanced in individuals over the age of 60 years, a process that mainly occurred in 

individuals with blood type non-O [185]. However, the mechanisms responsible for this effect 

remained to be investigated. Here, we first evaluated the effect of oxidative stress on VWF 

secretion and plasma levels to establish if this age-related process was partly responsible for our 

previous findings. Overall, our results suggested that oxidative stress plays only a minor role on 

the increase in VWF levels with age, as VWFpp levels were slightly associated with the total 

protein carbonyl content in plasma (Figure 4.1), a marker of oxidative stress [243]. Surprisingly, 

we found a novel association between oxidative stress and VWF secretion and plasma levels in 

old individuals with blood type O, suggesting that this age-related protein oxidation could partially 

explain the small increase in VWF levels with age previously observed in these individuals. 

Indeed, oxidative stress explained 24% of the variability of VWF levels in individuals with blood 

type O in later life, while it had no significant effect in individuals with blood type non-O (Figure 

4.2). These findings support our previous study suggesting that distinct age-related mechanisms 

are involved in the increase in VWF levels between ABO blood types [185]. 

Nevertheless, a recent study found that individuals with blood type non-O are more 

susceptible to oxidative stress when compared to those with blood type O [244]. It is possible that 

an effect of oxidative stress on VWF secretion in subjects with blood type non-O is masked by 

other mechanisms controlling VWF plasma levels. In contrast, in individuals with blood type O, 

where these mechanisms are not present or do not contribute to the same extent, the effect of 

oxidative stress can likely be seen. Studies have shown that cultured endothelial cells treated with 

H2O2 experience a small and slow increase in intracellular Ca2+ levels, leading to WPB exocytosis 
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[245,246]. Thus, chronic exposure to oxidative stress agents could partially explain the small 

increase in VWF plasma levels in old individuals with blood type O. 

As oxidative stress and inflammatory conditions have also been shown to induce the 

oxidation of Met residues within VWF, we next investigated the effect of age-related oxidative 

stress on VWF function. First, we measured the extent of oxidation of Met1385 and Met1606, that 

are located on the A1 and A2 domains of VWF, respectively. It has been shown that the content 

of oxidized VWF in normal plasma is very small, representing approximately 1% of the total VWF 

plasma protein. In conditions where oxidative stress and severe inflammation are present, the 

content of oxidized VWF can increase significantly, such as 2.8%-4.6% in sickle cell disease or 

10% in chronic kidney disease [236,238]. In our study of a small number of subjects, we found a 

minor and not significant increase in the content of oxidized Met residues in old individuals (Figure 

4.3). Although aging is characterized by oxidative stress and low-grade inflammation, it may not 

be severe enough to induce oxidation of VWF to the same extent as in other vascular diseases. In 

addition, a wide distribution of results in the old age group and the small number of samples 

available for analysis contributed to the small effect observed and the lack of significance. 

According to a three-dimensional model, the oxidation of the cleavage site in VWF reduces 

the binding affinity for ADAMTS13 up to 30-fold. This interference is mainly caused by a loss of 

hydrophobic and specific interactions between the VWF Met1606 residue and a histidine present on 

the ADAMTS13 active site, and also, by steric hindrance due to the presence of the new oxygen 

atom in the Met1606 residue [67]. Even if a small portion of the ADAMTS13 cleavage site is 

oxidized with aging, a higher than normal resistance to cleavage in combination with a reduced 

ADAMTS13 activity in later life (Figure 4.6) could result in increased content of ULVWF, as the 

rate of VWF cleavage in vivo is limited by the concentration of ADAMTS13 [71]. Even though 



92 
 

we observed a significant increase in the proportion of HMWM in old individuals when compared 

to a reference plasma when samples were analyzed in 1% SDS-agarose gels, no significant 

differences were observed when compared to young individuals, or when analyzed in 1.4% gels. 

The high variability observed could be the result of multiple factors, including variable degrees of 

Met1606 oxidation, different ADAMTS13 activity levels and a low sensitivity of the multimer 

analysis method for HMWM detection. The VWF:CB assay, which can be used as a substitute to 

detect HMWM, showed no changes with aging. Therefore, no overall changes in VWF multimer 

size seem to occur with advancing age, despite a previous report showing that ~25% of individuals 

above 45 years old and ~50% of centenarians had a reduction in the proportion of HMWM when 

compared to younger controls (<45 years old) [90]. 

Furthermore, oxidation of the A1 domain has been shown to be associated with a gain-of-

function conformation or “active state” as it can bind platelets more easily due to exposure of the 

GPIbα binding site [236]. It is unknown if oxidation of the A1 and A3 domains can alter the ability 

of VWF to bind collagen, as both domains can interact with distinct types of collagen in the 

subendothelial matrix [247,248]. Consequently, we investigated the potential implications of VWF 

oxidation in later life regarding platelet and collagen VWF functions. The VWF:RCo/VWF:Ag 

ratio measures the specific ability of VWF to bind platelets and is routinely used in VWD screening 

to determine VWF functionality, while the VWF:CB/VWF:Ag is used to identify collagen binding 

alterations in addition to evaluating the levels of HMWM VWF [249]. Our findings indicate that 

no specific changes in the ability of VWF to bind platelets and collagen occur with aging (Figure 

4.4). However, due to the nature of the VWF:RCo assay, spontaneous binding to platelets cannot 

be detected with the conditions used in this method. The use of a low dose of Ristocetin (≤0.6 
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mg/ml, in contrast to the routine dose of 1 mg/ml used in this study) would have been useful to 

detect an induced gain-of-function phenotype, as seen in type 2B VWD [249].  

As an alternative strategy to assess VWF structure/function, we used a llama-derived 

nanobody that specifically recognizes the GPIbα-binding conformation and is thus able to detect 

gain-of-function phenotypes in the A1 domain of VWF [250]. Surprisingly, we found that the 

content of active VWF decreased with age, as VWF plasma levels increased (Figure 4.5). These 

results are in contrast with studies that reported increased VWF active content in conditions such 

as sickle cell disease, TTP, type 2 VWD, HELLP syndrome, malaria and antiphospholipid 

syndrome [69,250–255]. Therefore, the nature of these findings are unclear and remain to be 

investigated. Nevertheless, it could be speculated that the decrease in the VWF active 

conformation with age could be the result of several possible factors. First, the A1 domain is 

surrounded by 8 O-linked glycans that regulate the accessibility of platelets to the GPIbα binding 

site [54]. Although the AU/VWFa-11 nanobody does not bind to the GPIbα binding site within the 

A1 domain [250], the effect that these glycans may have on the binding affinity of the nanobody 

is unknown. If changes in VWF O-linked glycosylation occur with age, it could be hypothesized 

that these changes might hinder the interaction between the nanobody and the A1 domain, and 

thus, impair the detection of active VWF. Alternatively, changes in neighbouring areas of VWF 

could also have an impact on the conformation of the A1 domain and the accessibility of the 

nanobody. In this regard, a recent study found that patients with ADAMTS13 resistance had lower 

levels of active VWF and hypothesized that changes within the A2 domain could affect the A1 

domain and the binding of the VWF nanobody [256]. Lastly, our findings could indicate a 

compensatory mechanism with aging, in which ADAMTS13 cleavage resistance is balanced by a 

reduced level of active VWF, as a result of enhanced clearance of this population of molecules 
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(potentially in complex with platelets, as shown in type 2B VWD [257]) or by novel mechanisms 

yet to be elucidated.  

Finally, we recognize that this is an observational study that has principally evaluated the 

association between variables and thus, has many limitations. Nonetheless, our results highlight 

the complexity of VWF and the challenges of evaluating the effect of multiple variables, which 

are biologically interrelated, such as VWF multimer size, ADAMTS13 activity and cleavage rate, 

VWF conformational changes and platelet binding. Moreover, we believe these preliminary 

findings will lead to further investigations and improve our understanding of the pathophysiology 

of VWF in later life. 
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Chapter 5 

Thesis Discussion 
 

5.1 Summary 

 Aging is characterized by a procoagulant state and an increased risk for cardiovascular 

diseases, in which levels of VWF and FVIII are elevated in later life. Aging is also associated with 

a dysregulation of many cellular processes, due to environmental and genetic factors, resulting in 

the development of many pathological conditions, which in turn can induce the secretion of VWF 

from endothelial cell stores. Nevertheless, in this thesis project, an age-specific mechanism, driven 

by the ABO blood group system, was found to regulate the increase in VWF levels with age 

through both secretion and clearance mechanisms. This novel mechanism links the increase in 

VWF levels with age with the high prevalence of CVDs in individuals with blood type non-O in 

later life. Although mice do not express ABO(H) blood type antigens, an age-related increase in 

VWF levels was also observed in these animals, as the result of enhanced gene expression and 

VWF secretion. Variations in VWF glycosylation, VWF processing and ADAMTS13 activity 

highlighted additional differences between humans and mice besides the age-related mechanisms. 

The presence of ABO(H) antigens on human VWF and the attributed role that these antigens have 

had throughout evolution, could represent a new link between VWF and innate immunity. The 

findings obtained in this thesis could have implications not only for the prevention of CVDs in 

later life in normal individuals, but also on the treatment and management of patients with VWF 

and FVIII deficiencies. Lastly, this thesis provides new insights into the pathophysiology of VWF 

with aging and offers new areas of research that could be investigated, such as the regulation of 

ABO glycosyltransferase expression and changes in VWF glycosylation with age.  
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5.2 Aging, cardiovascular diseases and von Willebrand Factor 

Aging is characterized by a gradual decline in numerous physiological processes, leading 

to a greater risk of health complications and disease in later life [258]. The aging process seems to 

be the result of several events, including cellular and environmental factors, resulting in a 

dysfunctional state that is associated with an increased risk of a diverse range of pathologies. In 

the case of hemostasis, substantial evidence has shown that aging causes an increase in 

procoagulant proteins, shifting the balance to a state where CVDs can develop, as anticoagulant 

pathways remain mostly unchanged [117,157]. 

CVDs are the leading cause of death worldwide, with more than 17.5 million deaths every 

year and accounting for 31% of all global deaths, mainly due to heart disease and stroke [259]. 

Although the death rate from CVDs in Canada has declined by more than 75% in the last decades, 

it is still responsible for 26% of all deaths in the country, with 20% due to heart disease and 6% 

due to stroke [260]. Multiple risk factors contribute to the CVD prevalence, including modifiable 

factors (obesity, smoking, physical inactivity, unhealthy diet) and non-modifiable factors (gender, 

age, family history) [259,261]. Moreover, it is estimated that 90% of Canadians have at least one 

risk factor for CVD. For example, 60% of Canadians are overweight or obese, 16% smoke and 

more than 60% exceed the recommended intake levels of sodium [262–264].  

Old age is the most determinant factor for cardiovascular health, as CVD death rate is 

highest among those over the age of 65. Estimates indicate that 15% of individuals between 65 

and 74 years old suffer from heart disease, with a further increased prevalence to 23% in those 

over the age of 75 years [258,263]. Not only are the levels of procoagulant proteins increased with 

age, but many risks factors for CVD are also more prevalent in later life, including atherosclerosis, 

physical inactivity, hypertension and diabetes. It is estimated that 85% of Canadians do not meet 
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physical activity recommendations, a number that increases significantly with advancing age 

[265]. Also, while 7% of individuals are diagnosed with diabetes in the general population, the 

prevalence increases to 15-20% in individuals above the age of 60 [266]. 

Even though advances in medicine and health care have helped to decrease the death rates 

by CVDs significantly, it is also helping people to live longer lives. In fact, it is expected that in 

the next 35 years, the number of individuals over the age of 60 is going to double. Currently, 

Canada is the region with the oldest population in the American continent [267]. According to 

Statistics Canada, this year Canada reached the point where there are more people over the age of 

65 (5.8 million) than below 14 years. Thus, an increase in the aging population suggests that more 

people will be at risk of CVDs, increasing the cost and burden on health care services. 

The procoagulant state observed in old age is contributed to by the age-related increase in 

VWF and FVIII plasma levels, as VWF is involved in platelet adhesion and aggregation and FVIII 

participates in the coagulation cascade to promote thrombin generation [117,157]. Moreover, high 

levels of VWF have been associated with both arterial and venous thrombosis, and thus, with an 

increased risk for CVDs [5]. Elevated levels of VWF in the context of reduced levels of 

ADAMTS13, the metalloprotease that regulates VWF multimer size, could increase even further 

the risk for CVDs in later life [143,268,269]. Thus, a link can be established between these factors, 

where aging is associated with a higher incidence of CVDs and also causes an increase in VWF 

levels, while these high levels of VWF increase the risk for CVDs in later life (Figure 5.1). 

In addition, VWF has been used as a marker for endothelial dysfunction and the high levels 

observed with advancing age had been suggested to be a marker of endothelial health, rather than 

to reflect an age-specific mechanism, such as the one described for coagulation Factor IX 

[113,135]. As many of the risks factors associated with CVDs are also associated with increased 
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VWF levels, it is a reasonable hypothesis that the increase in VWF levels with age could be the 

result of the cumulative presence of these risk factors. 

 
Figure 5.1. Association between aging, cardiovascular disease and von Willebrand Factor. Aging is 
the main risk factor for CVDs and is associated with increased plasma levels of VWF. Similarly, high levels 
of VWF have been shown to increase the risk for CVDs, including heart disease, stroke and deep venous 
thrombosis. 

Recently, high levels of sodium have been linked to a higher synthesis and secretion of 

VWF both in vitro and in vivo, and were associated with elevated plasma levels of VWF and 

increased risk of stroke [270]. Similarly, plasma levels of VWF have been shown to increase 26% 

immediately after cigarette smoking [271], while in vitro studies have shown that VWF levels 

increase in a dose-dependent manner in endothelial cells exposed to cigarette smoke extract [272]. 

Moreover, patients with hyperlipidemia have 14% higher levels of VWF, and VWF has been found 

to be highly correlated to total cholesterol and LDL-cholesterol levels [273]. Studies have shown 

that even in the absence of other cardiovascular risks factors, obesity results in a prothrombotic 

state characterized by increases in VWF (1.33-fold) and FVIII (1.40-fold) plasma levels [274], an 

effect that has also been observed in obese children (1.29-fold increase in VWF levels) [275]. 

Lastly, diabetes has been shown to result in increased secretion of VWF, increased content of 

active VWF and elevated plasma levels of VWF in elderly individuals [239]. 

Aging

VWFCVD
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 Based on the previous facts, it is likely that the presence of health conditions in later life 

can contribute to the increase in VWF plasma levels, such as the one we observed with age-related 

oxidative stress on VWF levels. Nevertheless, the findings in this thesis support the hypothesis 

that an age-specific mechanism, independent of the presence of the pathologies of aging, is 

responsible for the increase in VWF levels. First, the increase in VWF levels with advancing age 

was found to occur progressively and early in the aging process, as VWF levels in middle-age 

individuals were significantly higher than those in children. Second, we observed that the ABO 

blood system plays a significant role on the age-related changes in VWF levels, suggesting that 

genetic determinants are thus involved. Lastly, the increase in VWF levels with age observed in 

humans was recapitulated in mice, indicating that at least in part, some of the mechanisms involved 

are conserved throughout species. However, significant differences between humans and mice are 

known to exist in relation to VWF pathophysiology, and clear differences were found in this thesis 

in terms of the mechanisms responsible for the age-related increase in VWF plasma levels in these 

two species. 

 

5.3 Age-related increase in VWF levels: Human vs. mouse models 

Our data obtained from normal human samples suggested that both secretion and clearance 

mechanisms contribute to the increase in VWF levels with aging. This increase was found to be 

driven by the presence of ABO(H) antigens on VWF, as a significant reduction in VWF clearance 

was observed in individuals with blood type non-O, while increased VWF secretion was observed 

in later life [185]. In contrast, the results obtained in mice indicated that only increased VWF 

biosynthesis, due to enhanced Vwf expression and secretion, is responsible for the increase in VWF 

levels with age. Moreover, the increase in VWF levels with age occurred independently of ABO 
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blood type, as mice do not express ABO(H) antigens (see further discussion below). Although the 

mice used in this study had the same genetic background and were aged in a controlled 

environment, free of air pollutants and with a balanced diet, we found that mice get less active and 

experience significant weight gain with advancing age (data not shown). It is possible that these 

factors may have contributed to the increase in VWF levels with age. 

Nevertheless, differences between the mouse model and humans are always present and 

should be expected. In the case of VWF, many differences between the mice and humans have 

been described. For example, complete deficiency of VWF in mice results in a milder bleeding 

phenotype when compared to humans, as spontaneous bleeding rarely occurs and VWF deficient 

mice can survive some hemostatic challenges such as pregnancy and delivery without 

complications [191]. Likewise, human ECs are characterized by their ability to release VWF in 

response to stimulation with the antidiuretic hormone vasopressin and its synthetic analogue 1-

deamino-8-d-arginine vasopressin (DDAVP), while mice do not respond to DDAVP [276–278].  

Furthermore, in contrast to humans, in whom we observed a decrease in ADAMTS13 

activity and antigen levels with age, the activity of this metalloprotease in mice increases with 

advancing age, suggesting different regulatory mechanisms between the two species (Appendix 

A). Also, the C57BL/6 Adamts13 gene encodes a truncated version of the ADAMTS13 protein 

that is less efficient than the human counterpart in cleaving VWF under conditions of high shear 

flow [279]. This feature likely contributes to the fact that mice have larger VWF multimers than 

humans, similar in size to those generated in the absence of ADAMTS13 in humans. Although 

deficiency of this metalloprotease in mice causes a significant increase in VWF multimer size, 

they do not develop spontaneous microthrombi and thrombocytopenia, as observed with TTP in 

humans [280]. In contrast, complete deficiency of ADAMTS13 in mice only induces a 
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prothrombotic state, which will result in the microangiopathic pathology seen in TTP only in the 

presence of triggers, such as the snake venom botrocetin [192,280]. 

Subtle differences have also been reported between humans and mice in terms of 

megakaryocytes and platelets, such as platelet count and size and alpha-granule heterogeneity, but 

the distribution of VWF within alpha-granules in mice has been found to be similar to humans 

[281]. Lastly, the fact that mice do not have a CLEC4M ortholog, a clearance receptor involved in 

VWF clearance in humans [107], suggests that differences in clearance mechanisms between 

humans and mice are also present. 

5.3.1 ABO blood type 

 In this study, we found that the ABO blood type of an individual plays a significant role in 

the increase in VWF levels with age. In fact, a novel interrelated influence between ABO blood 

type and aging was described on VWF levels. Although the presence of ABO(H) antigens on the 

VWF protein has been demonstrated and well characterized [49,50], there is still controversy as to 

how these antigens affect VWF plasma levels. Our findings suggest that ABO blood type has an 

influence on VWF clearance and secretion in later life, and that the amount of A antigen present 

on the VWF protein can be associated with its clearance rate. A previous study suggested that 

VWF lacking A/B antigens resulted in accelerated clearance [83], while a recent study proposed 

that the effect of ABO blood type on VWF plasma level is independent of the presence of these 

antigens on the protein, through a mechanism yet to be elucidated [177]. Thus, further studies are 

required to better understand the role that these antigens play on VWF levels. Studies in humans 

are limited by evident ethical reasons, and systems that allow the study of VWF in vitro such as 

cultured endothelial cells, fail to express ABO(H) glycosyltransferases. Therefore, a mouse model 
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would be an ideal candidate to study further the VWF/ABO relationship, as it has proven useful 

for many other studies of VWF pathophysiology [282]. 

The distribution of ABO(H) antigens has been most extensively studied in humans, while 

only limited information is available for other mammals [283]. In humans, blood group antigens 

are not only present on the surface of red blood cells, platelets and endothelial cells, but are widely 

distributed in human tissues, and thus, are also known as histo-blood group antigens [284]. 

Although these antigens have been found in many other vertebrate species, their expression in the 

vascular endothelium has only been observed in primates closely related to humans. Moreover, the 

expression of ABO(H) antigens in red blood cells seems to be restricted to humans and a few non-

human primates, including the chimpanzee, gorilla and orangutan. While in chimpanzees only A 

and O blood types are found, the four ABO blood types described in humans can be found in 

macaques [283,285–287]. Studies have determined that the genetic substitutions differentiating 

the A and B alleles occurred before the divergence of the lineages leading to humans, chimpanzees, 

gorillas and orangutans, while the O allele present in non-human primates derived from the 

independent occurrence of a silencing mutation [286,288]. 

The fact that murine VWF does not possess ABO(H) antigens makes the study of these 

antigens in vivo much more challenging. Nonetheless, mice do possess an ABO gene equivalent, 

which in contrast to the human counterpart, encodes an enzyme with both A and B transferase 

activities. Although the presence of A/B antigens in the mouse has been detected in submaxillary 

glands, agglutination experiments indicated that these antigens are not expressed in abundance, if 

at all, in murine tissues [221]. The presence of these antigens requires both the presence of the 

appropriate substrate and the specific glycosyltransferases. For example, the addition of the H 

antigen requires the specific type 2 chain substrate (Galβ1-4GlcNAcβ1), while both A and B 
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antigens require the presence of the H antigen [284]. It is possible that substrate competition 

between the H antigen α1-2-fucosyltransferase and the more abundant α1-3-galactosyltransferase 

in mice hinders the addition of the substrate required for the incorporation of A/B antigens [221]. 

Similarly, a rat gene homologous to the human ABO gene has also been cloned and 

characterized [285]. With a similar organization to the human gene, it is 77% homologous to the 

human coding region and 70% homologous at the protein level. This enzyme catalyzes the addition 

of the A antigen and possesses only a small amount of B transferase activity. Although a wide 

distribution in rat tissues has been observed, the A/B antigens are not expressed in the vascular 

endothelium, suggesting that the rat VWF does not contain ABO antigens. 

While it is well stablished that human vascular endothelial cells express ABO antigens, the 

function of these antigens is not clear, although a possible role in cell adhesion has been suggested. 

VWF, FVIII and α-2-macroglobulin are the only plasma proteins containing ABO(H) antigens 

described so far; however, the biological explanation of why these three proteins express these 

antigens is currently unknown. The expression of ABO antigens in most epithelial cells has pointed 

to a role in the interaction with microorganisms, while the highly polymorphic nature of the ABO 

gene could provide the diversity needed to cope with diverse and rapidly evolving pathogens 

[283,285]. Furthermore, diversity in the ABO phenotypes between and within species may inhibit 

inter- and intra-species infections, respectively [287]. Evidence has suggested that differences in 

blood group antigens in humans can increase or decrease the susceptibility to many infections, as 

these antigens could serve as receptors for microorganisms such as Vibrio cholerae, Helicobacter 

pylori, Yersinia pestis and Plasmodium falciparum [289].  

VWF has been implicated in many more roles besides hemostasis, including angiogenesis, 

tumor metastasis, cell proliferation and inflammation [290]. In particular, VWF has been shown 
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to interact with leukocytes and neutrophil extracellular traps [291,292]. It could be hypothesized 

then that the presence of ABO(H) antigens on VWF could be related to the role of VWF in immune 

responses. The presence of ABO(H) antigens has been associated with the virulence factor of P. 

falciparum, where A>B>O, while blood type O has been found to be underrepresented in severe 

malaria cases [293]. Of interest, a recent study found that VWF plays a significant role in the 

pathogenesis of malaria in mice, where VWF deficiency improved mouse survival significantly 

[294]. Whether the ABO(H) antigens present on VWF play a role in this pathogenicity remains to 

be investigated. Lastly, age-related changes in the blood group antigen system has been proposed 

as a potential influence in host susceptibility to infection [289], and may explain in part the 

interrelation between ABO blood type and aging on VWF plasma levels. 

5.4 Implications for the elderly: healthy and von Willebrand disease patients 

 The findings obtained in this thesis help to improve our understanding of the VWF 

pathophysiology in later life and may have implications for the aging population of normal 

individuals and von Willebrand disease (VWD) patients. In particular, the finding that ABO blood 

type and aging influence VWF levels by interrelated mechanisms, changes the traditional view of 

these two factors as independent influences on VWF plasma levels, and links the age-related 

increase in VWF levels with the higher incidence of CVDs in individuals with blood type non-O. 

Although an increased risk for CVDs in individuals with blood type non-O has been recognized 

for several decades, this is the first time that a direct association between ABO blood type, aging 

and VWF plasma levels has been established (Figure 5.2).  

 Studies have shown that aging is also associated with a 30% reduction in platelet count, 

although there is no proven explanation yet for this finding [295]. A decline in thrombopoietin 

levels with age and a decline in hematopoietic stem cell reserves have been suggested as possible 
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explanations [296]. An alternative theory could be that platelet count decreases with age are related 

to the increased formation of platelet aggregates and their subsequent clearance. Although we did 

not find a net increase in VWF function with age, other studies have shown that platelet activation 

and aggregability increases with age [297,298]. In addition, a recent study showed that aging has 

a significant effect on platelet adhesion to VWF under conditions of arterial flow, in which an 

increase in stable platelet-VWF interactions and a reduction in platelet rolling was observed with 

advancing age [299].  

  

Figure 5.2. Association between ABO blood type, VWF levels and cardiovascular disease with aging.  
With advancing age, the ABO blood type system plays a significant role in the increase in VWF levels, 
resulting in increased risk for CVDs, particularly in individuals with blood type non-O. 

If the platelet clearance hypothesis is correct, the combination of elevated levels of VWF 

levels and increased platelet aggregability in later life could result in an exacerbated risk for 

thrombosis. These observations could explain, in part, the high efficacy of antiplatelet therapy in 

the management of CVDs. Although low-dose aspirin has been recommended for individuals with 

high risk for CVD, it is not widely used in primary prevention [300]. This therapy could prove to 

be particularly useful in the prevention of CVDs in aging individuals with blood type non-O, even 

in the absence of other major risk factors. Similarly, a new therapy for the treatment of TTP that 
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is currently in a phase III clinical trial could also be useful in the prevention of CVDs in later life, 

as it uses a VWF nanobody against the A1 domain that blocks the interaction with the platelet 

receptor GPIbα [301]. 

5.4.1 von Willebrand disease patients 

 von Willebrand disease (VWD) is the most common inherited bleeding disorder, affecting 

approximately 1 out of every 1,000 individuals [302]. It is characterized by mucocutaneous 

bleeding, such as epistaxis and bruising, and by menorrhagia and prolonged bleeding after trauma 

or surgery. VWD can result from a quantitative deficiency or qualitative defects on VWF. 

Quantitative deficiencies are classified into type 1 (mild/moderate) and type 3 VWD (severe), 

while qualitative defects are classified into type 2 VWD and further subtypes (2A, 2B, 2M, 2N) 

[6]. 

Evidence suggesting that aging could influence VWF levels in VWD cases was first 

reported 40 years ago in dogs with a mild deficiency of VWF, in which a progressive reduction in 

disease severity was observed with advancing age, reaching the point where hemostatic tests 

almost overlapped the normal range [303]. In humans, two studies recently addressed this question 

in VWD patients. Both studies found that type 1 VWD patients, the most common type of VWD 

(~80%), experience similar age related increases in VWF plasma levels as those observed in 

healthy individuals, suggesting that their bleeding phenotype might normalize with advancing age 

[149,150]. Although patients with type 1 VWD did not experience a reduction in their bleeding 

rates with age, their bleeding frequency was similar to younger individuals, in contrast to elderly 

individuals with type 2 VWD, in whom increased bleeding was observed [149]. Also, we have 

recently discussed the implications that the increase in VWF plasma levels with age could have on 

the diagnosis and treatment of patients with mild type 1 VWD in a previous report using an index 
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case as a case study (Appendix B [304]). As the population of elderly patients with VWD continues 

to grow due to better health care, the management of these patients in later life brings new 

challenges, as they now face the comorbidities associated with aging [305]. Hence, understanding 

the mechanisms that control VWF levels in later life could provide some clues on the treatment of 

elderly VWD patients, in particular those with type 1 VWD. 

Our results suggested that both secretion and clearance mechanisms contribute equally to 

the increase in VWF plasma levels with age, especially in those individuals with blood type non-

O. Although the mechanisms by which ABO blood type regulate VWF levels remain controversial, 

our findings could still have implications on the treatment of VWD patients. For example, elderly 

patients treated with DDAVP, the vasopressin analogue that stimulates VWF secretion from ECs, 

could result in more than expected VWF release into the circulation if enhanced biosynthesis is 

present. Additionally, a reduction in VWF clearance with age will result in an extended presence 

of the protein in plasma. This scenario seems ideal in terms of dosing and treatment frequency, but 

could also carry associated risks for thrombosis if a close follow up of the case is not performed. 

Similarly, patients receiving replacement therapy, such as those with type 3 VWD, could 

potentially benefit as well from the age-related changes if the reduced VWF clearance we observed 

with advancing age is due to changes in VWF clearance receptors. Although most plasma-derived 

VWF concentrates are obtained from a mix of individuals with all blood types and ages, using age- 

and/or blood type-specific VWF products may be an idea worth exploring. 

Finally, hemophilia A patients on treatment with FVIII replacement products could also 

benefit from the age-related changes in VWF, as this group of patients is reaching similar life-

expectancies as healthy individuals [306]. As VWF half-life is extended with advancing age, 

especially in those with blood type non-O, a parallel increase in the half-life of the infused FVIII 
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protein should also be expected. Indeed, studies have shown an age-related increase in FVIII half-

life in patients with hemophilia A, in contrast to hemophilia B, where increased expression is the 

sole mechanism responsible for the increase in FIX levels with age [307–309]. Nevertheless, this 

area of research is just starting to be explored and further studies are required before any changes 

in current treatment management can be considered. 

5.5 Future directions 

This thesis covered a wide range of VWF biology, from gene expression to VWF clearance, 

with the aim of determining the mechanisms responsible for the age-related increase in VWF 

plasma levels. While several novel and important conclusions were reached, a number of new 

findings and unanswered questions remain that could be further investigated, as detailed below. 

1. Evaluation of age-related changes in VWF glycosylation. 

 Given the important role that glycosylation plays throughout the life-cycle of VWF, and 

that our results indicated a significant role of the ABO blood type system on the increase in VWF 

levels with age, analysis of the glycan content on VWF with aging should be performed. Previous 

attempts using solid-phase lectin binding assays have proven unsuccessful, as excessive 

background was obtained due to undesired binding of the lectins to the microtiter plate, the capture 

antibody and other proteins, even in the presence of carbohydrate-free blocking solutions. Also, 

western blot analysis although useful, is impractical for the screening of large numbers of plasma 

samples. A new method, based on AlphaLISA® technology, allows the analysis of carbohydrate 

content on VWF in a specific, quick and large-scale manner. Optimization of more than 10 

different lectins with diverse glycan specificity has been performed in collaboration with the 
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laboratory of Dr. Sandra Haberichter (Blood Center of Wisconsin, Milwaukee, WI, USA), to 

initiate the analysis of plasma samples from young and old individuals. 

2. Analysis of potential microRNAs that could be associated with the age-related increase in VWF 

expression. 

Given the recent finding that miR-24 can control the expression of VWF in conditions of 

hyperglycemia [202], it is possible that a microRNA regulation mechanism also participates in the 

increased biosynthesis of VWF with advancing age. In our mouse experiments, increased 

expression was observed in most tissues analyzed, but the mechanisms responsible for these 

findings are still unknown. In collaboration with Dr. Patrick Provost (Université Laval, Quebec 

City, QC, Canada), a preliminary assessment was performed using prediction tools for RNA 

analysis. The mRNA sequence of VWF was analyzed for potential microRNAs binding sites, and 

18 microRNAs were identified with miRSearch (Exiqon), 2 with microRNA.org (including miR-

24) and 3 with TargetScan that were conserved across species (miR-4265, miR-4296, miR-4322). 

Moreover, using the Firefly™ Discovery Engine, 155 distinct microRNAs were identified when 

aging and endothelial cells keywords were searched, including miR-24 and miR-335, the two 

microRNAs identified with microRNA.org. Thus, a microRNA analysis can be done with mouse 

plasma samples and tissues from young and old animals. In addition, human samples could also 

be tested and blood-outgrowth endothelial cells (BOECs) evaluated, as our group has more than 

10 BOEC lines obtained from healthy individuals with a range of ages and ABO blood types. 

3. Analysis of endothelial cell expression of ABO(H) glycosyltransferases under conditions of flow. 

As previously discussed, ECs are part of the hematopoetic cell lineage that expresses 

ABO(H) antigens. However, the expression of these antigens in the vascular endothelium is not 
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constant throughout different vascular beds. A recent study on human brains showed that although 

VWF was present throughout the endothelium, the expression of A and H antigens in brain 

capillaries was highly heterogeneous [310]. Moreover, the expression of ABO(H) antigens has 

been linked to cell and tissue differentiation [284]. Although the expression of these antigens is 

not limited to ECs, there must exist specific regulatory mechanisms that control the expression by 

ECs and be responsible for the heterogeneity of ABO(H) expression described in different vascular 

beds. When ECs are cultured under static conditions in vitro, no expression of ABO(H) antigens 

is observed. It is possible that the differentiation state of vascular ECs that allows these ABO(H) 

antigens to be expressed is not represented in primary ECs, such as human umbilical vein ECs 

(HUVECs) and BOECs. Another possibility could be that the glycosyltransferases involved in the 

addition of the H and A/B antigens are not expressed under static culture conditions. As ECs in 

vivo, in different vascular beds, are exposed to distinct flow conditions, it is possible that the 

absence of flow could significantly affect the expression of the glycosyltransferase enzymes. 

Indeed, a study showed that hydrodynamic forces applied to cultured HUVECs induces a 

significant change in the glycosylation pattern of VWF, although this study did not specifically 

investigate the presence of ABO(H) antigens [311]. Our lab has significant experience with ECs 

cultured under flow conditions, and with many BOEC lines available from individuals with 

different ABO blood types, the effect of flow on the expression of ABO(H) antigens could be 

investigated. 

4. Mechanisms that regulate the expression of F8 and Stabilin-2 in liver and spleen. 

 In this study, the expression of Stabilin-2 and F8 was evaluated in spleen and liver samples 

of mice at different ages. Interestingly, a similar pattern of expression was observed when all 

samples were analyzed, in which F8 and Stabilin-2 expression was highly associated in both the 
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liver (r2=0.85, p<0.0001, n=39) and spleen (r2=0.89, p<0.0001, n=38). qRT-PCR products were 

evaluated by electrophoresis and confirmed the expected product size for each gene. A second 

TaqMan® assay for Stabilin-2, that amplifies in a different region of the gene, was employed, and 

similar results were obtained to those with the initial assay (r2=0.89, p<0.0001). Moreover, when 

a plasmid containing the murine cDNA for Stabilin-2 was used as a template for the F8 and 

Stabilin-2 TaqMan® assays, only the Stabilin-2 assay amplified. Although we could not confirm 

the opposite situation with a murine F8 cDNA plasmid, it is very unlikely that non-specific 

amplification would give such a high degree of association in all the samples analyzed. Therefore, 

our findings indicate that there must be a common regulatory pathway of expression for these two 

genes in mouse spleen and liver tissues, which has not previously been described and could be 

explored further. 

5.6 Thesis conclusions 

In conclusion, this thesis provides novel insights into the mechanisms that control the 

increase in VWF levels with advancing age. By evaluating human and mouse models during the 

aging process, differences in VWF pathophysiology between the species were demonstrated, such 

as the effect of ABO(H) antigens on the increase in VWF levels with age. Moreover, our results 

highlighted the complexity of the interaction between VWF and the microenvironment in later life. 

Although an effect on VWF function was not observed with aging, the increase in VWF plasma 

levels could increase the risk for CVDs in older individuals and impact the treatment of patients 

with VWD and hemophilia A in later life. 
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Appendix A  
ADAMTS13 plasma levels in aging mice reveals similarities and differences 

with its human counterpart. 

A.1 Summary 

The activity of ADAMTS13 has been shown to be downregulated in many pathological 

conditions where a prothrombotic state is present, including advancing age. Lower levels of 

ADAMTS13 in the context of high levels of VWF may contribute to an exacerbated risk for 

thrombosis and explain the high incidence of cardiovascular diseases in later life. In this study, we 

used a mouse model to evaluate further the age-related changes in ADAMTS13 activity previously 

documented in humans. Our results found that in contrast to humans, ADAMTS13 activity 

increases with age in C57BL/6 mice. Hepatic expression of Adamts13 was evaluated in normal 

aging mice, but no significant changes were found that could explain the increase in ADAMTS13 

plasma levels with age. As VWF has been shown to influence ADAMTS13 levels, we used VWF 

deficient mice to evaluate further this association. In the absence of VWF, ADAMTS13 levels 

were significantly higher at both young and old age when compared to normal mice. Furthermore, 

ADAMTS13 levels quickly decreased when recombinant mouse VWF was infused into VWF 

deficient mice, and returned to baseline levels when VWF started to be cleared from the 

circulation, recapitulating what has been described in humans. Taken together, this study showed 

new similarities and differences between the mouse and human ADAMTS13 behaviour upon 

physiological and pathological conditions. 
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A.2 Introduction 

 von Willebrand factor (VWF) activity is regulated by the action of ADAMTS13, a  

disintegrin and metalloprotease with thrombospondin type 1 motif – member 13 that cleaves the 

hyperactive ultra-large VWF (ULVWF) multimers after they are released into the circulation by 

activated endothelial cells [69,312]. In humans, deficiency of ADAMTS13 results in 

microthrombi, thrombocytopenia and hemolytic anemia, due to the formation of platelet 

aggregates in the absence of vascular injury [144]. Several mouse models of ADAMTS13 

deficiency has been described and they all showed that although mice presented a higher content 

of ULVWF multimers, platelet aggregates only formed in the presence of additional triggers, such 

as high VWF levels [192,280,313]. Decreased ADAMTS13 activity has been described in many 

prothrombotic conditions where VWF levels are elevated, such as sepsis, malaria, cardiovascular 

disease and disseminated intravascular coagulation [145,146,255,268,314]. Moreover, we and 

others have shown that the activity of ADAMTS13 decreases with age in humans, contributing to 

the state of hypercoagulability typical of later life [143,315]. In this study, we evaluated age-related 

changes in ADAMTS13 activity in a mouse model to complement our previous data obtained in 

humans. 

A.3 Materials and Methods 

A.3.1 Mouse samples 

Wild-type (normal) and VWF deficient (VWF KO) mice on a C57BL/6 background were 

used in this study [191]. Plasma samples were obtained via cardiac puncture from normal mice at 

9, 55- and 97-weeks of age and from VWF KO mice at 9- and 55-weeks of age. Samples were 

aliquoted and stored at -80 ºC until ADAMTS13 activity measurement. All mouse experiments 

were reviewed and approved by the Queen’s Animal Care Committee. 
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A.3.2 Mouse ADAMTS13 activity and VWF antigen levels 

Mouse ADAMTS13 activity was measured with an in-house activity ELISA using a 

murine VWF 73-mer substrate, as follows: an Immulon 4HBX plate (Thermo Scientific, 

Rochester, NY, USA) was coated overnight with 5 μg/ml of a goat polyclonal anti-GST antibody 

(Ab6613, Abcam, Cambridge, MA, USA) in 50 mM carbonate buffer pH 9.6. After blocking with 

2% BSA-PBS pH 7.2, 0.5 μg/ml of the murine VWF 73-mer peptide was added and incubated for 

4 hours. Plasma samples were diluted in digest buffer (10 mM Bis-Tris, 10 mM CaCl2, 0.01% 

Tween-20, pH 6.1) containing 1:200 protease inhibitor cocktail (P8340, Sigma, St. Louis, MO, 

USA) and incubated at 37 ºC overnight. The uncleaved 73-mer was detected with 0.2 μg/ml of a 

rabbit polyclonal anti-VWF carboxyterminal antibody (Ab47139, Abcam, Cambridge, MA, USA) 

and 0.25 μg/ml of a polyclonal anti-rabbit IgG HRP conjugated antibody (P0448, DAKO, 

Glostrup, Denmark). A recombinant mouse ADAMTS13 protein with a known concentration was 

used as a standard. Mouse VWF antigen levels were determined by ELISA using VWF polyclonal 

antibodies A0082 and P0226 (DAKO, Glostrup, Denmark). Mouse pool plasma from at least 20 

normal, mixed sex mice, aged 8-15 weeks, was used as a reference. 

A.3.3 Adamts13 expression analysis in liver samples 

 Mouse livers were harvested from 9-, 55- and 97-week old normal mice, rinsed with 

Hank’s Balanced Salt Solution (HBSS) and immediately incubated in RNAlater® stabilization 

solution (Life technologies, Burlington, ON, Canada), before storage at -80 ºC. Total RNA was 

extracted after tissue disruption and homogenization using the RNeasy® Mini Kit (QIAGEN, 

Toronto, ON, Canada). The cDNA was synthesized from 5 μg of total RNA with 2.5 mM oligo 

dT, 0.5 mM dNTPs, 200 U SuperScript® III Reverse transcriptase, 5 mM DTT, 1X First strand 

buffer and 40 U RNaseOUT® ribonuclease inhibitor (Invitrogen, Burlington, ON, Canada). RNA 
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samples, oligo dT and dNTPs were incubated at 60 ºC for 5 min and then at 50 ºC for 1 hour with 

the remaining reagents, before a final inactivating step at 70 ºC for 15 min. 

Expression analysis was performed through quantitative real time-PCR (qRT-PCR) on a 

ViiA7 Real-Time PCR system (Life technologies, Burlington, ON, Canada). PrimeTime qPCR 

assays were used for Adamts13 (Mm.PT.56a.43588582) and Gapdh (Mm.PT.39a.1) amplification 

(IDT, Coralville, IA, USA) with SYBR® Green Universal Master mix (Life technologies, 

Burlington, ON, Canada), following the recommendations of the manufacturers. Samples were 

grouped into biological replicates by age groups and analyzed by Relative Quantification (RQ) 

through Comparative Delta Delta Ct, using the 9-week old group as a reference. 

A.3.4 ADAMTS13 activity levels in VWF KO mice infused with VWF 

Recombinant mouse VWF (r-mVWF) was produced by transient transfection of the murine 

Vwf cDNA into HEK293 cells, as previously described [193]. Infusions with r-mVWF were 

performed on VWF KO mice via tail vein injections with 200 U of VWF per Kg of body weight. 

Blood samples were collected from each mouse a week before the infusions, at 5 min post-infusion 

and one other additional time-point via retro-orbital venipuncture, after which the mouse was 

euthanized. Plasma samples were obtained after centrifugation at 11,500g for 5 min at 4 ºC and 

aliquots were stored at -80 ºC until ADAMTS13 activity and VWF antigen quantification. 

A.3.5 Statistical analysis 

 ADADMTS13 activity levels are presented as means and standard deviations. Difference 

in gene expression and protein levels between samples was tested with Mann-Whitney or Kruskal-

Wallis tests. Gene expression data was log transformed before statistical analysis. All graphs and 

statistical analysis were performed with GraphPad Prism v.4 (San Diego, CA, US), and a p-value 

less than 0.05 was considered significant. 
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A.4 Results and Discussion 

 The activity levels of ADAMTS13, the main regulator of VWF activity in plasma, have 

been shown to decrease significantly with advancing age, reaching a ~25% reduction in later life 

[143,315]. To complement our previous study in humans, we used a mouse model to evaluate age-

related changes in ADAMTS13 activity and investigate the effect of VWF levels on the regulation 

of ADAMTS13 plasma levels. For this purpose, plasma samples from normal mice at three 

different ages were collected and the activity of ADAMTS13 measured by enzyme-linked 

immunosorbent assays using a murine VWF 73-mer as substrate. In contrast to the previous 

findings documented in humans, the activity of ADAMTS13 increased significantly with age in 

C57BL/6 mice (Figure A.1-A). Levels of ADAMTS13 reached a peak at 55-weeks of age 

(0.48±0.08 U/ml, p<0.0001) and then decreased at 97-weeks (0.39±0.06 U/ml, p=0.0007), but 

were still significantly higher than those at 9-weeks (0.29±0.07 U/ml, p=0.0001).  

 

Figure A.1. Age-related changes in ADAMTS13 activity levels and gene expression in C57BL/6 mice. 
A) ADAMTS13 activity increased significantly with age and reached a peak at 55-weeks. Afterwards, 
levels decreased but were still significantly higher than those at 9-weeks. *** equals p<0.001. B) Changes 
in Adamts13 gene expression with age were evaluated in liver samples collected from mice at 9-, 55- and 
97-weeks old. No significant changes were observed that could be correlated to the changes in ADAMTS13 
plasma levels (p>0.05). Error bars represent the 95% confidence intervals of the RQ. 
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Although the murine ADAMTS13 protein is highly homologous to the human in both 

amino acid sequence and structural organization [316], the C57BL/6 mouse strain in particular has 

a truncated version of the protein that results in lower ADAMTS13 activity [317]. This could 

explain the overall low ADAMTS13 activity levels obtained in this study, as a recombinant murine 

protein was used as a reference. 

In an attempt to elucidate the mechanism responsible for the increase in ADAMTS13 

activity levels with age, liver samples were collected from normal mice and Adamts13 expression 

was evaluated. Studies have shown that ADAMTS13 is mainly expressed by hepatic stellate cells 

in both humans and mice [312,318,319], although other studies have shown ADAMTS13 

expression in kidney, brain and endothelial cells both in vivo and in vitro [320–322]. Furthermore, 

many factors have been shown to influence ADAMTS13 expression. For example, statins have 

been found to increase Adamts13 expression in vitro, while inflammatory cytokines such as IL-6 

and IL-1β were found to decrease its expression [322,323]. As shown in Figure A.1-B, no 

significant changes in gene expression were observed in the liver that could explain the changes 

in ADAMTS13 levels with age. However, age-related changes in Adamts13 expression in other 

tissues cannot be discarded. 

Previous reports have shown that both in acute and chronic inflammatory conditions, an 

increase in VWF levels is usually accompanied by a decrease in ADAMTS13 levels, suggesting a 

negative association between these two proteins [315,324–326]. Additionally, in patients with type 

3 VWD, ADAMTS13 levels have been shown to be ~35% higher than age-matched normal 

controls [324]. Thus, we next evaluated the effect of VWF on the activity levels of ADAMTS13 

and its age-related increase using VWF KO mice. A similar increase in ADAMTS13 activity levels 

with age was observed in VWF KO mice (0.66±0.11 vs 0.83±0.22, p=0.004), suggesting that the 

age-related changes in ADAMTS13 are not dependent on VWF levels (Figure A.2-A). 
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Nevertheless, when ADAMTS13 activity levels were compared between normal and VWF KO 

mice, significantly higher levels were found in the absence of VWF at both 9- and 55-weeks of 

age (Figure A.2-B). Levels of ADAMTS13 at 9-weeks were 0.29±0.07 U/ml in normal mice vs. 

0.66±0.11 U/ml in VWF KO mice (p<0.0001), while at 55-weeks were 0.48±0.08 vs. 0.83±0.22 

U/ml (p<0.0001). Although the magnitude of the increase (~2-fold) in mice was much higher than 

the mean 35% reported in patients with type 3 VWD, levels reaching up to 200% more than normal 

individuals were observed in the study [324]. Taken together, our results indicate that VWF does 

not regulate the increase in ADAMTS13 levels with age in mice, but may play a role in the overall 

regulation of ADAMTS13 levels. 

 
Figure A.2. ADAMTS13 activity levels in VWF KO mice and comparison with normal mice. A) 
ADAMTS13 activity levels increased significantly with age in VWF KO mice, confirming our previous 
results in normal mice and suggesting a VWF independent mechanism. ** equals p<0.01. B) Higher levels 
of ADAMTS13 were found in VWF KO mice when compared to normal mice, both at 9- and 55-weeks of 
age. These results confirm previous observations suggesting that VWF can regulate ADAMTS13 levels. 
*** equals p<0.001. 
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The fact that many conditions that result in high levels of VWF are associated with low 

ADAMTS13 activity and that deficiency of VWF results in higher ADAMTS13 levels, suggests 

there must be an interrelated regulatory mechanism that control these levels under certain 

conditions. Although ADAMTS13 can be synthesized by endothelial cells, secretion into the 

circulation occurs via the constitutive pathway, as no storage reserves have been found. In addition, 

ADAMTS13 secretion levels are not affected by endothelial cell stimulation [70]. Thus, it is likely 

that the regulation of ADAMTS13 levels by VWF involves extracellular mechanisms. It has been 

shown that stimulation of VWF secretion with desmopressin results in significantly elevated levels 

of VWF and a temporal reduction in ADAMTS13 levels (~20%), suggesting a potential 

consumption mechanism by the newly released ULVWF [324,325]. However, when type 3 VWD 

patients are infused with plasma-derived VWF concentrates, a similar reduction in ADAMTS13 

levels is also observed [324], indicating that the reduction in ADAMTS13 does not depend on the 

VWF being attached to the surface of endothelial cells. 

Although these findings have been observed in humans, the biological significance and the 

mechanisms responsible remain uncertain. Therefore, we used the mouse model to evaluate if a 

similar reduction in ADAMTS13 levels occurred in the presence of sudden changes in VWF levels. 

For this purpose, ADAMTS13 activity levels were followed in VWF KO mice before and after 

infusion with r-mVWF. A similar reduction in ADAMTS13 activity levels (~20%) to what has 

been described in humans was observed immediately after VWF infusion (Figure A.3), although 

the changes were not statistically significant (p=0.09 at 5 min and p=0.11 at 15 min post-infusion). 

The reduction in ADAMTS13 levels occurred too quickly to suggest that plasma levels of VWF 

may modulate Adamts13 expression. Also, a consumption mechanism seems unlikely, as it does 

not account for the high levels of ADAMTS13 found in VWF KO mice. 
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Figure A.3. ADAMTS13 activity levels in VWF KO mice infused with recombinant mouse VWF. 
Baseline levels were measured from plasma samples collected 1-week before VWF infusions. 200 U/Kg of 
body weight of r-mVWF were infused via tail vein injection in VWF KO mice and plasma samples collected 
at 5 min post-infusion and at one additional time point afterwards (n≥5 at each time point). A decrease in 
ADAMTS13 activity was observed at 5 and 15 min post-infusion, although these results did not achieve 
statistical significance. Once VWF reached its half-life (~35 min), the levels of ADAMTS13 returned to 
baseline values. 

In conclusion, our results found a contrasting effect of aging on mouse ADAMTS13 levels 

to what has been previously documented in humans. Nevertheless, despite these differences with 

the human counterpart, our results suggest that the mouse model could be used to evaluate the 

mechanism by which VWF influences ADAMTS13 levels, as a similar behaviour was found in 

the absence/presence of VWF to what has been described in humans. It is possible that not all the 

conditions where a negative association between VWF and ADAMTS13 levels has been found in 

humans will be recapitulated in mice, as observed with aging. 
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was also investigated as she experienced heavy bleeding during 
menses. She is blood type O, and after two sets of laboratory tests, 
her results were consistent with a type 1 von Willebrand disease 
(VWD) diagnosis. 

Discussion

The family history and previous symptoms of the index case suggest 
that he could also have been affected with type 1 VWD; however, his 
current laboratory values are not consistent with this diagnosis, with 
VWF:Ag and VWF:RCo values that are either within or very close to 
the normal range.

A consideration might be given to utilizing molecular genetic studies 
to provide a definitive diagnosis for the index case and for the newly 
diagnosed affected family member. However, genetic studies are 
costly and also challenging, as it has been reported that in up to 
35% of the cases with type 1 VWD a causative mutation cannot 
be identified in the VWF gene [1–2]. In addition, the definitive 
assignment of pathogenicity to many of the variants found in the 
VWF gene has proven to be problematic. The molecular pathology 
of type 1 VWD is highly heterogeneous, and the likelihood of finding 
a definitive genetic cause increases with the severity of the disease 
[3]. It might be difficult to justify this type of test on a patient that has 
not had a bleeding episode in recent years, and even if the genetic 
testing were to be performed, interpretation of the test results might 
be complicated.

Other genetic modifiers of plasma VWF levels have been reported, 
including the ABO blood group. Individuals with blood type O 
have been shown to have ~25% lower VWF levels than individuals  
with non-O blood types [4]. In this case, the index patient is blood 
group A.

The question however, is how to manage a patient that needs to 
undergo an invasive surgery and who had a previous history of mild 
bleeding symptoms, for whom there is now a family history of type 
1 VWD, but in whom a personal diagnosis of VWD is not definitive. 
Should the patient be treated prophylactically before the surgery? 
Should special measures be taken during the surgery? Or should the 
patient only be treated if excessive bleeding occurs?

This patient’s history might well represent an example of an age-related 
effect on the levels of VWF, although this is impossible to confirm as he 
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Case report

A 47-year-old Caucasian male was referred for investigation of a 
bleeding disorder before an upcoming orthopedic surgery. He had 
experienced frequent epistaxis and easy bruising in his childhood 
and during his teens, but the episodes had been less frequent in 
the last decade. He has not had symptoms in the last 4 years. He 
had experienced prolonged bleeding after a tonsillectomy at age 11 
years, but had not undergone any additional surgeries, and had not 
been tested for a bleeding disorder. 

A bleeding questionnaire (the standard International Society on 
Thrombosis and Haemostasis [ISTH] Bleeding Assessment Tool) 
was administered to the patient and the score obtained was 
abnormal (BS = 7; abnormal > 4). Laboratory results showed a 
normal hemoglobin and platelet count and normal prothrombin (PT) 
and partial thromboplastin time (PTT). Results for von Willebrand 
factor antigen (VWF:Ag), VWF ristocetin cofactor (VWF:RCo) and 
factor VIII (FVIII:C) showed the results given in Table 1.

Other members of his family had experienced similar symptoms, 
but testing for a bleeding disorder had not been performed. Upon 
further consideration, a 13-year-old female cousin of the patient 

Case Report

Silvia Albánez and David Lillicrap
Department of Pathology and Molecular Medicine, Queen’s University, Kingston, Ontario, Canada

Test	 Result

VWF:Ag (U/mL) 0.56

VWF:RCo (U/mL) 0.49

FVIII:C (U/mL) 0.66

Table 1. Results of investigations.

Effects of Aging on the Diagnosis 
of von Willebrand Disease

Appendix B 
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More recently, another study involving VWD patients evaluated the 
effect of aging on VWF and FVIII levels, as well as differences in 
their bleeding phenotype [11]. Historic data obtained from elderly 
patients (> 65 years) showed VWF age-related increases only in 
type 1 VWD patients (n = 40), as changes in VWF and FVIII levels 
were not observed in type 2 patients (n = 26). These changes 
were not associated with differences in the documented rate of 
bleeding events between young and old type 1 VWD patients, 
while elderly type 2 patients had more bleeding episodes than 
younger type 2 patients. These observations will need further 
confirmation in other populations, using validated period-specific 
bleeding assessment tools.

A similar retrospective study was conducted with hemophilia A 
patients, with data collected over a period of 19 years, which 
showed that FVIII:C levels significantly increased with age in patients 
with mild hemophilia A. Furthermore, some cases with moderate 
hemophilia increased their levels sufficiently to change the severity 
from moderate to mild disease [12].

The fact that VWF levels increase gradually with age (Figure 1) 
suggests that patients with mild/moderate type 1 VWD could 
improve their phenotype and attain normal levels of VWF in later life. 
Currently, we have insufficient knowledge to predict whether these 
changes will depend on the initial baseline values and underlying 
VWF mutation, and in some patients this process might take longer 
or might not occur at all, as seems to be the case in type 2 VWD 
patients. Careful follow up should be done to monitor the response to 
treatment and periodic VWF measurements should be performed to 
document an age-related effect, as this could affect the subsequent 
management of the disease.

Validated bleeding assessment tools are helpful instruments to 
identify patients with mild bleeding disorders; however, the bleeding 
score obtained might not represent the current bleeding phenotype 
of a patient, as the scoring systems are cumulative in nature. The 
development of a period-defined bleeding score that evaluates 
bleeding frequency and severity may prove to be more useful in 
evaluating the age-related effects of higher plasma VWF levels.

Returning to the index case detailed above, with his combination of 
an absence of bleeding events in recent years, and a set of VWF 
studies that are now normal, it would seem reasonable not to treat 
him prophylactically, but to have a VWF/FVIII concentrate readily 
available for infusion if he shows either intra–operative or post-
operative bleeding problems.

The effect of age in mild bleeding diseases, in which the levels of the 
deficient protein has been shown to increase with age, suggests the 
possibility that all these disorders could be partially or fully corrected 
in later life. Nowadays, the availability and efficacy of treatments 
are extending the life expectancy of patients, in some cases similar 
to the healthy population. A follow-up study should be conducted 
to evaluate how aging affects the bleeding phenotype in patients 
with bleeding disorders, such as VWD and other mild/moderate 
coagulation protein deficiency states. 

Suffice it to say that the mechanism(s) responsible for the age-
related increase in VWF are not currently known. However, ongoing 

had not been examined before for bleeding disorders and no relevant 
historical data was available for review. An age-related effect is the 
result of plasma levels of von Willebrand factor increasing with age. 
Large cohort studies have shown positive correlations between VWF 
levels and age, with the increase estimated to be around 1% per year 
[4–6], meaning that by later life VWF levels are often raised around 
2-fold when compared with childhood values. This increase in VWF 
levels with age has been observed in centenarians, where individuals 
had extremely high levels of VWF [7]. 

Many other coagulation proteins also increase with age, while 
anticoagulant pathways remain mostly unchanged, switching the 
overall hemostatic equilibrium towards a hypercoagulable state. One 
of the other coagulation proteins that also increases with age is FVIII 
[8–9]. It is believed that the increase in FVIII levels is dependent on 
the age-related increase and carrier function of VWF.

In normal individuals, this age-related hypercoagulable state most 
likely contributes to the higher rate of cardiovascular diseases in 
later life [8]. In contrast, in a hemorrhagic patient, an increase 
in VWF, FVIII and other coagulation proteins with advancing age 
could return the bleeding phenotype towards a more balanced 
hemostasis. However, do VWD patients experience the same age-
related increase in VWF levels? And if that is the case, is the increase 
in VWF levels sufficient to correct, at least partially, some of the 
bleeding symptoms? 

The question of whether patients with VWD experience similar age-
related increases in VWF levels has been addressed in a study that 
included 31 patients with type 1 VWD, in which the effect of aging 
on VWF:Ag and VWF:RCo levels was evaluated [10]. Retrospective 
data collected from patients who had been followed up for between 
5–26 years (mean 11 years), showed that most patients experienced 
significant age-related increases in both VWF:Ag and VWF:RCo 
levels, which could result in normalization of their VWF levels. 
However, the effect of aging on the bleeding symptoms, with the 
higher levels of VWF, was not evaluated.

Figure 1. Increase in VWF antigen levels with age. 172 
normal samples were included, with an age range of  
1–87 years and similar gender composition. A positive and 
significant correlation can be observed between age and 
VWF levels (r 2 = 0.264, P < 0.0001).
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13. Albánez S, Michels A, Sponagle K et al. An evaluation of the
age-related quantitative and qualitative pathophysiology of von 
Willebrand factor. J Thromb Haemost 2013; 11(S2): PB 1.44–3.

animal-based studies suggest that contributions from both enhanced 
biosynthesis and reduced protein clearance combine to produce the 
increase in VWF plasma levels [13].

Finally, aging represents a challenge in the diagnosis of a mild 
VWD case, particularly when an earlier diagnosis was not obtained. 
Nonetheless, family and personal history should be deciding factors 
on the management of the patient, especially when major medical 
procedures are necessary.
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