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Summary 
 

The plasma multimeric glycoprotein von Willebrand factor (VWF) plays a critical 

role in primary haemostasis by tethering platelets to exposed collagen at sites of 

vascular injury. Recent studies have suggested that VWF may play an important 

role in regulating inflammatory responses. In particular, data from clinical trials 

have demonstrated that patients with reduced plasma VWF levels are significantly 

protected against ischemic heart disease and stroke. In addition, studies 

performed in a number of animal inflammation models (including, sepsis, 

dermatitis, stroke and malaria) have reported a pathogenic role for VWF. Critically 

however, the biological mechanisms through which VWF exerts its immuno-

modulatory effects remain poorly understood.  

Interestingly, recent studies have shown that VWF can bind to macrophages. 

Furthermore, a number of specific macrophage receptors have been implicated in 

regulating the binding of VWF, including the low density lipoprotein receptor-

related protein-1 (LRP1), scavenger receptor class A member 1 (SR-A1) and 

macrophage galactose-type lectin (MGL). Given the importance of macrophages in 

regulating innate immune responses, we hypothesized that VWF binding might 

influence macrophage biology and thereby impact upon inflammatory responses. 

Initially, we confirmed that full-length VWF, as well as a series of truncated VWF 

fragments, could bind to macrophages. This binding was observed under static 

conditions, but was significantly enhanced in the presence of ristocetin. 

Importantly, we further showed that VWF binding to macrophages triggered 
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significant pro-inflammatory signalling and activation. Treatment of both human 

and murine macrophages with VWF resulted in activation of MAP-kinase and NF-

kB pathways, leading to the enhanced expression of a panel of pro-inflammatory 

cytokines. Macrophages treated with VWF adopted a M1 phenotype, confirmed by 

cell surface marker expression and inflammasome activation. Additionally, we 

observed that VWF altered functional aspects of macrophage biology such as 

phagocytosis and chemotaxis capacity. 

In order for macrophages to generate a pro-inflammatory response, significant 

metabolic changes must occur. In particular, a marked upregulation in macrophage 

glycolysis is required to meet the need to rapidly generate increased energy. In 

keeping with the pro-inflammatory effects of VWF-binding, we observed 

significant effects upon macrophage immuno-metabolism. Thus, VWF treatment 

significantly elevated macrophage glycolysis  and induced modifications in 

mitochondrial biogenesis. Importantly however, in contrast to LPS, these pro-

inflammatory changes induced by VWF were strictly time-dependent.  

The ability of damage and pattern associated molecular pathways to promote 

macrophage glycolysis has been attributed to HIF-1α activation. We demonstrated 

that the VWF time-dependent glycolytic changes included HIF-1α activation. 

Furthermore, we demonstrated that the VWF pro-inflammatory effect was at least 

in part mediated though LRP1 signalling Finally, we established a novel direct link 

between VWF/LRP1 dependent p38 signalling and early glycolytic changes, as 

inhibition of p38 fully attenuated VWF dependent glycolysis and HIF-1α activation.  
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Cumulatively, our novel findings define an entirely novel biological role for VWF in 

modulating macrophage function, and thereby establish a novel link between 

primary haemostasis and innate immunity.  
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1.0 Introduction  
 

1.1 : VWF synthesis, secretion and function  
 

1.1.1 Biosynthesis of von Willebrand Factor   
 

1.1.1.1 The VWF gene  

 

The gene encoding VWF is located on chromosome 12 (12p13.2). It spans 

approximately 180kb and is composed of 52 exons, of which exon 28 is the largest 

comprising 1.4kb.(1,2),(3) The initial 17 exons of the VWF gene encode the signal 

peptide and a large VWF propeptide (VWF:pp).(4) The remaining exons (18-52) 

encode the mature VWF subunit. Furthermore, a large VWF  pseudogene 

(containing a duplication of exons 23-24) is located on chromosome 22 

(22q11.2).(5)   

1.1.1.2 Tissue distribution of VWF 

 

VWF is synthesised within endothelial cells (EC) and megakaryocytes as a pre-

proVWF primary translation product containing 2813 amino acids.(4,6,7) This 

product consists of a signal peptide of 22 residues, a VWF:pp of 741 residues, 

followed by the mature VWF subunit of 2050 residues. Interestingly, the 

transcription of VWF within EC varies between different tissues. VWF expression is 

highest in the arteries and venules of the kidneys and lungs, but significantly lower 

in other tissues including spleen and liver.(8) In addition, higher VWF mRNA is seen 

in larger arteries.(9)  
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1.1.1.3 Domain structure of VWF 

 

VWF circulates as a large multidomain protein, composed of several repeating 

regions (A-D). Previous studies reported that VWF was composed of a series of 

domains arranged in the order D1-D2-D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK.(10) 

However, following more recent electron microscopy studies, the structural 

organisation of the VWF domains has been re-annotated to D1-D2-D’-D3-A1-A2-

A3-D4-C1-C2-C3-C4-C5-C6-CK.(11) The cleaved VWF pro-peptide is represented by 

regions D1-D2 (Figure 1.1).  

Importantly, individual domains of VWF have specific functions. For example the A 

domains of VWF have been shown to mediate collagen and platelet binding. The 

VWF A1 domain has a large positive charge that facilitates the interaction with 

negatively-charged platelet GP-1bα.(12) Importantly, heparin also binds to the 

positivity charged A1 domain.(13) The A3 domains are involved in anchoring VWF 

to collagen type I and III while the A1 domain is important for supporting 

interactions with collagen type IV.(14–17) The A2 domain of VWF is important 

because it contains  the ADAMTS13 cleavage site (Tyr1605-Met1606).(18,19) 

Finally, the D’D3 domains of VWF allow it to bind to pro-coagulant FVIII in the 

circulation.(20) 
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Figure 1.1 VWF domain organisation  

 
Structural organisation of domains in pro-VWF monomer 

 

 

1.1.1.4 Dimerization and multimerization  

 

Within the endoplasmic reticulum, VWF monomers undergo C-terminal 

dimerization. In this process, two pro-VWF subunits covalently combine though the 

formation of disulphide bonds between the CK (cysteine knot) domains.(21)(22) 

VWF dimers then move to the trans-Golgi network where they undergo another 

round of N-terminal disulphide bond formation to generate multimeric VWF chains 

(Figure 1.2).(23)(24)  Importantly, this interaction requires the low pH and high Ca2+ 

concentration that are present within the Golgi.(23,25) Ultimately, this process 

generates heterogeneous pools of VWF multimers up to 60 subunits in length 

(Figure 1.2).(25,26)(27,28) Following multimerization within the Golgi,  the D1-D2 

domains are cleaved to generate mature VWF and the VWF propeptide (D1-

D2).(26) The VWF:pp remains non-covalently associated with VWF until it is 

secreted into the circulation.(26,29)  
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Figure 1.2 VWF dimerization and multimerization 
 

Dimerization and multimerization of VWF monomers to form high molecular weight 

multimers. A: C-terminall CK dimerization, and alignment. B: N-terminal D’D3 dimeric 

bouquets multimerization.  
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1.1.1.5 Glycosylation  

 

During its synthesis within EC and megakaryocytes, VWF undergoes complex post-

translational modification, including significant N- and O-linked glycosylation. 

Within the ER, N-linked glycosylation commences with the transfer of a pre-formed 

mannose-rich glycan core structures onto specific VWF asparagine residues.(30,31) 

13 N-linked glycan sites have been described within the mature VWF monomer, 

with a further 4 in the VWF:pp (Figure 1.3).(32,33) As VWF moves though the ER 

these glycan structures are progressively remodelled by a series of 

glycosyltransferase and glycosidase enzymes.(34) Furthermore, some of the N- 

linked glycans (N1515, N2223, N2290, N2400, and N2790) are also terminally 

sulphated.(33)  

Unlike N-linked glycans which are distributed across the VWF monomer, O-linked 

glycans are predominantly found within two clusters located at the N- and C-

terminal ends of the A1 domain (cluster 1 and cluster 2 respectively).(32,35,36) 

The O-linked glycans of human VWF are simple mucin structures that are formed 

though sequential glycan addition in contrast to the pre-formed to N-linked core 

structures (Figure 1.3).(37,38) The majority of both the N- and O-linked glycans of 

VWF are terminally sialylated, such that the complex glycan chains are capped by 

sialic acid.(33,36,39) Furthermore, the O-linked glycans of VWF have also recently 

been shown to express terminal bi- and tri-sialic acid structures.(36) Interestingly, 

some of the N- and O-linked glycans of human VWF have also been shown to 

express terminal ABO blood group glycan structures.(33,36,39) These ABO(H) 
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determinants have been observed on 13% of the N-glycans and 1% of the O-glycans 

of human plasma-derived VWF.(39) In addition, expression of ABO(H) structures 

has also been shown to vary between different N-glycan sites on VWF, with highest 

expression on N2635.(33) 

 

Figure 1.3: VWF glycosylation 

 
A: Location of N-linked (closed circles) and O-linked (open circles) glycans within VWF. B: 

Typical N-linked VWF glycan structure. C: Typical O-linked glycan structure.    
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1.1.2 VWF storage and secretion  
 

1.1.2.1  Intracellular packaging  

 

Some of the VWF synthesized within EC is stored within dedicated storage 

organelles called Weibel Palade bodies (WPB).(40–42) The formation of WPB is 

critically dependent upon the presence of VWF.(43,44) Consequently, WPB are not 

present in EC in the absence of VWF.(43,44) In addition to VWF, a number of other 

haemostatic and pro-inflammatory proteins are also stored within WPB. These 

include Interleukin-8 (IL-8), P-selectin, angiopoietin-2 (Ang-2) and osteoprotegerin 

(OPG).(45–50) In addition to being stored within WPB in EC, VWF and VWF:pp are 

also stored together within platelet α-granules.(51) However, in contrast to WPB, 

the formation of platelet α-granules is not dependent on VWF.  

1.1.2.2 VWF endothelial cell secretion  

 

VWF synthesised within EC can be secreted through constitutive, basal and 

regulated pathways (Figure 1.4). The majority of endothelial VWF is released into 

the circulation through basal secretion composed of both ultra large and high 

molecular weight structures. (40,52–54) This VWF release is spontaneous and gives 

rise to the plasma concentration of VWF.  Importantly, basal release of VWF does 

not result in the formation of long EC anchored platelet decorated VWF strings, but 

binds collagen and platelets at site of injury. (55–57)  Extended VWF string 

structures arise following EC activation and consequent WPB secretion which 

provide a platform for platelet decorated stings to from.(58,59) Trauma induced 

activation of EC, results in increased intercellular Ca2+ concentrations that induces 
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cAMP to drive WPB clustering in the EC perinuclear region. WPB begin to fuse 

together to form secretory pods enabling secretion of bundles of high multimeric 

weight multimers (HMWM) ultra large VWF to be released.(55),(58,59) In 

pathological conditions whereby VWF is cleared rapidly, 1-desamino-8-D arginine 

vasopressin, (a derivative of vasopressin that acts on EC V2 receptors to increase 

intracellular cAMP) is used to artificially drive VWF release, restoring plasma levels.  

Finally, VWF can also be released from EC through a constitutive secretory 

pathway.(54,60) Synthesised low molecular weight and dimeric VWF derived from 

the trans-Golgi network which do not enter tubules to from WPB can be 

constitutively secreted basolaterally through small anterograde carriers.(61,62) 

Importantly this is a non-stimulated process which occurs continually, giving rise 

to a pool of basolateral VWF in which the function is not known.(62)   

 

 

 

 

 

 

Figure 1.4 VWF endothelial secretory pathways 

 
Schematic representation of apical WPB regulated and basal secretion pathways. 

Additional depiction of basolateral constitutive secretion. (Bierings & Voorberg, 2016)(63) 
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1.1.3 VWF haemostatic function  
 

VWF plays a number of critical roles in maintaining normal haemostasis, depicted 

in Figure 1.5. Injury to the blood vessel wall results in exposure of subendothelial 

collagen. Circulating plasma VWF binds to the exposed collagen. Under sheer 

stress, the tethered VWF undergoes conformational changes that expose the A1 

domain, and thereby enable VWF binding to the platelet GP1bα surface 

receptor.(18,28,64–70) Following this initial platelet tethering, further platelets 

are recruited as a result of GPIIb/IIIa activation and subsequent fibrinogen 

crosslinking.(71) Platelet activation also results in the release of high molecular 

weight multimeric VWF stored within platelet α-granules. The importance of VWF 

in haemostasis is demonstrated by the fact that von Willebrands disease (VWD) 

constitutes the commonest inherited human bleeding disorder. In VWD, 

qualitative and/or quantitative VWF deficiency can result in a significant bleeding 

phenotype.(72)    

Von Willebrands Disease 

Type Description 

1 Partial quantitative deficiency of VWF 

2 Qualitative VWF defects 

2A Deceased platelet adhesion, with deficiency of high molecular weight multimers 

2B Enhanced affinity for platelet GPIbα 

2M Decreased VWF dependent platelet adhesion with normal multimers 

2N Decreased VWF binding for FVIII 

3 Complete deficiency of VWF 

 

Table 1.1: von Willebrand Disease Types 
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ADAMTS13 (A Disintegrin and Metalloprotease with Thrombo Spondin type 1 

repeats) is a circulating metalloprotease synthesised in hepatic stellate 

cells.(73,74) ADAMTS13 plays an important role by regulating VWF multimer 

distribution in normal plasma. This regulation occurs as ADAMTS13  cleaves VWF 

at a specific site (Tyr1605 and Met1606) within the A2 domain.(75–77) Thus in 

normal conditions, haemostasis requires a balance between VWF-dependent 

platelet aggregation on the one hand, versus ADAMTS13 cleavage of UL-VWF 

multimers on the other.(58) ADAMTS13 deficiency and subsequent increased UL-

VWF results in thrombotic microangiopathy thrombotic thrombocytopenic 

purpura (TTP).(78) Conversely, enhanced ADAMTS13 proteolysis of UL-VWF is seen 

in some patients with type 2A VWD and is associated with significant bleeding.(79)    

VWF further contributes to haemostasis as it is maintains normal plasma levels of 

pro-coagulant FVIII. VWF functions as a carrier molecule for FVIII, protecting it from 

premature proteolysis and circulatory clearance.(80–82) The importance of this 

interaction is highlighted in VWD type 2N patients, where mutations within in VWF 

D’D-3 decrease affinity for FVIII and result in a bleeding phenotype.(83)  

It is possible to modify the conformation of VWF under static conditions using 

ristocetin. Ristocetin is an antibiotic previously used for the treatment of 

staphylococcal infections, however it now used for a number of VWF haemostatic 

assays. Putatively, VWF circulates with the A1A2A3 domain in a closed 

conformation, preventing spontaneous platelet aggregation through VWF A1– 

platelet GPIbα axis. (69) Furthermore, within circulation the A2 domain binds 
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directly to the A1 domain shielding its interaction with platelet GP1bα.(66,67) 

Importantly, the A1 domain is connected flexibly to D’D3 C-terminally by a linker 

of 6.4 nm and N-terminally to A2 by a linker of 6.2 nm.(27)  These linkers a mucin 

like, and are heavily glycosylated. (27,36)  Force from shear stress exerted on VWF 

is driven through these flexible linkers to structured regions N- and C- terminally 

of the A1 disulphide bond allowing for conformational changes in this region to 

facilitate A1 GPIbα interaction.(70,84) Ristocetin is used to artificially induces 

similar conformational changes within the A1 domain, mimicking sheer stress. (85–

87) Alternatively, snake venom botrocetin is used for similar effects.(88) 

 

 

Figure 1.5: Location of haemostatic function on VWF   

 

Schematic representation of VWF glycans and domain specific function.  
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1.2 : Macrophage and innate immunity  
 

Immunity can divided into both adaptive and innate responses. Adaptive immunity 

refers to a highly specialised immune response composed of T and B cells, while 

innate immunity is a rapid and nonspecific response to damage or infection. (Figure 

1.6) Macrophages are a crucial component of the innate immune system 

facilitating a rapid response to injury or damage. Macrophages express a broad 

spectrum of both membrane bound and intercellular receptors allowing them to 

recognise both foreign pattern associated molecule patterns (PAMPS) and damage 

associated molecular patterns (DAMPS).(89) Crucially, macrophages are highly 

specialised at phagocytosing both DAMPS and PAMPS and regulating other 

immune cells.  

Macrophages possess remarkable heterogeneity, in terms of their phenotype and 

tissue population.(90) Unique micro-environments give rise to individual 

macrophage populations with distinct functions.(91) Kupffer cells are resident 

within the liver, glia cells are resident within the brain, alveolar macrophages are 

located in the lungs and osteoclasts within the skeletal system.(90) Furthermore, 

depending on the local environment macrophages are polarized into two 

functional subsets, the classically activated pro-inflammatory M1 cells, and the 

alternative anti-inflammatory M2 cell. (92) 

The M1 macrophage is characterised by its ability to promote a type 1 immune 

response. Typically, the cell is capable of producing pro-inflammatory cytokines 

and chemokines (TNF-α, IL-1β and MCP-1), increase reactive oxygen species 
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generation and antigen presentation.(93–95) Furthermore, M1 macrophages 

display increased glucose consumption and enhanced glycolysis.(96) Alternatively, 

M2 macrophages display a distinct ability to induce a type 2 immune response. M2 

cells are associated with anti-inflammatory, homeostatic functions such as wound 

healing and expression of anti-inflammatory cytokines (IL-4, IL-13).(97) 

Furthermore, M2 cells maintain an increased arginase activity, and decreased 

glycolytic capacity.(96) Despite clear differences in these subpopulations, it is 

important to note that macrophages are highly plastic and continually change from 

one functional phonotype to another.(92)  

Macrophages sense infection, recruit circulating monocytes, proliferate in order to 

eliminate infection and finally convert to their suppressive cell type in an attempt 

to restore tissue homeostasis. In order for macrophages to recognise both 

damaged and pattern associated molecular patterns they express a diverse range 

of receptors, including Toll Like Receptors (TLR), NOD like receptors (NLR), C-type 

lectin receptors and retinoic acid inducible gene-1 like receptors.(98–101) 

Activation of these receptors induces signalling cascades resulting in changes in 

many processes such as cytokine production, metabolism and antigen 

presentation.  

TLRs are a family of 12 receptors that recognise a diverse range of ligands. TLR1, 

TLR2, TLR4 TLR5 and TLR6 are located on the cell surface, while TLR3, TLR2 and 

TLR9 are found within intracellular vesicles. (102) Importantly each TLR recognises 

distinct ligands; TLR1 and TLR2 recognise triacylated and diacylated lipoprotein, 
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TLR4 recognises LPS, TLR3 recognises double stranded RNA and TLR7 and TLR8 

recognise single stranded RNA.(102) Majority of the TLR have similar and 

conserved signalling pathways, involving the myeloid differentiation primary 

response gene 88 (MYD88) adapter proteins, TIR-domain-containing adaptor 

inducing interferon β (TRIF), TIR-domain containing adaptor protein (TIRAP) and 

TRIF-related adaptor molecule (TRAM) which ultimately drive transcription factor 

activation.(102) 

C-Type lectin receptors are another large family of transmembrane proteins crucial 

for sensing both DAMPS and PAMPS.(103) Importantly C–type lectin receptors can 

have alternative functions, driving an inflammatory response or dampening 

macrophage activation. C-type lectins signal though spleen tyrosine kinase (Syk) 

and immunoreceptor tyrosine-based activation motifs (ITAMS) to induce an 

effect.(103)  

As macrophages are phagocytic cells, they contain a number of cytosolic NOD like 

receptors (NLR).(104) NLR are large multidomain proteins essential for recognising 

structures of gram-positive bacteria like peptiglycan.(105) Two major NLRs are 

NOD1 and NOD2, which drive activation of receptor interacting serine threonine 

kinase 2 (RIP2) leading to MAPkinase or NF-Kb activation. Additional members of 

the NLR family also include NLRP1, NLRP3 and NLRP4. These NLRs can form the 

inflammasome through complexing with caspase 1 leading to the possessing on IL-

18 and IL-1β.(106)  
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Activation of a macrophage by induction of these receptors generates an 

inflammatory response.(107,108) Secretion of chemokines will result in the 

recruitment of inflammatory monocytes to the infected area, but moreover the 

production of IL-12 or IL-23 will promote T-helper 1 and T-helper 17 cell response 

respectively to kill invading pathogens.(109,110) Alternatively, macrophage 

production of IL-4 or IL-13 will drive the recruitment of T helper 2 cells.(111) 

Importantly, macrophages themselves produce reactive oxygen sepsis or nitric 

oxide that directly kill invading pathogens.(112)   

 

Figure 1.6: Overview of innate and adaptive immune response 
 

Simplified representation of innate and adaptive cell and response to infection and tissue 

damage. Image from creative diagnostics, Innate and Adaptive Immunity. 
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1.3 : The role of VWF in inflammation and inflammatory disease 
 

In humans, there are five distinct classes of white blood cells or leucocytes. These 

cells function as part of the innate and adaptive immune systems, thereby 

providing protection against infectious disease and other pathogens. Leucocytes 

can be subdivided into two groups – the polymorponuclear leucocytes (PMNs 

including neutrophils, eosinophils and basophils) and mononuclear leucocytes 

(including monocytes and lymphocytes) respectively. Both neutrophils and 

monocytes/macrophage are important in phagocytosis. Accumulating data has 

demonstrated that VWF can interact with a number of these leucocytes through 

several different mechanisms as summarised in Figure 1.7. 

 

1.3.1 VWF interaction with PMN leucocytes 
 

Pendu et al reported that immobilised VWF bound to freshly isolated PMNs that 

had been activated with PMA (100nM for 15 minutes) under static conditions.(113) 

Under these experimental conditions, PMNs adhered as efficiently to VWF as to 

fibrinogen. Furthermore, PMN adhesion to immobilised VWF was also observed 

under conditions of flow 50s-1 (physiological shear 10s-1-2000s-1).(113) 

Interestingly, PMN interaction with VWF under shear conditions involved a 

combination of two distinct steps. This was characterised by an initial short-lived 

transient binding deceleration step, followed by a subsequent second more stable 

adhesion.(113) This second stable VWF-adhesion step was markedly increased 
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(approximately 10-fold) when PMNs were pre-activated with PMA 

stimulation.(113)  

Subsequent studies demonstrated that VWF directly binds to a number of 

important PMN surface receptors. In particular, VWF was shown to bind to P-

selectin glycoprotein ligand-1 (PSGL-1) in a botrocetin-dependent manner, 

suggesting that shear-induced conformational changes in the A1 domain may be 

required for optimal PSGL-1 binding.(113) In addition, binding of both the D’D3 and 

A1A2A3 domains of VWF to leucocyte β2-integrins was also observed.(114–116) 

Cumulatively, these data demonstrate that VWF binds to PMNs under both static 

and shear conditions, and suggest that different regions of the VWF monomer may 

be involved. Although the physiological and pathological importance of this VWF-

PMN interaction remains unclear, these initial data led to the hypothesis that VWF 

is not only important in normal haemostasis, but might also play functional roles 

in leucocyte biology and inflammatory processes. 

 

1.3.2 VWF interaction with monocytes / macrophages 
 

In addition to demonstrating that VWF could interact with PMNs, Pendu et al 

further showed that immobilised VWF could also bind to primary human 

monocytes pre-treated with PMA for 15 minutes. Similarly, binding to PMA 

activated monocytic cell lines U937 and THP1 was also observed.(113) 

Subsequently, a number of different groups have shown that macrophages play a 

key role in regulating VWF clearance in vivo. Thus, macrophage depletion with 
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either gadolinium or clodronate is associated with significantly prolonged survival 

of VWF. (117–120) In vitro studies have confirmed that primary human 

macrophages bind VWF in a dose-dependent and saturable manner.(113,117,118) 

Furthermore, macrophage binding was followed by VWF uptake and 

degradation.(117) Several groups have reported that VWF binding to macrophages 

is significantly enhanced in the presence of shear stress or ristocetin, suggesting 

that VWF conformation plays a critical role in regulating macrophage-mediated 

clearance.(121,122)  

A number of different macrophage surface receptors have been shown to bind to 

VWF. These include the low-density lipoprotein receptor-related protein-1 (LRP1); 

the scavenger receptor class A member I (SR-A1); the macrophage galactose-type 

lectin (MGL); sialic acid-binding immunoglobulin-like lectin (Siglec-5): and the 

Galectins-1 and -3 (Gal-1 and Gal-3).(119,121–124) For some of these receptors, 

studies have defined at least in part the mechanisms underpinning VWF binding. 

For example, in vitro studies have demonstrated that cluster IV of the extracellular 

domain of LRP1 can bind to VWF and that LRP1.(122) Moreover, the binding of wild 

type VWF to LRP1 occurs only in the presence of shear stress or ristocetin, 

suggesting that VWF needs to be at least partially unfolded in order to interact with 

LRP1.(122) LRP1 binding can also be accelerated by truncation of the N-linked 

glycans of VWF.(118) In keeping with the importance of shear, the A1 domain of 

VWF has been shown to be play a key role in modulating interaction with 

LRP1.(118,122) Nevertheless, recent data suggest that additional domains of VWF 

(including D’D3 and D4) may also contribute to LRP1 binding.(121) Similarly, 
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Wohner et al have shown that VWF also binds to purified SR-A1 in a dose-

dependent manner, and that multiple different domains of VWF (including the 

D’D3 region, the A1 domain and the D4 domain) are involved in binding.(121) 

However, in marked contrast to LRP1, binding of VWF to SR-A1 can occur under 

static conditions, without the need for either shear stress or ristocetin.(121) 

Finally, in vitro studies have confirmed binding of the VWF glycoprotein to a 

number of C-type lectin receptors, including MGL, Siglec-5 and several members of 

the galectin family.(119,124) 
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1.3.3 VWF regulates leucocyte extravasation 
 

Initial studies to investigate a putative role for VWF in inflammation were 

performed using VWF-/- mice. The data derived from these studies performed need 

to interpreted with care given that VWF-/- mice lack Weibel-Palade bodies, and 

consequently also have inherent P-selectin EC storage abnormalities. In view of this 

fact, Petri et al utilised VWF blocking antibodies in order to investigate whether 

VWF may be involved in modulating the inflammatory response in a murine model 

of thioglycollate-induced experimental peritonitis.(125) In the presence of the 

VWF-blocking antibodies, recruitment of PMNs into the inflamed peritoneum was 

significantly attenuated.(125) Furthermore, the authors showed that VWF also 

influenced PMN extravasation in another murine inflammation model involving 

keratinocyte-derived chemokine (KC)-stimulated exposed cremaster muscle.(125) 

In both murine models, the ability of the VWF-blocking antibody to reduce 

neutrophil extravasation was critically dependent upon the presence of platelets 

and GPIbα.(125) Collectively, these data suggest that VWF not only binds to PMN, 

but also modulates extravasation through a platelet-dependent mechanism. 

Interestingly, the ability of VWF to promote PMN extravasation was shown to be 

independent of any effects upon PMN rolling or adhesion to the luminal surface of 

EC. Rather, platelet recruitment to VWF strings on inflamed EC was proposed to 

increase EC barrier permeability, thereby leading to enhanced PMN 

diapedesis.(125) Consequently, PMN extravasation was inhibited in the absence of 

VWF. It remains unclear how VWF modulates vascular extravasation. Interestingly 
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however, the tight junction protein claudin-5 has been reported to be negatively 

regulated by VWF.(126)  

In addition to these platelet-dependent effects of VWF in promoting leucocyte 

extravasation, data from other animal models suggests that VWF may also have 

direct platelet-independent effects. In particular, Hillgruber et al showed that 

VWF-blocking antibodies significantly attenuated neutrophil recruitment in murine 

models of immune-complex-mediated vasculitis (ICV) and irritant contact 

dermatitits (ICD) respectively.(127) In contrast to the critical need for platelet 

GPIbα in regulating VWF-induced neutrophil extravasation into inflamed 

peritoneum, the authors further demonstrated that the ability of VWF to promote 

neutrophil recruitment in these cutaneous inflammation models was platelet-

independent.(127) Instead, a direct effect of VWF in regulating EC permeability 

was observed, even in the absence of platelets and leucocytes.(127) Further 

studies will be required to define the biological mechanisms underlying this VWF 

effect on EC barrier integrity is modulated 
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Figure 1.7: VWF modulates inflammation through multiple different 

mechanisms.  
 

1: VWF released from activated endothelial cells, or bound to collagen at sites of vascular 

injury, interacts with platelet GPIbα (glycoprotein Ibα) and recruits platelets. The VWF-

tethered platelets subsequently enable neutrophil recruitment. 2: VWF can also recruit 

leucocytes in a platelet-independent manner by directly interacting with leukocyte cell 

surface receptors including β2-integrins and P-selectin glycoprotein ligand-1. 3: VWF 

regulates endothelial wall permeability and influences leukocyte extravasation. 
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1.3.4 VWF and NETosis 
 

Neutrophil extracellular traps (NETs) are part of the innate immune response to 

invading pathogens. In a process called NETosis, chromatin with bound anti-

microbial proteins is expelled from neutrophils and then functions to sequester 

and neutralise invading pathogens.(128,129) Recent studies have demonstrated 

that the A1 domain of VWF can binds to NETs though a mechanism similar to 

GP1bα.(130) Furthermore, imaging of venous, coronary and cerebral thrombi have 

all demonstrated colocalization between VWF and NETS.(131–134) For example, 

microscopic characterisation of cerebral thrombi has demonstrated that they are 

composed of distinct regions. Some regions within the thrombous are composed 

mainly of fibrin and red blood cells.(135) Conversely, other areas consist mainly of 

platelets, neutrophils and are enriched in VWF.(135) These different regions within 

the thrombus may have clinical relevance with respect to the efficacy of 

therapeutic thrombolysis. Importantly, the dense VWF and neutrophil regions 

have been reported to be  resistant to tPA thrombolysis.(135) However,  Savchenko 

et al, recently reported that  digestion of VWF and DNA using co-administration of 

ADAMTS13 and DNase leads to the reduction of myocardial infarction size and 

leukocyte infiltration when compared to classical thrombolysis.(136)  

The VWF-NET complex may also have an anti-microbial role. Putatively, NETs exert 

strong antibacterial activity though immobilising and killing bacteria via bound 

myeloperoxidase and neutrophil elastase. However, NET bound VWF may enhance 

bacterial immobilisation. For example, Pappelbaum et al, have shown that both 
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the VWF A1 and A3 domains can directly enhance Staphylococcus aureus adhesion 

onto EC.(137,138)  

1.3.5 VWF and complement 
 

The complement cascade functions as a rapid innate immune response to infection 

and comprises three independent activation pathways – (i) classical antibody 

induced activation (ii), lectin receptor induced activation and (iii) alternative 

microbial particle activation.(139) Importantly, all three pathways converge on the 

activation of C3 convertase.(139) Recent studies have highlighted a new role for 

VWF in linking primary haemostasis with complement activation. Kolm et al. 

demonstrated that VWF binds to C1q released by apoptotic cells.(140)  

Importantly, VWF was also detected in C1q positive regions within the glomeruli of 

systemic lupus erythematosus patients.(140) Furthermore, the binding of C1q to 

VWF induced conformational changes within A1 that enhanced platelet binding 

(Figure 1.8).(140) The observed direct interaction between VWF and C1q may 

contribute to the pathology of complement-mediated inflammatory diseases. 

Conversely, VWF appears to have a regulatory role further downstream in the 

complement cascade. Due to the inflammatory potential of the complement 

pathway, it is tightly regulated by Factor 1. Factor 1 cleaves C3b into the inactive 

iC3b, halting cascade progression.(141) Interestingly, VWF acts as a cofactor for 

Factor 1, facilitating iC3b generation and complement inactivation (Figure 

1.8).(142) Curiously, UL-VWF cannot act as a Factor 1 co-factor and this effect is a 

mediated by lower molecular weight VWF.(142)  
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Figure 1.8: Schematic representation of the crossover between VWF and 

complement cascades. 
 

The complement cascades is initiated by the classical, lectin and alternative pathways 

which results in the assembly of the membrane attack complex. Classical pathway 

activator C1q can bind to VWF A1 domain and facilitate platelet aggregation. Furthermore, 

VWF can also act as a cofactor for complement inhibitor Factor 1.  
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1.3.6 VWF in the pathogenesis of inflammatory disorders  
 

In view of the accumulating evidence that VWF directly interacts with various 

leucocytes through a variety of different mechanisms, it is interesting to consider 

whether VWF may have a role in modulating inflammatory responses. This exciting 

hypothesis is supported by in vivo data form a series of different animal disease 

models. 

1.3.6.1 VWF in murine sepsis models  
 

To investigate the potential pathological importance of VWF in regulating 

inflammatory responses, Lerolle et al, used the well-established caecal ligation and 

puncture (CLP) model. This model involves severe multi-microbial sepsis that 

results in a sustained cytokine response, and has been proposed to constitute a 

model of human sepsis. Interestingly, significantly improved overall survival was 

observed in VWF-/- mice compared to VWF+/+ wild type controls.(143) The 

mechanisms underlying the improved survival in the VWF-/-deficient mice remains 

unclear, but importantly the CLP-induced decrease in leucocyte count was 

significantly less in the VWF-/- cohort.(143)  

Kasuda et al, also investigated the role of VWF in modulating inflammation using a 

murine CLP sepsis model. In contrast to the previous study, they observed that 

overall survival was significantly decreased in VWF-/- mice compared to wild type 

controls, however it was restored by the administration of human VWF.(144) A 

significant reduction in circulating and peritoneal invading neutrophils was 
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observed in VWF-/-.(144)  The explanation for this conflicting data remain unclear, 

but likely reflect significant differences in the two CLP models employed.  

1.3.6.2 VWF in malaria pathogenesis  
 

Infection with Plasmodium falciparum (P. falciparum) is the principal cause of 

lethal cerebral malarial.(145) P. falciparum infects erythrocytes which then 

become sequestered within the microvasculature of organs including the brain and 

kidney.(145) Activation of EC results in upregulation of specific adhesion proteins 

(including CD36, intercellular adhesion molecule-1, E-selectin and P-selectin).(146) 

This EC activation occurs early in the pathogenesis of severe malaria infection and 

plays a critical role in regulating the cytoadhesion of infected erythrocytes (IE) to 

EC surfaces.(147) 

Previous studies have demonstrated that severe P. falciparum infection is 

associated with a marked increase in plasma VWF and VWF:pp levels.(148) 

Furthermore, studies performed in healthy volunteers have confirmed that the 

increase in plasma VWF levels develops at an early stage following  P. falciparum 

infection, before IE can be seen in peripheral blood.(149) Interestingly, clinical 

studies have also demonstrated an accumulation of pathological hyper-adhesive 

UL-VWF multimers in patients with severe malaria. (148,150,151) Collectively, 

these observations have led to the proposal that VWF may play a direct role in the 

pathogenesis underlying the development of cerebral malaria. In keeping with this 

hypothesis, plasma VWF and VWF:pp levels have been shown to inversely correlate 

with platelet count and overall outcome.(150,152) Studies performed in a murine 
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model of experimental cerebral malaria (ECM) have provided further evidence that 

VWF may be important in malaria pathobiology. Interestingly, VWF-/- mice were 

shown to be protected against cerebral malarial following P. berghei 

infection.(151) Enhanced blood brain barrier permeability is strongly implicated in 

the pathogenesis of cerebral malaria and importantly, permeability was markedly 

increased in WT mice when compared to VWF-/-.(151),(153–155) All together, 

these data suggest that VWF is not merely a biomarker of EC activation, but rather 

is directly involved in the pathogenesis of cerebral malarial. 

Recent studies have investigated the role of VWF in another murine model of 

malaria associated acute respiratory distress syndrome (MA-ARDS). The pathology 

of MA-ARDS results from increased permeability of the alveolo-capillary 

membrane due to inflammatory damage.(156) P. berghei NK65-E (PbNK65) does 

not induce cerebral malaria, but does result in pulmonary inflammation with 

protein rich interstitial.(156) Following infection with this murine strain of malaria, 

a significant increase in plasma VWF levels was again observed.(156) However, in 

contrast with previous results, significantly decreased overall survival was 

observed in VWF-/- compared to WT controls.(156) In addition,  a significant 

decrease in alveolar permeability and increased lung parasitemia load were seen 

in the VWF-/- mice.(156) Together, these data suggest that VWF may play a number 

of important roles in relation to the pathogenesis underlying severe malaria 

infection. Moreover, the relative importance of these different VWF roles may vary 

according to the properties of the infecting malaria strain.   
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1.3.6.3 VWF in the pathogenesis underlying ischaemic heart disease 
 

Ischemic heart disease (IHD) results from reduction in blood supply to the heart 

and is usually caused by stenosis or occlusion of the coronary arteries. 

Atherosclerosis is a major cause of this narrowing. A number of different meta-

analyses and systematic reviews have reported that elevated levels of VWF are 

associated with an increased risk of IHD.(157–160) Conversely, patients with 

inherited VWD appear to be relatively  protected from IHD development.(161,162)  

Studies using both VWF-/- or ADAMTS13-/- mice have investigated whether VWF 

plays a direct role in the pathogenesis underlying IHD (Figure 1.9). Interestingly, 

studies performed in VWF-/-LDLR-/- double knockout mice demonstrated 

significantly reduced atherosclerotic lesions compared to VWF+/+LDLR-/- 

controls.(163) In addition, the distribution of plaque lesions in the mice was also 

different depending upon the presence or absence of VWF. In VWF replete mice, 

plaque lesions were confined to arterial branch points. Conversely, in the absence 

of VWF, plaque lesions were evenly distributed along arteries.(163) These 

differences may be affected at least in part by the fact that EC stores of P-selectin 

are also lost in VWF-/- mice.  

It is well established that atherosclerosis is predominantly an inflammatory 

disorder, whereby damage to the vascular wall results in monocyte/macrophage 

recruitment.(164,165) These phagocytic cells subsequently develop into cytotoxic 

foam cells. The core of the lesion becomes necrotic, with the death of immune and 

smooth muscle cells, perpetuating the inflammatory response.(165–169) 
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Importantly, a significant reduction in macrophage accumulation within 

atheromatous plaques was also observed in VWF-/- mice.(163) Similarly, studies 

performed using ADAMTS13-/- mice have also provided data supporting the 

hypothesis that VWF may be important in IHD.(170) Importantly, macrophage 

recruitment into plaque lesions was significantly increased in ApoE-/-/ADAMTS13-/- 

when compared to ApoE-/-/ADAMTS13+/+ controls.(170)  

 

 

Figure 1.9: Schematic representation of endothelial VWF release during 

atheroserotic plaque development.  

 

Atheroserotic lesion progression drives endothelial activation and VWF release. VWF 

tethers platelets and leukocytes promoting leukocyte extraversion into inflammatory 

lesion core.  
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1.3.6.4 VWF in Stroke pathobiology 

 

A critical biological mechanism underlying stroke-associated pathology is 

reperfusion injury. Thus, the initial period of brain ischemia is followed by a period 

of rapid microglial activation.(171–173) In addition, there is a marked infiltration 

of peripheral neutrophils, monocytes, macrophages and T-cells resulting in 

profound inflammatory damage.(174) Accumulating data from both animal models 

and human studies suggests that the VWF-ADAMTS13 axis may be important in 

this process. Plasma VWF levels are significantly elevated in patients following both 

ischaemic or haemorrhagic stroke and have been significantly correlated with 

neurological functional outcomes.(175) Conversely, patients with VWD are 

relatively protected against stroke.(161,176,177) Studies in murine stoke models 

have reported that cerebral infarct volumes are significantly reduced in VWF-/- mice 

compared to wild type controls.(178,179) Interestingly, VWF−/− mice were still 

protected from stroke associated damage when mice were re-supplemented with 

mutated VWF that could not support collagen or GPIbα binding.(179) However, 

VWF−/− mice lost their protective phenotype when VWF defective in binding 

GPIIb/IIIa was re-perfused. Thus, the ability of VWF to interact with collagen and 

GPIbα but not GPIIb/IIIa is essential in mediating ischemic stroke pathology.(179) 

This data was confirmed as infarct development and size was reduced following 

inhibition of the VWF-GPIbα axis. Interesting, studies using  chimeric mice further 

suggest that platelet-derived VWF (in addition to EC-derived) is crucial for 

mediating ischemic stroke pathology.(180) Moreover, in line with these data, it has 
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also demonstrated that deletion of ADAMTS13 augments ischemic injury. 

(181,182) 

Strokes can be either ischaemic or haemorrhagic in origin. Both types of stoke have 

been associated with significant reperfusion injury. In a murine model of 

haemorrhagic stroke, induction of intracerebral haemorrhage resulted in the 

release of large amounts of VWF.(183) Furthermore, intracerebral treatment with 

VWF decreased pericyte load and increased blood brain barrier permeability.(183) 

Importantly, following intracerebral haemorrhage VWF treatment exacerbated 

cerebral inflammation. The presence of VWF was also associated with increased 

chemokines CXCL1 CX3CL1, myeloperoxidase and the pro-inflammatory cytokines 

IL-6 and IL-1β.(183) Furthermore, enhanced microglial activation and neutrophil 

accumulation were also noted.(183) Importantly, specific inhibition of VWF 

significantly reduced haemorrhagic blood brain barrier permeability and improved 

neurological outcome in this murine model.(183)  
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1.4  Hypothesis and Aims  
 

1.4.1 Hypothesis  
 

The hypothesis of this thesis is: that VWF may alter innate immune responses by 

acting as a novel damage associated molecular pattern detected by macrophages. 

This would be yet another link between primary haemostasis and inflammation.  

 

1.4.2 Aims 
 

 Investigate how VWF interacts with macrophages. 

 Determine if VWF macrophage interaction results in a pro-inflammatory 

response. 

 Examine the alterations in macrophage metabolism following VWF 

interaction.  

 Investigate the receptors and signalling pathways that might be involved 

in mediating macrophage response to VWF.  
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2.0 Material and Methods  
 

2.1: Cell culture  
 

2.1.1 Human primary monocyte isolation 
 

Healthy donor buffy coats were obtained from the Irish Blood Transfusion Service. 

Buffy coats were diluted 1:3 (15ml into 30ml) in PBS Ca2+Mg2+ free (-/-) and gently 

layered onto histopaque (gradient 1077, Sigma-Aldrich, Ireland) at a 1:1 ratio 

(20ml:20ml). To obtain the peripheral blood mononuclear cell (PBMC) layer, the 

buffy coat-histopaque solution was centrifuged at 300g for 35 minutes with the 

brake removed. PBMCs were harvested by aspiration of the layer underneath the 

plasma-PBS followed by two wash steps using 50ml of PBS (calcium and 

magnesium free (-/-)).  

Monocytes (defined by high CD14High and CD16Low) were isolated from PBMCs using 

CD14 magnetic positive selection MicroBeads (Miltenyi Biotec, UK) in conjunction 

with a miltenyi LS magnetic column. PBMCs were incubated at 40C for 15 minutes 

with an anti-CD14 antibody conjugated to a magnetic nanoparticle (1x108 PBMC, 

140μl anti-CD14 beads and 860μl monocyte isolation buffer (PBS 0.5% Bovine 

Serum albumin (BSA), 2mM EDTA, pH 7.2) and isolated through magnetic gradient 

separation column.  Monocytic population was confirmed by detecting CD14 and 

CD16 expression by flow cytometry (Figure 2.1)  
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2.1.2 Human primary monocyte cell culture 
 

Isolated monocytes were seeded at 2x105 cells/ml in primary macrophage media 

(RPMI Glutmax, Gibo, ThermoFisher Scientific USA), 10% human serum (Type AB 

male, Sigma-Aldrich, Ireland), 100 IU/ml penicillin (Sigma-Aldrich, Ireland) and 

100μg/ml streptomycin (Sigma-Aldrich, Ireland)). 1x105 cells were seeded onto 

non-surface treated 48 well tissue culture plates (Falcon, USA). To facilitate 

differentiation, monocytes were cultured for 7-10 days replacing primary 

macrophage media every 3 days. Cells were cultured at 370C, 5% CO2.  
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Figure 2.1: PBM CD14 CD16  expression pre- and post- isolation.  

 
Flow cytometry analysis of PBMC CD14 or CD16 staining (PE) pre- and post-CD14 isolation. 

Pre isolation minimal PBMC are CD14 positive. Post isolation, cell population is monocytic 

CD14High CD16Low. 
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2.1.3 Monocytic THP1  
 

THP1 cells were obtained from ATCC (Authenticated Cell Cultures, Sigma-Aldrich, 

UK). Cells were cultured in RPMI Glutmax supplemented with 10% heat inactivated 

Foetal Bovine Serum (FBS: Gibco, USA), 100 IU/ml penicillin and 100ug/ml 

streptomycin  (RPMI++). Suspension THP1 cells were maintained at a density 3-

10x105cells/ml in non-adherent plastic (Starstedt, Germany) and were cultured for 

two weeks prior use and not maintained beyond passage 20. For experimental use, 

cells were seeded onto adherent 48 well plates (Starstedt, Germany) or 8cm tissue 

culture grade petri dishes (Thermo Scientific, Ireland) at a density of 2x105 cells/ml 

and differentiated into adherent macrophages by culturing with 100nM para-

Methoxyamphetamin (PMA, Sigma-Aldrich Ireland) for 72 hours.  

 

2.1.4 RAW 264.7 macrophages 
 

RAW 264.7 cells were obtained from American Type Culture Collection (ATCC, 

Sigma-Aldrich, UK) and maintained in Dulbecco's Modified Eagle's Medium 

(DMEM, Gibco, USA) supplemented with glucose (4.5g/l), 10% FBS, normocin 

(100μg/ml, Invivogen USA), L-glutamine (2mM, Sigma-Aldrich, USA), zeocin 

(200μg/ml, Invivogen, USA) and penicillin -streptomycin (100 U/ml-100 μg/ml). 

Cells were maintained at a density of 6x105 cells/ml up to passage 20. RAW 264.7 

were incubated at 370C, 5% CO2. 
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2.1.5 Bone marrow derived macrophages  
 

To obtain bone marrow derived macrophages (BMDMs), female C57BL/6J mice 

aged between 6-12 weeks were scarified and the pelvis, femur, tibia and fibula 

were harvested. Soft tissue and cortical bone was removed and the marrow was 

extracted from the cavity with RPMI using and a 23-gauge needle.  A single cell 

suspension was generated from the marrow and sieved through a 40μm nylon 

filter (Ibidi, Germany). Red blood cells were lysed in red cell lysis buffer (Sigma-

Aldrich, Ireland) for 90 seconds and neutralised with RPMI (1:10 ratio). Cells were 

resuspended in 30ml of RPMI supplemented with 10% FBS, penicillin (100 IU/ml), 

streptomycin (100ug/ml) and recombinant murine (M-CSF, 25μg/ml, R&D systems 

USA). Cells were seeded into 8cm low adherent petri dishes (Thermo Scientific. UK) 

and cultured for 6-7 days. On day 3, an additional 3ml of supplemented RPMI was 

added. Following differentiation cells were detached  and seeded overnight onto 

48 well plates (Starstedt, Germany) at 1.5x105cells/well in RPMI supplemented 

media for experimental use   

2.1.6 HEK293(T)  
  

Human Embryonic Kidney (HEK) 293 cell lines were obtained from ATCC (Sigma-

Aldrich, UK) and cultured in DMEM (Sigma-Aldrich, UK) with 10% FBS, penicillin 

(100 IU/ml) and streptomycin (100ug/ml). These adherent cells were routinely 

cultured in T-175 flasks (Nunc, UK) and passaged at ~80% confluence.  
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2.2: Protein preparations  
 

2.2.1 Purification analysis of plasma derived VWF  

High purity plasma derived VWF (pd-VWF) was purchased from Haemtech (USA). 

Protein contamination was determined by coomassie (Sigma-Aldrich, Ireland) 

staining and endotoxin contamination determined using macrophage RAW Blue 

reporter cell line. RAW 264.7 cells stably express secreted embryonic alkaline 

phosphatase (SEPA) which is inducible by NF-Kb and AP-1 transcription factors. 

RAW cell express all TLRs (apart from TLR5), RIG-1, MDA-5, NOD1 and NOD2 

whereby activation of these receptors induces expression of SEPA. Antibiotic 

selection using zeocin (Inviogen, USA) maintains the RAW cells containing SEPA 

plasmid. To test for the presence of endotoxin, RAW cells were seeded onto 96 

well plate (1x105/well) overnight with VWF sample or  positive control, LPS 

(100ng/ml, Sigma-Aldrich Ireland) or negative control (cell culture media). 

Following incubation, cell supernatants were harvested and combined with 

QUANTI-Blue (alkaline phosphatase substrate, Invivogen USA) at a ratio of 1:3 and 

incubated at 37oC. The degree of Pattern Associated Molecular Patterns (PAMP) 

activation is directly proportional to the extent of SEPA production, indicative of 

endotoxin presence Cleavage of QUANTI-Blue by SEPA results in a colour change 

from pink to purple, which is measured by absorbance at 630λ. 
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2.2.2 Recombinant VWF expression and purification  
 

2.2.2.1 Expression vector constructs   

pcDNA VWF expression vector: pcDNA vector containing the full length VWF 

sequence was designed and constructed by Dr. Alain Chion (Irish Centre for 

Vascular Biology, RCSI). This vector contains a cytomegalovirus (CMV) immediate-

early promoter ensuring high-level expression, SV40 origin driving episomal 

replication in T antigen expressing cells and a neomycin resistance gene to facilitate 

selection in mammalian cells. Finally, pcDNA encodes for the addition of a 

polyhistidine tag inserted C-terminally onto the recombinant protein. The vector 

also contains a PUC origin and ampicillin resistance gene to drive high-copy number 

replication selection in E.coli Details on sequence boundaries of inserted full length 

VWF and VWF truncated fragments can be found in Table 2.1. 

pEXPR-IBA VWF expression vector: For the expression of VWF truncated domain 

fragments pEXPR-IBA-42 expression vector was utilised. This VWF vector was 

designed and constructed by Dr. Alain Chion. pEXPER-IBA-42 (IBA, Germany) vector 

backbone contains a neomycin gene for selection in mammalian cells and a CMV 

promoter. The vector also contains a pUC ORI and ampicillin gene for selection in 

E.coli production.  pEXPR-IBA encodes for the addition of a polyhistidine tag 

inserted C-terminally onto the recombinant VWF protein. Table 2.2 provides 

details on the pEXPR-IBA VWF constructs used and sequence boundaries. The D’-

D3 protein used in this study was a kind gift from Pfizer Ireland. 
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Table 2.1: pcDNA VWF expression vectors and VWF sequence boundaries 
 

 

 

 

 

 

 

Table 2.2: VWF pEXRP VWF expression vectors sequences boundaries 
 

2.2.2.2 Amplification and purification of VWF plasmid DNA.  
 

To amplify VWF DNA expression vectors for transfection into mammalian cells, 

competent E.coli cells were transformed with the plasmid DNA. 10µl of Top 10-β 

competent E.coli cells (New England Biolabs, USA) were thawed on ice and 

incubated for 30 minutes with 0.5-1μL of the VWF expression vectors outlined in 

Table 2.1 and 2.2. Subsequently heat shock was performed at 42°C for 30 seconds 

followed by a 2 minute incubation on ice. 80μL of pre-warmed Super Optimal Broth 

(SOC) outgrowth media (Promega, USA) was added to the cells followed by 1 hour 

of shaking (225rpm) at 370C. The mixture was subsequently inoculated onto a LB-

ampicillin agar plate and incubated at 370C overnight. Successful transformants 

were picked and inoculated into a 5mL starter culture of LB broth with ampicillin 

(100μg/ml: Fisher Scientific) for 8-10 hours at 370C with shaking (225rpm). This 

Construct Details 

pcDNA Full length VWF  Full length (residues 1-2813) 

pcDNA D’A3 VWF D’A3 domains (residues 786-1874) 
pcDNA A1CK VWF A1-CK domains (residues 1260-2813) 

Construct Details 

pEXPR-A1A2A3-VWF A1A2A3 domains (Glu1260- Phe1875) 

pEXRP-A1-VWF A1 domain (Glu1260 - Glu1463) 

pEXRP-A2-VWF A2 domain (Met1495 - Glu1672) 

pEXRP-A3-VWF A3 domain (Ser1671 - Phe1875) 

pEXRP-A3-CK-VWF A3 to CK domains (Ser1671 - Lys2813) 
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culture was then expanded overnight to 200ml in LB broth with ampicillin 

incubated at 370C with shaking (225rpm). Cells were pelleted, and the plasmid DNA 

construct was isolated using a MaxiPrep Kit (Omega bio-tek, USA) as per 

manufactures instructions.  

2.2.2.3 Expression of recombinant VWF    
 

The production of all recombinant VWF proteins (with exception of commercial 

VONVENDI® preparation (Takeda, Japan)) were expressed in HEK293T cells by 

transient transfection. HEK293T cells were cultured as described in Section 2.1.6 

and grown to 80-90% confluence in T-175 flasks (Gibco, USA). Prior to transfection, 

the cells were washed with PBS and 18ml of reduced serum Opti-MEM was added 

to each flask Transfection reagent, branched polyethylenimine (bPEI; Sigma-

Aldrich, Ireland) was prepared at a working concentration of 1 μg/ml in 150mM 

NaCl. Similarly VWF plasmid DNA was diluted to 2 μg/ml in 150mM NaCl. Complex 

formation occurred following the dropwise addition of bPEI solution to DNA and 

incubated for 20 minutes at room temperature. Finally, 2ml of bPEI:DNA complex 

was added to each flask and incubated for 72hours. The harvested conditioned 

media was centrifuged at 4,000rpm for 30 minutes to remove cell debris and 

filtered (0.22μm PES filters, Merk Ireland). Transfection media containing 

truncated VWF variants were concentrated using a Pellicon XL Biomax 10 column 

(Millipore) on a Labscale TFF System (Millipore, USA) and buffered exchanged into 

binding buffer (Tris (20mM), NaCl (150mM) and imidazole (7mM) at pH 7.4) prior 

to nickel affinity purification.  
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2.2.2.4 Anion exchange chromatography 

Anion-exchange chromatography was used to concentrate conditioned medium 

containing full length recombinant VWF (Figure 2.2). Using Fast Protein Liquid 

Chromatography (FPLC, AKTA, GE Healtcare, USA), conditioned media was loaded 

onto HiTrap Q HP column (Q-Sepharose High Performance; GE Healthcare, USA) in 

20mM Tris, pH 7.4 at a flow rate of 1.5mL/min. A low salt buffer (20mM Tris, 

100mM NaCl, pH 7.4) was used to wash the column at a flow rate of 2mL/min. 

Following extensive washing the immobilised VWF was subsequently eluted using 

a high salt buffer (20mM Tris, 500mM NaCl, pH 7.4) at a flow rate of 0.5mL/min. 

Eluted VWF was collected into 1ml fractions and dialysed to 20mM Tris pH 7.4 for 

subsequent purification by metal ion affinity chromatography.  

 

 

 

 

 

 

 

Figure 2.2: Anion exchange chromatography purification of recombinant VWF.  
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2.2.2.5 Purification using metal affinity chromatography 

 

Following anion exchange, VWF constructs expressing a C-terminal polyhistidine 

tag were further purified by metal affinity chromatography. Sepharose bound 

nickel binds to the polyhistidine residues on recombinant protein, immobilising 

them. High concentrations of free histidine (imidazole) are then used to 

competitively elute bound proteins. HiTrap Chelating Column (GE Healthcare, UK) 

was charged with NiCl2 (0.1M) at a flow rate of 0.5mL/min in. Concentrated 

conditioned medium dialysed into binding buffer (Tris (20mM), NaCl (150mM) and 

imidazole (7mM) at pH 7.4) and loaded on the charged column at a flow rate of 

1mL/min. Following washing, bound recombinant VWF was eluted with elution 

buffer (Tris (20mM), NaCl (150mM) and Imidazole (300mM) at pH 7.4). Eluted 

fractions were dialyzed into 20mM Tris pH 7.4 and analysed for purity by coomassie 

staining (Figure 2.3). 
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Figure 2.3: Metal affinity chromatography 

 
A: Nickel purification of His-tagged VWF protein B: Coomassie staining of elution 

fractions 1 and 2, of purified recombinant full length VWF. C: Coomassie staining of 

elution fractions following A1A2A3-VWF purification.   

 

2.2.3 Purification of plasma derived VWF from Fandhi® 
 

Commercial concentrate Fandhiμ® (Grifols, Spain) was used as additional source of 

plasma derived VWF. Fandhi is a plasma concentrate containing VWF, FVIII, 

albumin and a number of excipients. Size exclusion chromatography was employed 

as a method to purify plasma-derived VWF from Fandhi. Size exclusion 

chromatography (gel filtration) elutes larger proteins first from the column while 

smaller proteins migrate slowly. Using a sepharose 2B-CL gel filtration column 

(600mm x 26mm, 320ml volume, Amersham Pharmacia) high, intermediate and 

low molecular weight multimer fractions were isolated. The column was pre-

equilibrated with two column volumes of Tris-Citrate buffer (20mM Tris, 10mM 
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sodium citrate, pH 7.4) and 5-10ml of reconstituted Fandhi was added to the 

column at a flow rate of 0.5mL/min. Fractions were collected in citrate buffer at a 

flow rate of 1mL/min.  

2.2.4 Analysis of VWF  
 

2.2.4.1 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 
 

For purity analysis of VWF following purification protocol gel electrophoresis was 

performed. 50ng (western blot)  or 1µg (Coomassie Blue staining) of purified VWF 

were diluted in LDS sample running buffer (4X TheremoFisher scientific, Life 

Technologies USA) and heated to 800C for 10 minutes. For reducing conditions, 

dithiothreitol (DTT, 0.1M, Thermofisher USA) was added. Samples were loaded 

onto pre-cast gradient gels (NuPAGE Bis-Tris 4-12% gels, Life Technologies USA) 

with a pre-stained high molecular weight marker (ThermoScientific, USA). 

Electrophoresis was performed at 160V for 1h in MOPS-SDS running buffer.  

2.2.4.2 Coomassie staining and western blotting 
 

Following SDS-PAGE the purity of VWF was determined by coomassie and western 

blot. Coomassie stain (0.1% Brilliant Blue: Sigma-Aldrich Ireland, 20% methanol, 

10% acetic acid) was employed for the detection of non-specific total protein. Gels 

were washed in distilled H20 for 30 minutes followed by a 30 minute incubation 

with coomassie stain. Subsequently 10% acetic acid was used to destain under 

gentle agitation. 
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For specific VWF detection, proteins were transferred from the SDS-PAGE gel 

surface to a methanol activated polyvinylidene fluoride membrane (PVDF, 

Immobilon-P; Millipore USA) using a wet electroblot system (Trans-Blot 

Electrophoretic Transfer Cell, Bio-Rad USA). A 1 hour transfer was completed at 

100V in ice cold transfer buffer (Tris (25mM), glycine (192mM) , 0.2% SDS, 20% 

methanol). VWF fragments <100 KDa were transferred for 10 minutes using a 

SEMI-DRY power blotter (Thermo scientific, USA) system with 1-Step transfer 

buffer (Thermo scientific, USA). 3% BSA in PBS-T (0.1%) was used to block 

membranes for 1 hour at room temperature. VWF was detected with a rabbit 

polyclonal anti-human VWF-HRP (Dako, Denmark) diluted 1:5000 in 3% BSA PBS-T 

for 1 hour at room temperature with gentle agitation. Following three x five minute 

PBS-T (0.1%) washes VWF was detected using Enhanced chemiluminescence (ECL) 

substrate (ThermoFisher Scientific, USA) according to the manufacturer’s 

instructions.  

2.2.4.3 BCA protein quantification 
 

Once pure recombinant protein was obtained, it was quantified using the BCA 

Protein Assay Kit (Thermo Scientific Pierce, USA). Bicinchoninic acid (BCA) assay is 

a colourimetric means of quantifying total protein concentration against a 

standard curve. BCA quantification is based on the reduction of Cu2+ to Cu+ by 

peptides bonds of proteins. Thus, reduction of Cu2+ is directly proportional to the 

total protein present. Subsequent chelation of Cu+ ion yields a colourimetric 

change with absorbance at 562λ. 
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2.2.4.4 Endotoxin removal and detection  
 

Following protein purification, endotoxins were removed using EndoTrap HD 

columns (Hyglos, Germany). VWF protein preparations were applied over an 

affinity chromatography resin that immobilises endotoxin in a buffer containing 

0.5mM Ca2+ and 20mM Tris solution. Fractions were eluted by gravity flow and 

protein concentration re-determined by BCA.   

To confirm endotoxin removal, endotoxin levels were determined pre and post 

treatment using RAW-Blue reported cell line as previously discussed (Section 

2.1.4). Furthermore, endotoxin levels were also determined using ToxinSensor Gel 

Clot Endotoxin Assay (GenScript, USA, Appendix ii). Protein preparation were 

diluted 1:1 with reconstituted limulus amebocyte lysate (LAL) reagent at incubated 

for 30 minutes at 370C. The presence of endotoxin induces the formation of a 

gelatin clot in this assay.  

2.3: Binding assays  
 

2.3.1 Activated primary monocyte binding  
 

Full length recombinant VWF or A1A12A3-VWF preparations were immobilised at 

indicated concentrations onto a 96 well Nunc Immuno -polysorb plate (Thermo 

Fisher, USA) overnight in carbonate buffer pH 9.6 (Na2CO3 (28mM), 

NaHCO3(70mM)). Plates were blocked with 0.5% polyvinylpyrrolidone (PVP, Sigma-

Aldrich, Ireland) in PBS for 2 hours at 370C. Healthy donor isolated monocytes 

(2x106cells/ml) were activated with PMA (100nM, Sigma-Alderch Ireland), MnCl2 
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(1nM) and BSA (1%) for 30 minutes at 370C. Cells were washed and resuspended 

(2x106cells/ml) in RPMI media supplemented with MnCl2 (1mM). Following 

blocking, plates were washed 3 times with PBS and 100μl of cells were added to 

each well and incubated for 30 minutes at 370C. Non-adhered cells were removed 

by sealing the plate and centrifuging upside-down at 500rpm for 1 minute. 

Remaining adhered cells were fix and stained with 4% paraformaldehyde (PFA, 

Sigma-Aldrich, Ireland) and 5μg/ml Hoechst (Sigma-Aldrich, Ireland) for 10 minutes 

at room temperature. VWF bound activated monocytes were imaged using Cytell 

imaging platform (GE life sciences, USA) in which nuclei were detected. Blank 

controls are represented by monocyte binding in the absence VWF or A1A2A3 or 

non-coated wells. Bound monocytes were quantified and graphed as the fold 

change in binding from control in which VWF positive counts were divided by 

counts from non VWF treated wells. 

2.3.2 THP1 cell binding  

  

THP1 monocytes were differentiated as described (Section 2.13) and VWF binding 

was determined by flow cytometry. Differentiated THP1 cells were detached from 

petri dishes by continuous ice cold PBS pipetting and subsequently divided 

between treatments (5x105 cells/flow tube). Alternatively, non PMA treated 

suspension monocytic THP1 cells were used. VWF variants of interest were 

incubated with THP1 macrophages in binding buffer (Hanks balanced salt solution 

supplemented with HEPES (10mM), MnCl2 (1mM) and CaCl2 (1mM ) ± ristocetin 

(Helena, UK 1.5mg/ml) where indicated) for 30 minutes at room temperature. For 
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recombinant VWF variants, equimolar full length or domain fragments (300μM) 

were incubated with the cells. Cells were washed once in 2ml of ice cold binding 

buffer and centrifuged at 40C for 5 minutes at 1500 rpm. FC-receptors were 

blocked with 1/100 dilution of CD16/CD32 monoclonal antibody (ThermoFisher 

scientific, USA) for 10 minutes on ice. Various antibodies were used to stain for 

bound VWF, detailed in Table 2.3. Where applicable, cells were washed with 2ml 

of binding buffer between and after 30 minute incubations (on ice) with primary 

and secondary antibodies. Following staining, cells were fixed in binding buffer 

containing 1% PFA for 10 minutes on ice. Normal PE-IgG control (Bio-legend USA) 

was used to determine nonspecific binding. Baseline fluorescence was established 

using 0μg/ml VWF incubated with PE conjugated anti penta-his tag. Using flow 

cytometry (CyAn ADP Analyzer: Beckman, USA) bound VWF was quantified and 

staining was determined by changes in mean florescence intensity (MFI) from 

baseline fluorescence using Flowjo software (Flowjo, USA). VWF binding was 

represented by combined replicates of fold change in MFI in which fold change MFI 

was determined by the division of VWF positive MFI signal by background PE-IgG 

control (Fold Change = VWF treated cell MFI / 0mM VWF MFI) .   

 

Table 2.3: Flow cytometry antibodies for detecting bound VWF.   
 

Detecting protein Antibody Species  Working Dilution  

Recombinant VWF and 
fragments 

PE conjugated anti-penta-
his Tag (Bio-Legend) 

Mouse IgG2a, κ 1/25 

Plasma derived VWF Anti-VWF polyclonal (Dako, 
Agilent) 

Rabbit IgG 1/1000 

Secondary Polyclonal Alexa Fluor™ 488 
anti-rabbit.  (ThermoFisher 

Scientific) 

Goat IgG 1/1000 

Secondary PE-IgG control (Bio-Legand) Mouse IgG2a, κ 1/25 
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2.3.3 Human primary macrophage cell binding 
 

Human primary macrophages were differentiated from buffy coat isolated 

CD14High monocytes on 48 well low adherent plates (Starstedt, Germany) and 

detached by gentle scraping with the barrel of a 1ml syringe. Cells were pooled and 

equally divided between treatment flow tubes (2x105-1x106). VWF was incubated 

as previously described (Section.2.3.2) and detected with an Alexa Fluor™ 488 

bound to a polyclonal anti-VWF as detailed in Table 2.3. Staining and flow 

cytometry was completed as described in Section 2.2.2. VWF binding was 

represented by combined replicates of fold change in MFI in which fold change MFI 

was determined by the division of VWF positive MFI signal by background Alexa 

Flour 488-IgG control. 

2.4: Confocal microscopy  
 

2.4.1 THP1 Cells 
 

THP1 cells were differentiated as previously described (Section 2.1.3) onto 8-well 

chamber well slides (Lab-Tec, USA). Macrophages were treated with VWF or VWF 

truncated variants (10μg/ml) in binding buffer (RPMI glutmax, CaCl2 (1mM), ± 

ristocetin (1mg/ml)) where indicated at room temperature or on ice to prevent 

internalisation depending on experimental conditions. Cells were washed once 

with binding buffer and fixed with 4% PFA for 10 minutes on ice. Fixed cells were 

neutralised with two washes of ammonium chloride (100mM), and subsequently 

washed 3 times with PBS. When indicated, permeabilization was performed using 

0.1% TritonX (Sigma-Aldrich, Ireland) in PBS for 4 minutes. Following this, cells 
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were washed 3 times with PBS and blocked (3% BSA-PBS) for 30 minutes. Primary 

and secondary antibodies were diluted in 2% BSA-PBS in accordance with Table 2.4 

and 2.5 and incubated for 45 minutes and 30 minutes respectively at room 

temperature. Cells were washed 4 times before and after secondary antibody 

incubation. Nuclei were stained with in situ DAPI mounting media (Sigma-Aldrich, 

Ireland) and slides were sealed. Imaging was completed using oil emersion Carl 

Zeiss 710 LSM confocal microscope (Carl Zeiss, Germany). 

 

 

 

 

Table 2.4: Confocal microscopy primary antibodies 
 

  

 

Secondary Antibody Dilution 

Alexa 594 – anti-mouse 1/300 
Alexa 488 - anti-rabbit 1/1000 

 

 

Table 2.5: Confocal microscopy secondary antibodies  
 

 

 

 

Detecting Antigen Antibody Source Dilution 

VWF Polyclonal rabbit IgG-anti-VWF (DAKO ) 1/1000 
EEA1 Polyclonal mouse IgG1-anti EEA1, (BD 

Transduction Laboratories) 
1/100 

LAMP Monoclonal mouse anti-LAMP-1 (Santa 
Cruz) 

1/50 
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2.4.2 Human primary macrophages  
 

Glass cover slips (18mm, 170µm) were cleaned in a sonicating water bath by serial 

immersion in dH2O, chloric acid (1M), 50% ethanol, 75% ethanol and 100% ethanol 

for 30 minutes each. Coverslips were sterilised with a 30 minute UV exposer. 

BMDM (3x105/ml) or human primary monocytes (2x105/ml) were differentiated 

onto glass coverslips. Depending on experimental conditions, 10-20μg/ml of VWF 

was incubated for 30 minutes at room temperature with monocyte derived 

macrophages in binding buffer (RPMI glutmax, CaCl2 (1mM)). Following 3 washes 

with binding buffer cells were then blocked for 30 minutes with 3% BSA and Fc-

Blocker at a dilution of 1/100. Staining and imaging was completed in accordance 

with Section 2.4.1.  

2.4.3 DuoLink® proximal ligation assay (PLA) 
 

Duolink® PLA allows for detection of interacting proteins. Primary antibody’s raised 

in different hosts bind to respective proteins of interest. Secondary “+” and “-“ 

antibodies conjugated with DNA oligonucleotides bind to the individual primary 

antibodies. Hybridize connector oligos join the secondary oligos if in close 

proximity to each other (40nm), and fused by DNA ligase that forms a closed 

circular DNA template. DNA polymerase is added, in which the closed circle oligos 

acts as a primer for rolling circle amplification generating a single stranded 

sequence up to 1000 copies of the primer sequence, tether to the antibodies. 

Finally, ladled detection probes hybridize to the complementary sequence within 

the single stranded amplicon.  
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THP1 macrophages and BMDMs were differentiated onto chamber slides or cover 

slips as described in Sections 2.4.1 and 2.4.2 respectively. VWF was incubated with 

the cells in binding buffer (RPMI Glutmax, CaCl2 (1mM) ± ristocetin (1.5mg/ml)) for 

30 minutes at 37oC and cells were fixed with 1% PFA. Prior to duolink staining cells 

were blocked for 60 minutes with Duolink® blocking solution (Sigma-Aldrich, 

Ireland) at 37oC. Primary antibodies were diluted as per Table 2.6 in PBS 1.5% BSA 

and incubated for 2 hours at room temperature.  

Primary Antibodies Dilution 

Polyclonal rabbit anti VWF (Dako) 1/1000 
Monoclonal mouse [8G1] anti LRP1 (Abcam) 1/200 

 

Table 2.6: Antibodies used for Duolink® proximal ligation assay    
 

Following two x five minute washes with Duolink® wash buffer A (Sigma-Aldrich, 

Ireland), anti-mouse(+) and anti-rabbit(-) PLA probes (Sigma-Aldrich, Ireland) were 

diluted 1:5 with antibody diluent (Sigma-Aldrich, Ireland) and incubated with the 

cells for 1h at 37oC. Samples were washed for two x five minutes in Duolink® wash 

buffer A. Two circle forming DNA oligonucleotides were added and ligated onto 

secondary probes following a 30 minute incubation at 37°C with Duolink® ligase 

(1:40, Sigma-Aldrich, Ireland). The sample was washed in Duolink® wash buffer A 

for two x five minutes and the closed circular DNA template was amplification by 

Duolink® polymerase (1:80, Sigma-Aldrich, Ireland) for 100 minutes at 37°C in the 

dark. The sample was washed 2 x 10 minutes with Duolink® wash buffer B and slide 

mounted with Duolink® in situ DAPI mounting medium. Cells were imaged using 

Carl Zeiss LSM 710 confocal microscope (Carl Zeiss, Germany).  
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2.5: VWF glycosylation modification 
  

2.5.1 N-Linked glycan removal - PNGase F  
 

To remove the N-linked glycan structure from VWF, 5μg of VWF was incubated 

with 2μl of specific glycosidase enzyme, PNGase F (New England Biolabs, USA) with 

an appropriate volume of the supplied  10X glycobuffer Digestion was carried out 

overnight at 370C. PNGase F and cleavage products were removed from the 

preparation by molecular weight cut off spin columns (10 kda molecular weight cut 

off spin, Sartorius, Sigma-Aldrich Ireland). Digestion was confirmed by loss in VWF 

molecular weight as detected by western blot analysis. 

2.5.2 Sialic acid removal - Neuraminidase   
 

To remove terminal sialic acid residues from VWF N- and O-linked glycans 5μg of 

VWF was treated with cleaved with 6.25mU of α2-3,6,8,9 Neuraminidase (New 

England Bio-labs, USA). Digestion was carried out in 1x glycobuffer overnight in at 

370C and loss of sialic acid residues was confirmed by molecular weight on SDS-

Page and lectin binding performed by Dr Sonia Aguila (Irish Centre for  Vascular 

biology). 
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2.6: Gene analysis  
 

2.6.1 RNA isolation  
 

To obtain sufficient a concentration of RNA following cell lysis, a minimum of 2x106 

primary cells were used. Cells were washed with PBS followed by lysis and 

homogenization with 1ml of TRIZOL (Sigma-Aldrich, Ireland) per 10 cm2 culture 

dish. Lysates were frozen at -800C for a minimum of 1 hour and when defrosted 

100μl of 1-bromo-3-chloropropane (Sigma-Aldrich, Ireland) was added per ml of 

TRIZOL. Phase separation was initiated by resting samples at room temperature for 

15 minutes and subsequently centrifuging at 12,000g for 15 minutes at 5°C.  

Following the formation of 3 distinct layers, the RNA containing aqueous phase was 

aspirated without disturbing the organic or DNA containing phases. To precipitate 

RNA, 500μl of isopropanol (-20°C) was added to the aqueous phase per ml of 

TRIZOL and samples were allowed to stand at room temperature for 30 minutes. 

The RNA pellet was then formed by centrifuged for 10 minutes at 12,000g at 5°C. 

The supernatant was removed and RNA was washed with 1 ml of 75% ethanol per 

1 ml of TRIZOL, centrifuged again and finally dissolved in 40μl of molecular grade 

water. RNA concentration and purity were determined by 260λ/280λ and 

260λ/280λ ratios respectively.  

2.6.2 cDNA synthesis 
 

cDNA was synthesized from 100ng-200ng of RNA produced as in Section 2.6.1 in 

sterile nuclease-free tubes. All reagents were kept on ice (excluding reverse 

transcriptase -20) and sequentially added as per Table 2.7. Using a thermocycler, 
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primer annealing occurred for 10 minutes at 25°C, followed by DNA polymerization 

for 60 minutes at 42°C and finally terminated for 10 minutes at 70°C. 

Total RNA 100-300ng 

Random Hexamer Primer (TheremoFisher 
Scientific, USA) 

1μl 

Molecular Grade Water (TheremoFisher 
Scientific, USA) 

Made up to 12.5μl 

5X Reaction Buffer (TheremoFisher 
Scientific, USA) 

4μl 

RNase Inhibitor (TheremoFisher Scientific, 
USA) 

0.5μl 

dNTP (VWR, USA) 2μl 
Reverse Transcriptase (TheremoFisher 

Scientific, USA) 
1μl 

Total Volume 20μl 
 

Table 2.7: cDNA synthesis reagents  
 

 

2.6.3 Real time - qPCR (RT-qPCR) 
 

Gene expression was determined by Quantitative reverse transcription PCR (RT-

qPCR) following cDNA synthesis. 96 well plate (Thermofisher scientific, USA) PCR 

was setup in accordance to Table 2.8 and gene-specific primers (Sigma-Aldrich/IDT 

USA) were diluted 1/10 from stock 100μM concentrations. PCR reaction was 

completed using a 7500 real time PCR system (ThermoFisher, USA) following Table 

2.9 setup. Changes in expression of genes of interest from untreated cells, or 

following LPS (100ng/ml) and/or VWF (10μg/ml) treatments were quantified by 

fold change-ΔΔCT from housekeeping genes β-Actin (2–∆∆Ct). Ct meaning cycle 

threshold, is the PCR cycle value in which florescence has detectible above 

background levels. ΔCT represents the CT of gene of interest normalised to 
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housekeeping gene. (ΔCT = CT gene of interest – CT housekeeping gene) ΔΔCT 

refers to the normalisation of ΔCT to experimental control/untreated conditions 

(ΔΔCT = ΔCT gene of interest – ΔCT average of control). Primer sequences found in 

Table 2.10. Optimal gene expression was determined by time course analysis.  

cDNA template  0.5μl 

H20 3.3μl 
Forward Primer (Sigma-Aldrich/IDT) 0.6μl 
Reverse Primer (Sigma-Aldrich/IDT) 0.6μl 

Master Mix (Promega) 5μl 
Total Volume 10μl 

 

Table 2.8: Real time-qPCR 96 well setup 
 

 

Stage Time (Minutes) Temperature (OC) 

Holding 2 95 
Denaturation 0.25 95 

Annealing / Extension 1 58 
 

Table 2.9: Real time-qPCR running settings for 40 cycles.  
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Human (5’-3’) 

ITGA

M 

Forward 

GAGTTTGTCTCAACTGTGATG 

Revers

e 

GTGAATCCGGAATTCTTCAG 

ITGB2 CCAAGTTTGCTGAGAGTTAG GGTTAATTGGTGACATCCTC 

LRP1 GAGAATTATCTCTATGCCACC CATACTGGTCGTTTTCACAG 

MSR1 TCCCACTGGAGAAAGTGGTC CTCCCCGATCACCTTTAAGAC 

IL-1β CTAAACAGATGAAGTGCTCC GGTCATTCTCCTGGAAGG 

IL-6 GCAGAAAAAGGCAAAGAATC CTACATTTGCCGAAGAGC 

TNFα AGGCAGTCAGATCATCTTC TTATCTCTCAGCTCCAGC 

CCL2 AGACTAACCCAGAAACATCC ATTGATTGCATCTGGCTG 

CCL3 GCAACCAGTTCTCTGCATCA TGGCTGCTCGTCTCAAAGTA 

CCL4 GCTTTTCTTACACTGCGAGGA CCAGGATTCACTGGGATCAG 

NOS2 GCTCTACACCTCCAATGTGACC CTGCCGAGATTTGAGCCTCATG 

β-

Actin 
GACGACATGGAGAAAATCTG ATGATCTGGGTCATCTTCTC 

Murine (5’-3’) 

LRP1 

Forwar

d 

ACTTTGGGAACATCCAGCAG 

Revers

e 

GGTGGATGTGGTGTAGCTTG 

β-

actin 
TGCTGTCCCTGTATGCCTCT TTGATGTCACGCACGATTTC 

TNFα ACGTCGTAGCAAACCACCAA 
GAGAACCTGGGAGTAGACAAG

G 

lL-6 
ATGAAGTTCCTCTCTGCAAGAGA

CT 

CACTAGGTTTGCCGAGTAGATC

TC 

PHD3 CAACTTCCTCCTGTCCCTCA CCTGGATAGCAAGCCACCA 

 

Table 2.10: Human and murine primer sequences for RT-PCR 
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2.7: Flow cytometry  
 

2.7.1 M1 and M2 surface marker expression  
 

BMDMs were generated over a 6-day period as previously described (Section 2.1.5) 

and seeded onto 48 well plates (1.5x105/well) overnight. All BMDMs were 

incubated in RPMI++ supplemented with M-CSF (25ng/ml) and CaCl2 (1mM) for 24 

hours. Additionally, cells were incubated with INF-γ (20ng/ml, Gibco, USA) and LPS 

(100ng/ml Sigma-Aldrich, Ireland) to generate a M1 macrophage phenotype. 

Alternatively, IL-4 (40ng/ml PeproTech, USA), IL-13 (20ng/ml PeproTech, USA) and 

IL-10 (10ng/ml, PeproTech USA) were used to generate a M2 phenotype. BMDMs 

were also treated with plasma derived VWF (10μg/ml). Control cells did not receive 

additional agonists and remained in RPMI++ supplemented with M-CSF (25ng/ml) 

and CaCl2 (1mM). BMDM were washed with RPMI++ media, lifted by scraping with 

the barrel of a 1ml syringe and using flow cytometry M1 and M2 populations were 

determined by the respective expression of CD38 and CD206. Fc receptors were 

block as previously described and cells were stained with an anti-CD11b PE (1/800 

PE conjugated, Biolegand USA), anti-CD206 blue violet 421 (1/25, Biolegand, USA) 

and anti-CD38 APC (1/800, Biolegand, USA) for 30 minutes on ice. Cells were 

washed in RPMI++ then fixed in 1% PFA for 10 minutes on ice and washed again. 

Macrophages were identified as CD11b positive cells and relative CD206 (M2) and 

CD38 (M1) expression determined. Changes MFI surface marker expression from 

control cells was determined using FlowJo software (FlowJo & BD, USA).  
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2.7.2 Reactive oxygen sepsis generation 
 

BMDM were generated over 6 days as described (Section 2.1.5) and subsequently 

seeded onto 48 well plates (1.5x105/well) overnight with M-CSF (25ng/ml). BMDMs 

were washed and incubated with LPS (100ng/ml) or plasma derived VWF (10μg/ml) 

for 3 hours in RPMI++ supplemented with CaCl2 (1mM). Cells were washed in 

supplemented RPMI++ and incubated with CellRox Deep Red (5μM, ThermoFisher 

Scientific, USA) and LiveDead stain (1/1000, TheremoFisher Scientific, USA) for 30 

minutes at 370C. Prior to staining a control dead cell population was determined 

using 70% ethanol. Free amines from dead cells compromise the cell membrane 

and combine with LiveDead-488 yielding fluorescence. To quantify cellular reactive 

oxygen species CellRox was used. Once CellRox has undergone oxidation it exhibits 

a strong fluorescent signal. Following dead cell exclusion, CellRox signal was 

determined based in change in MFI from untreated BMDM population using 

FlowJo (FlowJo, USA).     

2.7.3 Phagocytosis Assay 
 

Human monocyte derived macrophages were allowed to differentiate as described 

in section 2.1.2 for 10 days in a 48 well, reduced adherence surface plate (Starstedt, 

Germany). A minimum of 6x105 cells were used per treatment by combining 6-

wells at 1x105cells/well. Plasma derived VWF (10μg/ml) or LPS (100ng/ml) were 

incubated with cells for 30 minutes at 370C in RPMI++ supplemented with CaCl2 

(1mM). Following this, 2.5X106 of fluorescent E.coli particles labelled with Alexa 

Fluor® 488 (TheremoFisher Scientific, USA) were added for 1.5 hours per well. 
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Human macrophages were thoroughly washed in ice cold RPMI++, detached and 

fixed in 1% PFA for 10 minutes.  

The extent of intracellular phagocytosed fluorescence was determined by 

quenching the bound extracellular fluorescence using 0.2% trypan blue (Sigma-

Aldrich, Ireland), pH 5.5 in PBS. Immediately prior to loading sample for flow 

cytometry, quenching buffer was added and changes in macrophage fluorescein 

isothiocyanate (FITC) MFI were determined. Data was quantified using FlowJo 

(Flowjo, USA).  
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2.7.4 In vivo lavage panel  
 

2.7.4.1 Short time course treatment  
 

Plasma derived VWF (2mg/kg) or equal volume sterile PBS was injected 

intraperitoneally into wile type female C57BL/J6 mice weighing 24g. Following a 3 

hour incubation mice were culled by cervical dislocation and peritoneal lavage was 

performed with 5ml of PBS containing 3% BSA. Lavage fluid was harvested and on 

average 2x106 cells were isolated per mouse. Cells were Fc blocked, stained and 

gated as per Table 2.11 and Figure 2.4 in 5% FBS in RPMI phenol red free (Gibco, 

USA) for 30 minutes on ice. Compensation was determined by single staining alone 

and no positive staining detected from IgG controls. Analysis was completed using 

FlowJo (Flowjo, USA).  

 

Marker Clone  Fluorophore Dilution 

CD3 17A2 Alexa-488 (BioLegend, 
USA) 

1/20 

F4/80 BM8 Brilliant Violet 421 
(BV421, BioLegend, 

USA) 

1/20 

CD11c N418 APC (BioLegend, USA) 1/20 
CD122 5A4 PE (BioLegend, USA) 1/20 
Ly-6C RB6-8CH Blue Violet 510 

(BV510, Bio Legend, 
USA) 

1/20 

 

Table 2.11: Antibodies used for 3 hour in vivo lavage 
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Figure 2.4: Short time course lavage gating strategy 
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2.7.4.2. Extended time course treatment  
 

As per previous, plasma derived VWF (2mg/kg) or PBS was injected 

intraperitoneally into wild-type female mice and incubated for 24 hours. Peritoneal 

lavage was performed as per previous. Cells were stained for tissue resident and 

recruited macrophages using the antibodies outlined in Table 2.12. Resident 

peritoneal macrophages are MHC-II high while recruited are MHC-II low.  Cell 

populations were gated based on the strategy illustrated in Figure 2.5.  

 

Marker Clone Fluorophore Dilution 

CD3 17A2 Alexa-488 (BioLegend, 
USA) 

1/20 

F4/80 BM8 Brilliant Violet 421 
(BV421, BioLegend, 

USA) 

1/20 

CD11c N418 APC (BioLegend, USA) 1/20 
MHC II AF6-102.1 PE (BioLegend, USA) 1/20 
Ly-6C RB6-8C5 Blue Violet 510 

(BV510, Bio Legend, 
USA) 

1/20 

CD49b DX5 APC-Cy7 (BioLegend, 
USA) 

1/20 

CD11b M1/70 PE-Cy7 (BioLegend, 
USA) 

1/20 

 

Table 2.12: Antibodies used for 24 hour in vivo lavage 
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Figure 2.5: Extended time course lavage gating strategy 
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2.8: In vitro cell signalling and cytokine generation  
 

2.8.1 MAPKinase and NF-κB  
 

Human monocyte derived macrophages were differentiated onto 48 well plates as 

described and minimum of 3x105 cells were used per treatment. BMDM were 

seeded overnight onto 48 well plates in RPMI++ supplemented with M-CSF 

(25ng/ml ) where a minimum of 3x105 cells were also used per treatment. Cells 

were washed and treated where indicated with plasma derived VWF (10μg/ml), 

recombinant VWF (10μg/ml) or LPS (100ng/ml) for 25 minutes at 370C in RPMI++ 

supplemented with CaCl2 (1mM).  

Cells were lysed on ice for 10 minutes with 40μl/well of radioimmunoprecipitation 

assay (RIPA) buffer (TheremoFisher scientific, USA) supplemented with Protease 

Inhibitor cocktail 1 (1/100, Merc Chemicals, USA) and Phosphatase Inhibitors 

Cocktail 2 & 3 (1/500, Sigma-Aldrich, Ireland). Following lysis, total protein was 

quantified by BCA reagent and normalised. 10-20μg of protein was resolved under 

reduced conditions by SDS-PAGE and transferred to PVDF membrane as per 

Section 2.2.4.1.  Membranes were blocked for 1 hour at room temperature and 

primary antibodies (Table 2.13) were diluted in TBS-T (0.1%) - 5% BSA or milk in 

according to manufactures instructions. Membranes were incubated with HRP 

conjugated anti-mouse or anti-rabbit antibodies (1/1000-1/5000, R&D Systems, 

USA) in TBS-T (0.1%)  5% milk for 1 hour at room temperature. Three 5minute 

washes in TBS-T (0.1%) were carried out pre- and post-secondary antibody 
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incubation. Western blots were developed with enhanced chemiluminescence 

substrate (ThermoFisher Scientific, USA) using Amersham Imager (GE, USA)  

 

Antibody Epitope Dilution 

Rabbit monoclonal anti-
phosop-p38 (CST, USA) 

Thr180/Tyr182 1/1000 

Rabbit polyclonal anti-p38 
(CST, USA) 

p38α, -β or -γ MAPK 1/1000 

Rabbit monoclonal anti-
phospho-NF-κB p65 (CST, 

USA) 

Ser536 1/1000 

Rabbit monoclonal anti-NF-
κB p65 (CST, USA) 

Glu498 1/1000 

Mouse monoclonal anti-
IκBα (CST, USA) 

Amino-terminal Antigen 1/1000 

Rabbit monoclonal anti-
phospho-IκBα (CST, USA)  

Ser32 1/1000 

Rabbit polyclonal anti-JNK 
(CST, USA) 

JNK1, JNK2 or JNK3 1/1000 

Rabbit polyclonal anti-
phospho-JNK (CST, USA) 

Thr183/Tyr185 1/1000 

Mouse monoclonal anti-Β-
actin (Sigma-Aldrich, 

Ireland) 

N-terminal 1/3000 

 

Table 2.13: Western blot primary antibodies  
 

2.8.2 Hypoxia-inducible factor 1-alpha (HIF-1α) analysis  
 

Differentiated BMDMs were seeded into 48 well plates and treated with VWF 

(10μg/ml) or LPS (100ng/ml) and where indicated ± p38 inhibitor SB202190 (50μM, 

Invivogen, USA) in RPMI++ supplemented with CaCl2 (1mM) and M-CSF (25ng/ml) 

for 3 or 16 hours. Given the difficulty in detecting HIF-1α an alternative lysis 

protocol was used. Cells (3x105) were directly lysed (120μl) with SDS running buffer 

(1X) supplemented with DTT (0.1M) and benzonase (1/1000, Millipore, USA) on ice. 

Lysates were frozen at -800C for minimum of 1 hour and 5-10μl were resolved by 



69 
   

SDS-PAGE as per Section 2.2.4.1. Equal loading was confirmed using β-Actin. 

Protein was transferred onto nitrocellulose membrane using wet electroblot 

system for 1 hour at 100V in ice cold transfer buffer. Membranes were blocked 

with 5% milk with 0.05% sodium azide (Sigma-Aldrich, Ireland) in TBS-T (0.1%) at 

room temperature for 1 hour. The same blocking buffer was used to dilute the 

primary anti-HIF-1α antibody (1/1000, rabbit monoclonal anti-HIF-1α (Leu478) 

CST, USA) incubated overnight at 4OC. Following extensive washing Secondary 

antibody (Anti-Rabbit, 1/2000, R&D USA) was incubated for 1 hour at room 

temperature in 5% milk TBS-T (0.01%) Imaging was completed in accordance to 

Section 2.8.1.   

2.8.3 Low density lipoprotein receptor-related protein 1 (LRP1) analysis 
 

Human monocyte derived macrophages were differentiated in 48 well plates. 

Macrophages (3x105) were treated with plasma derived VWF (10μg/ml) or LPS 

(100ng/ml) ± an LRP1 antagonist termed receptor associated protein (RAP, 200nM, 

R&D Systems USA) in RPMI++ supplemented with CaCl2 (1mM). Following a 25 

minute incubation at 370C cells were lysed and samples resolved per Section 2.8.1.  

Differentiated BMDMs were seeded into 48 well plates. Cells were treated with 

plasma derived VWF (10μg/ml) or LPS (100ng/ml) ± anti-LRP1 (mouse monoclonal 

anti-LRP1 (α chain) 200nM, Sigma-Aldrich, Ireland) in RPMI++ supplemented with 

CaCl (1mM). Control cell were treated with anti-LRP1 alone or mouse IgG control 

(200nM, Santa Cruz, USA) Following a 25 minute incubation at 370C cells were lysed 

and samples resolved per Section 2.8.1. 
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To blot for LRP1, human monocyte derived macrophages, BMDMs or THP1 

macrophages were lysed using RIPA buffer supplemented with Protease Inhibitor 

Cocktail 1 (1/100). Lysate was quantified using BCA, aliquoted and frozen at -200C. 

Before undertaking SDS-PAGE, sample-loading buffer was added to 10μg of cell 

lysate and samples were heated to 800C for 10 minutes in non-reducing conditions. 

PVDF membrane was blocked in 5% milk TBS-T (0.1%) and primary antibodies were 

diluted in accordance with Table 2.14 in 5% BSA TBS-T (0.1%). As per Section 2.8.1 

secondary antibodies were applied and the membrane imaged. 

Antibody Recognition site Dilution 

Mouse monoclonal anti-
LRP1 [5A6] (Abcam) 

α-chain 1/1000 

Mouse monoclonal anti-
LRP1 [8G1] (Abcam) 

β-chain 1/1000 

Mouse monoclonal anti-
LRP1 [Blocking 11] (Sigma-

Aldrich) 

α-chain 1/1000 

 

Table 2.14: Anti-LRP1 antibodies 

 

2.8.4 THP1 macrophages stimulation 
 

THP1 cells were differentiated in 48 well plates according to Section 2.1.3. Cells 

were treated with plasma derived VWF (10μg/ml) or LPS (100ng/ml) for 25 minutes 

in RPMI++ supplemented with CaCl2 (1mM). As per Section, 2.8.1 cells were lysed 

in RIPA buffer, resolved on SDS-PAGE and membranes imaged. 
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2.8.5 Inflammasome activation  
 

Differentiated BMDM were seeded onto 48 well plates as described in Section 

2.1.5. Cells were treated with plasma derived VWF (10μg/ml) or LPS (100ng/ml) in 

RPMI++ supplemented with CaCl2 (1mM) and M-CSF (25ng/ml) for 24 hours. To 

induce IL-1β cleavage, cells were washed with serum free RPMI and incubated with 

ATP (5μM, Invivogen, USA) for 1 hour. Supernatants were harvested and cells were 

lysed in RIPA buffer in accordance with Section 2.8.1. 

Cell lysis was examined by SDS-PAGE whereby total protein was transferred to 

PVDF membrane as described in section 2.2.4. The PVDF membrane was blocked 

for 1 hour at room temperature in 5% milk TBS-T (0.1%) and probed overnight at 

40C with anti-proIL-1β (1/1000, R&D systems, USA) in 5% BSA TBS-T (0.1%).  

Following washing with TBS-T (0.1%), the membrane was incubated with HRP 

conjugated anti-goat (1/2000: Jackson laboratories) in 5% milk TBS-T (0.1%) for 1 

hour at room temperature.  

The release of cleaved IL-1β from the cells was determined by ELISA (R&D systems, 

USA). Following the manufacturers instructions, the capture antibody was coated 

onto a Maxisorp 96-well microtiter plates (Nunc Thermo Scientific, USA) overnight 

at 40C washed with PBS-T (0.05%) and blocked for 1 hour at room temperature 

with 1% BSA. Recombinant mouse IL-1β (used as a standard) and cell supernatants 

were incubated for 2 hours at room. Plates were washed in triplicate in PBS-T 

(0.05%) before biotinylated IL-1β detection antibody and streptavidin-HRP were 

incubated for 1 hour and 20 minutes respectively. Levels of IL-1β were determined 
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following the addition of HRP substrate, TMB (1-Step Ultra TheremoFisher 

Scientific, USA). The reaction was terminated upon addition of H2SO4 (2N) and 

absorbance read at 450λ. Concentration of IL-1β calculated from the recombinant 

IL-1β standard curve.  

2.8.6 Cytokine generation  
 

Levels of TNF-α and IL-6 generated in BMDMs and primary human macrophages 

following VWF treatments were determined by ELISA. Human primary 

macrophages were incubated with plasma derived VWF (10μg/ml) and LPS 

(100ng/ml) in RPMI++ supplemented with CaCl2 (1mM) for 4 or 24 hours. BMDMs 

supernatants were harvested following 4 hours or 24 hour incubations where 

indicated with LPS (100ng/ml) or plasma derived VWF (10μg/ml). BMDM media 

was supplemented with M-CSF (25ng/ml) for these time points. Human TNF-α was 

determined using Ready Set Go ELISA KIT (TheremoFisher Scientific, USA) and 

human IL-6 levels were quantified by IL-6 ELISA (BioLegend, USA). Murine TNF-α 

levels were determined by DuoSet ELISA (R&D System, USA) and IL-6 by murine IL-

6 ELISA (BioLegend, USA). Assays were completed in accordance manufactures 

instructions, similar to Section 2.8.5.  
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2.9: Macrophage tolerance  
 

Differentiated BMDMs were seeded overnight onto 48 well plates at 1.5x105 

cell/well. Cells were stimulated with LPS (100ng/ml) or plasma derived VWF 

(10μg/ml) in RPMI++ supplemented with M-CSF (25ng/ml) and CaCl2 (1mM) for 8 

hours followed by agonist wash out with supplemented RPMI++ media. Cells were 

rested for a further 16 hours in cell culture media and subsequently re-stimulated 

at the same concentration with VWF or LPS for 4 hours. Supernatants were 

harvested at each step. Secreted TNF-α was used as an output of tolerance and 

quantified by ELISA as per Section 2.8.6.  

2.10: Transmigration assays  
 

Differentiated human macrophages were treated with LPS (100ng/ml), plasma 

derived VWF (10μg/ml) or recombinant VWF (10μg/ml) for 24 hours in RPMI++ 

supplemented with CaCl2 (1mM). Human monocytes were isolated using CD14 

surface expression as described in Section 2.1.1 and resuspended in serum free 

RPMI supplemented with CaCl2 (1mM). Using a 24 well hanging cell insert (Millicell, 

0.8μm, PET, Millipore, USA) 2x106 monocytes were placed in the upper chamber 

and 400μl of supernatants from 24 hour stimulation were placed in the lower 

chamber. The hanging insert was placed into the supernatants forming an interface 

for 2.5 hours. The upper chamber was removed and live migrated cells were 

stained with Cell Tracker Green (2.5μM, Invitrogen, TheremoFisher Scientific USA) 

for 20 minutes. Cells were washed and imaged using an epifluorescence NIKON 

Eclipse TS100 (Nikon, Japan). 6 images/well were taken across the diameter of the 
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well and cell counts were quantified using ImageJ (NIH, USA). Data was 

represented by fold increase from control untreated human macrophage 

supernatants.  

2.11: Macrophage metabolism  
 

2.11.1 Seahorse mitostress  
 

Following differentiation, BMDMs were seeded into Seahorse XF96 culture plates 

(Agilent) at a density of 5x104cells/well. Cells were stimulated with LPS (100ng/ml), 

plasma derived VWF (10μg/ml) or recombinant VWF (10μg/ml) for 3 hours or 16 

hours where indicated in 50μl of RPMI++ supplemented with CaCl2 (1mM) and M-

CSF (25ng/ml). Additionally, a 1 hour pre-treatment with p38 ATPase inhibitor 

SB202190 (50μM) prior to incubation with VWF or LPS was performed where 

indicated. Following treatment, BMDMs were washed and incubated at 370C with 

Seahorse phenol red-free basal media supplemented with pyruvate (1mM), 

glutamine (2mM) and glucose (10mM), pH 7.4 in a CO2 free incubator for 40 

minutes. To determine extracellular acidification and oxygen consumption rate 

(ECAR and OCR, respectively) markers of glycolysis and oxidative phosphorylation, 

Seahorse Mito Stress Kit (Agilent, USA) was used in Seahorse XFe96 Analyser 

(Agilent, USA). Basal rates of respiration were determined by ECAR and OCR prior 

to the addition of mitochondrial inhibitors. Oligomycin (1μM, oligo), an inhibitor of 

Complex V which decreases mitochondrial ATP generation thus decreasing OCR 

and increasing the demand from glycolysis.(184,185) Carbonyl cyanide p-

trifluoromethoxyphenylhydrazone (1mΜ, FCCP), uncouples the mitochondrial 
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membrane, collapsing the proton gradient allowing electrons move freely driving 

oxygen consumption by complex IV.(186,187) Finally antimycin A and rotenone 

(0.5mM, AA + R) blocks complex III and I shutting down mitochondrial respiration, 

inducing a drop in OCR but increase in ECAR to sustain energy production. 

(188,189) Once the mitostress test was completed, data was normalized to total 

protein per well determined by BCA reagent. Alterations in metabolism were 

assessed by changes in OCR and ECAR in accordance with Figure 2.6 using Wave 

software 2.6.0 (United States).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Mitostress test metabolic readouts  
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2.11.2 Mitochondrial morphology  
 

Once differentiated, BMDMs were seeded onto live cell imaging 4-well culture 

dishes (Ibidi, Germany) at 1x105cells/well overnight. Cells were treated with VWF 

(10μg/ml) or LPS (100ng/ml) for 3 or 16 hours in RPMI++ supplemented with M-CSF 

(25ng/ml) and CaCl2 (1mM). Cells are washed twice with media and stained with 

MitoTracker Red (1/1000, ThermoFisher Scientific, USA) for 30 minutes in serum 

free RPMI media. Following staining cells were thoroughly washed with cold PBS 

five times and serum free media was replaced for imaging. Mitochondrial 

morphology was determined using a Leica SP8 scanning confocal microscopy 

(Leica, Germany) where a minimum of 30 cells were taken per treatment. Images 

were analysed for mitochondrial morphology using Fiji ImageJ (NIH, USA) and an 

average 60 mitochondria were measured per cell. Mitochondrial fragmentation, 

representing the glycolytic form, was defined as <1μm in size.(190) Tubular formed 

mitochondrial which represents homeostatic conditions defined as those sized 

1.1μm-2.9μm.(190) Finally elongated mitochondria, observed in aerobic states, 

defined as those >3μm in size.(190)  

2.11.3 Cell viability  
 

BMDMs seeded into 48 well plates at 1.5x105/well and treated with plasma derived 

VWF (10μg/ml), recombinant VWF (10μg/ml), LPS (100ng/ml) or p38 inhibitor 

SB202190 (50μM) for 3 or 16 hours where indicated, in RPMI++ supplemented with 

M-CSF (25ng/ml) and CaCl2 (1mM). Cells were washed and incubated for 1-4 hours 

at 37OC in 10% alamarBlue cell viability reagent (Bio-Rad, USA) media. Viability was 
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determined by metabolism of almarBlue in which living cells catabolise resazurin 

to fluorescent resorufin (absorbance λ = 600nm). Fluorescence values were 

normalised to total protein determined by BCA reagent. 

 

2.12: Data Presentation and Statistical Analysis 
 

All experimental data and statistical analysis were performed using the GraphPad 

Prism program (Graphpad Prism version 5.0 for Windows; GraphPad Software, Inc. 

San Diego, CA). Data were expressed as mean values ± standard error of the mean 

(SEM). Normal distribution was determined by D'Agostino–Pearson or Shapiro-

Wilk tests.  To assess statistical differences, data were analysed using Student’s 

unpaired 2-tailed t test following F-Tests for equality of variances. For comparison 

of multimer means an Anova was preformed. For all statistical tests, P values <0.05 

were considered significant. 
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3. Investigating the interaction between von Willebrand 

factor and macrophages  
 

3.0: Introduction  

Although the biological basis underpinning VWF clearance from the circulation 

remains poorly understood, previous studies have demonstrated that the liver and 

spleen represent the most important organs for VWF clearance.(117,191) In 

addition, accumulating data suggests that hepatic and splenic macrophages 

function as key cellular mediators of VWF clearance.(117,192,193) In vivo studies 

have shown that radiolabelled VWF co-localises with CD68+ macrophages in 

murine livers and that macrophage depletion significantly prolongs the survival of 

infused VWF.(117) Dose-dependent binding of human VWF to primary human 

macrophages and differentiated THP1 macrophages has also been confirmed in 

vitro.(121,194) A number of specific macrophage surface receptors have been 

implicated in regulating VWF binding and endocytosis. These include low-density 

lipoprotein receptor-related protein-1 (LRP1), scavenger receptor A1 (SR-A1) and 

the macrophage galactose lectin (MGL) receptor. (119,121,123) 

 

The hypothesis that these specific macrophage receptors contribute to the 

physiological clearance of VWF is supported by a number of lines of evidence. First, 

in vitro binding studies using purified proteins has demonstrated that VWF binds 

to LRP1, SR-A1 and MGL.(118,119,122,123) Second, significantly increased plasma 

VWF:Ag levels have been observed in genetically engineered MGL1-deficient mice, 

as well as in macrophage-specific LRP1 deficient mice. In addition, reduced VWF 
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propeptide to antigen ratios have been reported in SR-A1-/- mice, suggesting 

decreased VWF clearance in vivo.(121) Critically however, the molecular 

mechanisms through which these individual macrophage receptors interact with 

the complex multimeric glycoprotein, and their relative importance in regulating 

physiological and/or pathological VWF clearance have not been elucidated.  

    

Although VWF clearance in vivo appears to be independent of multimer size, 

preliminary data suggest that specific VWF domains may be important in regulating 

macrophage-mediated clearance.(195) In particular, the A domains of VWF appear 

to be of particular importance in this context.(121,123) In the normal circulation, 

VWF released from the endothelium circulates in a globular conformation. Under 

conditions of shear stress, for example at sites of vascular injury, these VWF 

multimers unwind. As a result, conformational changes in the A1 domain occur 

that enable VWF binding to the platelet GPIbα receptor.(66,67,69) Previous studies 

have reached conflicting conclusions regarding the role of shear in regulating VWF 

interaction with macrophages. Initial studies demonstrated that VWF binding to 

macrophages was significantly increased in the presence of ristocetin, thereby 

suggesting that A domain conformational changes might influence macrophage 

interaction in a manner analagous to that of the VWF-platelet interaction.(117–

119,121,196) Furthermore, VWF binding to the purified LRP1 receptor was also 

significantly increased in the presence of ristocetin.(122) In keeping with the 

hypothesis that VWF shear-dependent conformational changes might be an 

important regulator of macrophage interaction, a specific Type 2B VWD mutation 
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(V1316M) in the A1 domain has been shown to cause enhanced spontaneous 

binding to both platelets and LRP1.(122,197–199) In contrast however, more 

recent studies have reported that VWF can also interact with macrophages under 

static conditions.(117,122) In particular, in vitro studies suggest that VWF can 

interact with the SR-A1 receptor without the need for any shear-induced 

conformational changes.(122) 

    

The significant differences reported in previous studies regarding the molecular 

mechanisms that regulate VWF binding and endocytosis by macrophages are likely 

attributable in part to differences in experimental methodologies. Nevertheless, 

understanding the mechanisms through which VWF binds to macrophages is 

critical in order to elucidate the physiological and pathological impotence of this 

interaction. Consequently, we first systematically investigated the VWF-

macrophage interaction using a variety of different macrophage cell types and 

VWF preparations. In addition, the role of specific VWF domains and glycan 

determinants in modulating macrophage interaction were investigated.  
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3.1: Differentiation of THP1 macrophages  

In initial experiments, conditions for differentiation of THP1 monocytes using PMA 

(100nM) exposure for either 24 hours or 72 hours were assessed. Following PMA 

treatment, the expression of macrophage-specific surface markers was assessed. 

Integrin alpha M is a macrophage marker composed of an α chain (CD11b) and a 

β2 chain (CD18) that combine to form a hetero-dimeric integrin. Following PMA 

treatment for 24 hours, both ITGAM and CD18 gene expression were significantly 

increased (Figure 3.1 A). Surface CD11b expression following PMA treatment was 

also confirmed using flow cytometry (Figure 3.1 B). PMA stimulation for 72h 

resulted in positive CD11b staining in THP1 macrophages. Based upon these 

experiments, and previous studies demonstrating that 72 hours PMA also up-

regulates indicators of macrophage maturation (including lysosomal and 

mitochondrial formation and additional surface markers),(200) THP1 cells were 

treated with PMA for 72h hours in all subsequent experiments.  
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Figure 3.1: Differentiation of THP1 macrophages  

 

A: THP1 macrophage markers CD11b and CD18 expression was determined RT-qPCR 

following PMA (100nM) treatment for either 24 or 72 hours respectively. The data 

presented are the means of three independent experiments ±SEM. Significance was 

determined by t-test (***p<0.001). B: Surface CD11b expression was determined by flow 

cytometry using an anti-CD11b APC tagged fluorophore following 72 hours PMA 

treatment. 
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3.2: VWF binds to human THP1 and murine RAW 264.7 macrophages 

Following PMA differentiation, THP1 macrophages were incubated with human 

plasma derived (pd-VWF) for 30min on ice.  Binding experiments were performed 

in the presence of ristocetin (1.5mg/ml) and detected using a polyclonal anti-VWF 

antibody. Dose-dependent binding of pd-VWF to THP1 macrophages was observed 

using flow cytometry (Figure 3.2 A). Furthermore, binding of pd-VWF was 

confirmed using confocal microscopy (Figure 3.2 B).  

 

Further studies confirmed that pd-VWF also bound in a dose-dependent manner 

to the murine macrophage RAW 264.7 cell line (Figure 3.2 C). In this experiment, 

pd-VWF at the indicated concentrations was immobilised onto a microtiter plate 

and RAW 264.7 cells were then allowed to bind for 30min at room temperature. 

Macrophage binding to VWF under these conditions was observed in the absence 

of ristocetin.  
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Figure 3.2: Binding of VWF to THP1 and RAW 264.7 macrophages  
 

A: Representative histogram of pd-VWF (5μg/ml red, 15μg/ml orange and 100μg/ml 

green) THP1 binding following a 30min incubation at room temperature determined by 

flow cytometry using anti-VWF Alexa 488 antibody.  B: Bound pd-VWF represented by fold 

change in mean florescence intensity (MFI) from non-VWF treated cells ±SEM. C: A 

representative image of pd-VWF (green) bound to the surface of THP1 macrophages (cell 

membrane red and nucleus blue) Control cells do not contain membrane stain. D: 

RAW264.7 binding was determined under static conditions, in which VWF was 

immobilised and bound cells were determined by high throughput imaging. Data 

represented by fold change cell counts from 0μg/ml VWF treated wells. Significance was 

determined by t-test (*p<0.05, **p<0.01).   
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3.3: THP1 macrophages internalise VWF  

Previous studies have reported that following binding to macrophages, VWF is 

rapidly endocytosed and degraded. Consequently, we further investigated a time 

course of VWF interaction with macrophages at 37oC. In keeping with previous 

reports, we observed that in the presence of ristocetin, pd-VWF was internalised 

by THP1 macrophages (Figure 3.3). Using confocal microscopy, no VWF positive 

staining was observed after 5 minutes incubation. In contrast, significant VWF 

binding to the macrophage surface was seen following 10 minutes incubation and 

initialization following 15 minutes. Finally, after 30 minutes, surface VWF staining 

was reduced (Figure 3.3 A) however, VWF was observed in early endosomes 

(Figure 3.3 B).  
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Figure 3.3: Macrophage initialisation of VWF 
 

A: THP1 macrophages incubated with pd-VWF (300nM) for indicated times. VWF (green), 

lysosome associated membrane protein (LAMP) (red) and nucleus (blue). B:  VWF (green) 

internalisation determined by co-localization (yellow) at with early endosome activation 

marker 1 (EEA1) (red). Control condition represented by VWF incubated with THP1 cells 

and primary antibodies with no addition of secondary fluorophores.   
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3.4: Recombinant VWF binds THP1 macrophages in the absence of 

ristocetin  

To further investigate VWF interaction with macrophages, the binding of purified 

full-length recombinant VWF (r-VWF) produced in HEK293t cells was used. r-VWF 

binding to THP1 macrophages was determined in the presence or absence of 

ristocetin (1.5mg/ml) and  detected by an anti-pentaHis antibody. (Figure 3.4 A and 

Figure 3.4 B). In contrast to pd-VWF, binding of r-VWF to differentiated THP1 

macrophages was observed even in the absence of ristocetin. However, r-VWF 

binding to THP1 macrophages was also significantly enhanced in the presence of 

ristocetin (p<0.05) (Figure 3.4 A and 3.4 C). 
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Figure 3.4: Recombinant VWF binds to macrophages without the presence of 

ristocetin 
 

A and B: Representative histograms of r-VWF (300nM) binding to THP1 macrophages 

under static conditions in the presence or absence of ristocetin. THP1 macrophages 

population treated with r-VWF – red; non-treated – grey. C: Fold change mean florescent 

intensity (MFI) of THP1 bound r-VWF with and without ristocetin ±SEM. Results were 

calculated from three independent experiments (*p<0.05). 
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3.5: pd-VWF binds to primary human macrophages in the absence of 

ristocetin  

 

Primary human monocytes were isolated from peripheral blood collected from 

healthy volunteers and differentiated into primary human monocyte-derived 

macrophages as previously described using 10% human serum.(201) The binding 

of human pd-VWF to primary human macrophages was then investigated under 

static conditions using both flow cytometry and confocal microscopy (Figure 3.5). 

Following incubation with VWF for 30 minutes at room temperature, significant 

binding was observed (Figures 3.5A and 3.5B).  
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Figure 3.5: pd-VWF binds to primary human macrophages in the absence of 

ristocetin 
 

A: Flow cytometry detection of pd-VWF (300nMl) bound to the surface of human primary 

macrophages following a 30min incubation. VWF was detected by a polyclonal anti-VWF 

labelled with Alexa-488 and quantified by fold change in MFI ±SEM from stained non VWF 

treated cells. Significance determined by t-test (p<0.001). Histograms are representative 

images of non-VWF treated macrophage red population, and VWF treated population 

blue. B: Using confocal microscopy, we detected VWF (green) bound to the surface of 

human primary macrophages (nucleus blue) after a 30min incubation. No positive staining 

for VWF could be detected in control conditions.  



92 
   

3.6: pd-VWF does not bind to primary monocytes 

Since VWF binding to THP1 macrophages and primary human macrophages had 

been observed, further studies were performed to investigate whether VWF could 

also interact with (i) undifferentiated THP1 cells and/or (ii) primary human 

monocytes. Using the same flow cytometry experimental technique as before, no 

binding of either pd-VWF or r-VWF to either undifferentiated THP1 cells or primary 

human monocytes was observed even in the presence of ristocetin (Figure 3.6). 
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Figure 3.6: VWF does not bind to primary monocytes 

Human primary monocytes displayed no binding ability to pd-VWF (300nMl). Binding to 

primary monocytes was detected by flow cytometry using an anti-VWF labelled Alexa 

488 staining. Representative histograms: grey (polyclonal and VWF, secondary alexa 488, 

300nM VWF) red  (polyclonal anti VWF, secondary alexa 488 300nM VWF). 
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3.7: Multiple VWF domains contribute to macrophage binding   

To investigate the importance of specific VWF domains in modulating macrophage 

binding, two r-VWF truncations (D’-A3 and A3-CK respectively) spanning the VWF 

monomer were expressed and purified (Figure 3.7 A). Binding of both fragments to 

THP1 macrophages was investigated as before using PE anti–pentahis tag. 

Macrophage binding was observed for both the D’-A3 (Figure 3.7B) and the A3-CK 

(Figure 3.7 C) truncations. In keeping with full length VWF, the binding of D’A3 

fragment was significantly enhanced in the presence of ristocetin (1.5mg/ml). 

Together, these findings suggest that multiple regions within the VWF monomer 

may contribute to macrophage binding. Furthermore, the importance of ristocetin 

suggests that the A1A2A3 domains play a critical role in regulating VWF binding to 

macrophages.  
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Figure 3.7:  Multiple VWF domains contribute to macrophage binding 

A: Schematic representation of a full length VWF monomer and the truncated fragments 

D’-A3 and A3-CK respectively. B and C: Representative histograms of non-treated 

macrophage population grey, and fragment treated population red following anti-histag 

staining. Quantification determined by fold change in MFI ±SEM.  B: D’-A3 binds to THP1 

macrophages and this binding is increased in the presence of ristocetin C: A3-CK (300 nM) 

domain binds to THP1 macrophages. Significance was determined by t-test( ***p<0.001). 
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3.8: The A1A2A3 domains of VWF bind to THP1 macrophages  

Previous studies have suggested that the A1A2A3 domains of VWF regulate its 

clearance by macrophages.(66,118) To investigate whether A1A2A3 could bind 

directly to macrophages, recombinant A1A2A3 was expressed and purified from 

HEK293t cells as previously described. Similar to full length VWF and the D’-A3 

fragment, minimal binding of A1A2A3 to THP1 macrophages was observed in the 

absence of ristocetin (Figure 3.8 B). However, in the presence of ristocetin 

(1.5mg/ml) A1A2A3 binding was significantly enhanced. Binding of A1A2A3 to 

THP1 macrophages was further confirmed using confocal microscopy with 

ristocetin (Figure 3.8 C). 
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Figure 3.8: A1A2A3 domain of VWF binds to THP1 macrophages 

A: Schematic representation of A1A2A3 fragment. B: Representative histograms of non-

treated macrophage population grey and fragment treated population red following anti-

histag staining. Quantification determined by fold change in MFI ± SEM. A1A2A3 (300nM) 

only binds to THP1 macrophages in the presence of ristocetin. The significance was 

determined by t-test (****p<0.001). C: Confocal imaging of A1A2A3 (green) THP1 

macrophage binding (nucleus blue).  
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3.9: The A1 domain of VWF is essential for THP1 macrophage 

binding  

To elucidate the biological mechanisms through which the A domains of VWF 

influence macrophage-mediated clearance, individual A1, A2 and A3 domains were 

expressed and purified (Figure 3.9). Binding to THP1 macrophages was then 

assessed for each domain as before. Importantly, the A1 domain displayed 

significant macrophage binding that was increased in the presence of ristocetin. In 

contrast, minimal binding was observed for either the A2 or A3 domains.  
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Figure 3.9: The A1 domain mediates A1A2A3 binding to THP1 macrophage  
 

A: Schematic representation of A domain fragments. B: Representative histograms of non-

treated macrophage population grey and fragment treated population red following anti-

histag staining. A1 (300nM) domain binding was significantly enhanced following 

treatment with ristocetin. Minimal macrophage binding for both the A2 (300nM) and A3 

(300nM) was detected as seen in bar chat. Binding was quantified by fold change MFI ± 

SEM from PE-anti HisTag 0nM VWF of 3 independent experiments.  
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3.10: The VWF A1A2A3 truncation binds to activated primary human 

monocytes in a dose-dependent manner  

Pendu et al, previously reported that that monocytes activated with short term 

exposure to PMA (100nM) and MnCl2 (1mM) for 30 minutes can bind to 

immobilised VWF.(113) Using this assay we further investigated the ability of 

activated monocytes to bind to both full length r-VWF and to the truncated VWF 

A1A2A3 fragment. Significant dose-dependent binding of activated human primary 

monocytes to both r-VWF and the A1A2A3 fragment was observed under these 

static experimental conditions (Figure 3.10).  
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Figure 3.10: The VWF A1A2A3 truncation binds to primary human activated 

monocytes in a dose-dependent manner  

Activated monocytes dose dependently bound to immobilised rFL-VWF (Red) and A1A2A3 

(Black). VWF was coated onto a polysorp plate at the indicated concentrations. Activated 

primary human monocytes were incubated for 30 minutes with VWF coated plates and 

non-adhered cells were removed. Bound cells were determined by high throughput 

imaging of stained cells and quantified by fold change in cell counts from non-VWF treated 

wells ± SEM.   
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3.11: VWF glycan structures regulate its binding to primary human activated 

monocytes  

Previous studies have demonstrated that desialylation of pd-VWF (Neu-VWF) 

results in significantly enhanced macrophage-mediated clearance.(119,202) 

Additionally, truncation of VWF N-linked glycans (PNGaseVWF) also caused a 

significantly reduced half-life.(202) To investigate the effects of VWF glycan 

determinants in regulating macrophage binding, VWF was purified from human 

plasma (pd-VWF). VWF was then digested enzymatically with a number of different 

exoglycosidase generating different VWF glycan structures. Finally lectin ELISA 

studies were completed to ensure glycan modification.(203) Removal of terminal 

N- and O- linked sialic acid and galactose significantly enhanced VWF binding to 

primary human macrophages (Figure 3.11 A, B and C). Additionally N-linked glycan 

truncation also resulted in increased VWF binding to macrophages (Figure 3.11 D).   
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Figure 3.11: Activated primary monocytes dose dependently bind to VWF 
 

A: PMA (100nM) activated primary monocytes dose dependently bind to immobilised pd-

VWF. Activated monocyte binding is significantly enhanced following B: VWF desialylation 

(Neu-VWF), C: sialic acid and galactose removal (Neu/Gal) and D: N-Linked glycan 

truncation (PNGase). Activated monocyte binding was determined under static conditions, 

in which VWF at the indicated concentrations was immobilised onto a microtiter plate. 

Binding was determined by cell count fold increase from non-VWF treated wells ±SEM. 

Significance determined by t-test (*p<0.05,****p<0.001) 
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3.12: Discussion  

Recent studies have defined an important role for macrophages in VWF clearance 

and identified several macrophage receptors that are involved in mediating VWF 

binding. However, different groups have reached contrasting conclusions 

regarding how VWF binding to macrophages is regulated. In particular, previous 

studies have differed with respect to the role of shear stress in regulating the VWF-

macrophage interaction. To address this question, we began by using macrophages 

derived from the THP1 cell line stimulated with PMA for 72 hours. We found that 

the resultant THP1 macrophages were able to bind human pd-VWF. Critically 

however, reduced binding was observed in the absence of ristocetin. Conversely, 

in the presence of ristocetin, dose-dependent binding of pd-VWF was easily 

observed using both flow cytometry and confocal microscopy. If the VWF 

incubation with THP1 macrophages was performed at 37C rather than on ice, we 

also observed that pd-VWF binding followed by endocytosis. Consequently by 30 

minutes, pd-VWF was co-localised with the early endosomal marker EEA1.  

 

Significant dose-dependent binding of human pd-VWF to murine RAW 264.7 cell 

line macrophages was also observed. This point is important given that many 

previous studies have investigated human pd-VWF clearance using VWF-/- mice, 

and suggests that at least some of the macrophage receptors involved in regulating 

VWF clearance are shared between human and murine macrophages. Besides 

macrophages, liver sinusoidal endothelial cells (LSECs) have also been implicated 

in contributing to VWF clearance.(204,205) Interestingly however, some of the 
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LSEC clearance receptors postulated to be important in the clearance of human 

VWF are not expressed on murine LSECs (e.g. CLEC4M).(206) 

 

To further investigate the mechanisms involved in VWF interaction with 

macrophages, we proceeded to study pd-VWF and r-VWF interaction with primary 

human and murine macrophages. Interestingly, we observed that both pd-VWF 

and r-VWF were able to bind to primary human macrophages even in the absence 

of ristocetin. This finding suggests that  surface receptor expression may differ 

between primary human monocytes compared to THP1 macrophages. 

Nonetheless, in the presence of ristocetin, pd-VWF binding to primary human 

monocytes was again markedly enhanced. In striking contrast, no VWF binding to 

undifferentiated primary human monocytes was seen. Collectively, these data 

therefore suggest that VWF binding is regulated by surface receptors that are 

upregulated following monocyte differentiation into macrophages. Consequently, 

we propose that in the normal circulation, pd-VWF and monocytes circulate 

together with minimal interaction. However, following tissue damage and blood 

vessel injury, VWF escapes from the plasma into subendothelium where it comes 

into contact with tissue macrophages. Macrophages express a different repertoire 

of surface receptors compared to undifferentiated monocytes, which may enable 

effective binding to VWF.(207) When VWF is released basolateral into the 

subendothelial it is possible that within this static environment VWF can interact 

with recruitment macrophages following vascular injury.  
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To investigate whether individual VWF domains may be important in modulating 

macrophage binding, we first expressed and purified two distinct VWF fragments 

(D’-A3 and A3-CK) that span the VWF monomer. Macrophage binding was 

observed for both these VWF truncations, suggesting that multiple discrete regions 

of the glycoprotein may contain binding sites for macrophage receptors. The ability 

of ristocetin to significantly enhance VWF binding to macrophages suggests that 

the A domains of VWF may be of particular importance in this context.(85–87) This 

hypothesis is consistent with previous studies from our laboratory in which we 

have demonstrated that a monomeric A1A2A3-VWF fragment is cleared at a 

similar rate to full-length multimeric VWF.(118) In addition, we have also recently 

shown that the N-linked glycans expressed at N1515 and N1574 within the A2 

domain play a role in protecting VWF against premature in vivo clearance via the 

macrophage LRP1 receptor.(118) In this Chapter, we confirmed that an isolated 

A1A2A3 VWF truncation was able to bind to bind to macrophages. Similar to full 

length VWF, A1A2A3 binding was markedly increased in the presence of ristocetin. 

Furthermore, we observed that whilst the isolated A1 domain was sufficient to 

enable macrophage binding, no such interaction was evident for either the A2 or 

A3 domains respectively. Taken together, these data suggest that a critical 

macrophage-binding site is located within the VWF A1 domain, and that this 

binding site is not fully accessible in the absence of shear or ristocetin in full length 

VWF. Our data are consistent with subsequent publications that have reported 

that the isolated A1 domain can bind to purified LRP1 and SR-A1 in vitro.(121,122) 

A putative role for the A1 domain in modulating macrophage-mediated clearance 
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is further supported by the observation that many VWF mutations associated with 

increased clearance in patients with VWD are clustered within the A1A2A3 region. 

(208,209) 

 

In conclusion, on the basis of the novel data presented in this Chapter it seems 

highly likely that the previously reported conflicting results regarding the basis of 

the VWF-macrophage interaction are due in large part to differences in the 

experimental approaches. In particular, differences in macrophage cell origin 

(primary versus cell line; human versus murine), macrophage differentiation 

methodology and type of VWF can all significantly influence results. Nonetheless, 

our findings confirm that VWF can interact with primary human macrophages 

under static conditions. This observation is interesting given that significant 

amounts of VWF are actively secreted basolaterally from endothelial cells into the 

subcellular space.(60,210,211) The biological function of this VWF remains 

unknown.  
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4 The role of VWF in macrophage inflammatory response  

4.0: Introduction  

In addition to its haemostatic function, recent studies have identified additional 

novel biological roles for VWF, including inhibition of angiogenesis and promotion 

of tumour cell apoptosis. (212–215) Furthermore, data from studies conducted in 

a number of different animal inflammatory disease models suggest that VWF does 

not merely serve as a marker of acute endothelial cell (EC) activation, but rather 

that it plays an active role in mediating the underlying pathophysiology.(216,217) 

For example, in a caecal puncture sepsis model, overall survival was significantly 

increased in VWF-deficient mice compared to wild type controls.(144) In addition, 

Petri et al, showed that VWF-blocking antibodies significantly attenuated 

neutrophil recruitment into thioglycollate-inflamed peritoneum and keratinocyte-

derived chemokine (KC)-stimulated exposed cremaster muscle.(125) In both of 

these murine models of inflammation, VWF-modulated neutrophil extravasation 

was critically dependent upon the presence of platelets. Similarly, VWF-blocking 

antibodies were shown to again significantly reduce neutrophil recruitment in 

murine models of immune-complex-mediated vasculitis and irritative contact 

dermatitis respectively.(127) Interestingly, Hillgruber et al, further demonstrated 

that VWF-modulated neutrophil recruitment in these murine models of cutaneous 

inflammatory was mediated through a platelet-independent pathway.(127) 
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An in vivo model of intracranial haemorrhage (ICH) has also suggested that VWF 

has important pro-inflammatory properties.(183) In this ICH model, VWF infusion 

resulted in exacerbated blood brain barrier permeability, increased pro 

inflammatory cytokine secretion (including IL-1β, CCL-1, IL-6) and enhanced 

neutrophil recruitment. In contrast, inhibition of VWF using a specific polyclonal 

antibody significantly reduced ICH-associated inflammation.(183) A role for VWF 

in regulating cardiovascular disease and atherosclerosis has also been described. 

Importantly, EC activation and dysfunction resulting from dyslipidemia have been 

identified during the initial stages of atherosclerotic plaque 

development.(218,219) The high molecular weight VWF released from the 

activated EC then has the potential to enable platelet and/or leukocyte 

sequestration. Interestingly, Methia et al, reported that fatty streak lesions in the 

aorta were 40% smaller in LDLR-/-VWF-/- mice compared to LDLR-/-VWF+/+ mice on 

an atherogenic diet.(163) Moreover, a significant reduction in the number of 

macrophages recruited into the atheromatous lesions was also observed in the 

VWF-deficient mice, suggesting that the protective effect of VWF deficiency on 

atheroma development may be macrophage-mediated.(163,168) Furthermore, 

again in experiments performed using murine atherosclerotic models, Gandhi et 

al, reported that ADAMTS13-/- mice demonstrated significantly increased 

atheromatous plaque size and enhanced macrophage recruitment compared to 

wild type controls.(170) These murine data are particularly interesting given that 

human studies have demonstrated that patients with von Willebrand disease 

(VWD) are protected against risk of ischemic heart disease and stroke.(161,177) 
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All together, these findings demonstrate that VWF influences multiple different 

aspects of inflammation. Critically however, the biological mechanisms 

underpinning the pro-inflammatory effects of VWF remain poorly understood. In 

vitro studies have confirmed that immobilized VWF can bind directly to leukocytes. 

Under flow conditions, this VWF-leucocyte interaction was shown to consist of 

initial transient rolling (mediated via VWF binding to leukocyte PSGL-1) followed 

by stable adhesion (mediated by VWF interaction binding to leukocyte β2-

integrins).(113) As shown in the previous Chapter, we and others have shown that 

both pd-VWF and recombinant VWF can bind to primary human macrophages, 

murine BMDMs and THP1 macrophages respectively.(121,123) Importantly, VWF 

binding to these macrophages was seen under both shear and static conditions, 

and was followed by VWF internalization. Given the importance of macrophages 

in regulating innate immune responses, we hypothesized that VWF binding might 

influence macrophage biology and thereby impact upon inflammatory responses. 

 

The large range of extracellular and intracellular receptors expressed by 

macrophages is discussed in section 1.2, however these receptors facilitates the 

macrophages ability to be a key DAMP sensor. The innate immune system not only 

recognises self from non-self, but in addition, macrophages sense healthy from 

non-healthy. Endogenous danger signals results from a variety of tissue traumas, 

inducing oxygen deprivation, autoimmune destruction and cell death.(220) 

Endogamous DAMPs included heat shock proteins and the extra-cellular matrix 
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protein hyaluronan which both bind to TLRs.(220) Furthermore, oxidized low-

density lipoproteins acts as another endogenous DAMP by facilitating 

inflammasome activation.(221) The inflammasome is a complex protein structure 

which requires two signal activation to allow the release of IL-1β and IL-18.(221) 

Signal 1 is elicited from interaction with either a PAMPs or DAMP and results in the 

expression of inactive pro-IL-1β and pro-IL-18.(221) These immature cytokines 

cannot leave the cytosol until they cleaved into their active forms (IL-1β and IL-18) 

by caspase 1 which has become assembled into the NLRP3 inflammasome.(221) 

Furthermore, to facilitate these response macrophages undergoes complex 

signalling pathway activation to stimulate the multiple transcription factors.  In 

addition to NF-κB signalling is the JNK and p38 MAPKinase pathways. MAPKinase 

pathways involve a series and cascade of serine/threonine kinases 

phosphorylations leading to transcription factor activation.(222) Such transcription 

factors include AP-1, Ets-1 and Elk/TCF which are involved expression of many pro-

inflammatory cytokines. (222) 

We now postulated that VWF released following vascular damage and acute 

endothelial cell activation might have the potential to function as a novel damage 

associated molecular pattern protein in driving a pro-inflammatory response.  
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4.1: Purity of commercial pd-VWF preparation  

In order to investigate whether VWF binding may influence macrophage function, 

a highly purified commercial pd-VWF preparation was used (Haematologic 

Technologies, FVIII free). In preliminary experiments, the purity of this pd-VWF 

product was assessed using SDS-PAGE under reducing conditions (Figure 4.1 A). 

Besides VWF, no additional bands were observed. The purity of the pd-VWF 

product was further studied using RAW Blue macrophages. These cells express all 

pattern recognition receptors (PRR) including retinoic acid-inducible gene I (RIG-I), 

melanoma differentiation associated protein 5 (MDA‑5), toll like receptors (TLRs) 

and Nucleotide-binding oligomerization domain-containing protein 1/2 

(NOD1/NOD2). Activation of these PRRs results in secretion of embryonic alkaline 

phosphatase (SEAP) that can then be quantified by metabolism of QUANTI-Blue 

based on 630λ absorbance. Consequently, RAW Blue macrophages were treated 

with either VWF (10μg/ml) or LPS (100ng/ml) for 24 hours. Cell supernatants were 

harvested, and SEAP expression measured. No alkaline phosphatase activity was 

observed in the supernatants from VWF-treated cells (Figure 4.1 B). Finally, the pd-

VWF preparation was assessed for endotoxin using a gel clot Limulus amebocyte 

lysate (LAL) reagent assay. In contrast to the LPS positive control, VWF (10μg/ml) 

failed to induce gel clot formation (Appendix iii). Collectively, these findings 

confirm that the commercial pd-VWF product does not contain detectable 

endotoxin contamination. 
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Figure 4.1: Characterisation of a high purity commercial pd-VWF  

A: Commercial pd-VWF product (lane 1) was resolved using SDS-PAGE under reducing 

conditions and Coomassie staining. B: RAW Blue macrophage supernatants were 

harvested following treatment with VWF (10μg/ml) or LPS (100ng/ml) for 24h. Secreted 

alkaline phosphatase was quantified by metabolism of QUANTI-Blue based on 630λ 

absorbance. The significance was determined by t-test (NS, Non-Significant, ***p<0.001) 
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4.2: pd-VWF binding to macrophages triggers pro-inflammatory 

signalling  

Primary human macrophages were incubated at 37oC for 30 minutes with either (i) 

purified pd-VWF (10μg/ml) or r-VWF (Vonvendi,Takeda; 10μg/ml)  or (ii) LPS 

(100ng/ml). Subsequently, Western blot analysis was performed to investigate 

effects upon specific macrophage signalling pathways of interest. In keeping with 

previous reports, macrophage treatment with LPS resulted in activation of pro-

inflammatory intracellular signalling pathways (Figure 4.2). A: pd-VWF was 

associated with pro-inflammatory MAPkinase JNK and p38 activation. Additionally, 

the NF-κB pathway was also activated though phosphorylation of its regulatory 

subunit IKbα, marking it for ubiquitination.(223) B: r-VWF also induced MAPKinase 

p38 activation in primary human macrophages (Figure 4.2).  
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Figure 4.2: VWF triggers pro-inflammatory signalling in primary human 

macrophages  

Western blot analysis of phosphorylated p38, JNK and IKKα in primary human 

macrophages following a 30 minute incubation with A: pd-VWF (10μg/ml) or LPS 

(100ng/ml) and B: r-VWF (10μg/ml) or LPS. Representative images from three 

independent experiments. 
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4.3: VWF binding to primary human macrophages induces pro-

inflammatory cytokine expression  

To further study the effects of VWF interaction on macrophage biology, primary 

human macrophages were incubated with either (i) purified pd-VWF (10μg/ml) or 

(ii) LPS (100ng/ml) for 4 hours at room temperature, and effects on pro-

inflammatory cytokine mRNA expression were investigated. Consistent with the 

observed signalling effects observed, pd-VWF binding was associated with a 

significant increase in expression of pro-inflammatory cytokine TNF-α and IL-6 

mRNA respectively (Figure 4.3 A). In addition to increased mRNA levels, 

significantly increased amounts of both TNF-α and IL-6 were measured in the 

supernatants of macrophages exposed to either LPS or pd-VWF (Figure 4.3 B). 
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Figure 4.3: VWF binding to primary human macrophages induces expression of 

pro-inflammatory TNFα and IL-6 cytokines  

A: TNF-α  and IL-6 mRNA expression levels were assessed by quantitative RT-PCR in 

primary human macrophages following 4 hour treatments with cell culture media 

(control), pd-VWF (10μg/ml) or LPS (100ng/ml). B: Human macrophages were treated with 

pd-VWF (10μg/ml) or LPS (100ng/ml) for 24 hours, supernatants were harvested and TNF-

α and IL-6 levels were measured by ELISA. The data presented represents the average 

of 3 independent experiments ± SEM. The significance was determined by t-test (*p<0.05, 

**p<0.01, ***p<0.001 and ****p<0.0001).  
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4.4: VWF binding to murine bone marrow derived macrophages has 

significant pro-inflammatory effects   

On the basis of our data, it is clear that VWF binding to primary human 

macrophages triggers pro-inflammatory signalling and cytokine expression. To 

further investigate these observations, we proceeded to study the effects of VWF 

on murine bone marrow derived macrophages (BMDM). In keeping with the 

effects seen with human macrophages, VWF treatment of murine BMDM for 30 

minutes was again associated with activation of pro-inflammatory signally 

pathways, with phosphorylation of MAPKinase p38 and JNK as well as NF-κB p65 

(Figure 4.4). Furthermore, VWF stimulation of murine BMDM also induced the 

expression and production of pro-inflammatory cytokines TNF-α and IL-6 (Figure 

4.5). Thus, the pro-inflammatory effects associated with VWF binding are 

consistent between both human and murine macrophages. 
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Figure 4.4: VWF triggers pro-inflammatory signalling in murine BMDM 

macrophages  

Western blot analysis of phosphorylation of p38, JNK and p65 following incubation with 

pd-VWF (10 µg/ml) or LPS (100 ng/ml) for 30 minutes at 37oC. Representative images from 

three independent experiments.  
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Figure 4.5: VWF binding to murine BMDM induces expression of pro-

inflammatory TNFα and IL-6 cytokines  

A: TNF-α and IL-6 mRNA expression levels were assessed by quantitative RT-qPCR in 

BMDM following 4 hour treatments with cell culture media (control), pd-VWF (10μg/ml) 

or LPS (100ng/ml). B: Murine BMDMs were treated with pd-VWF (10μg/ml) or LPS 

(100ng/ml) for 24 hours, supernatants were harvested and TNF-α and IL-6 levels were 

measured by ELISA. The data presented represents the average of 3 independent 

experiments ± SEM. The significance was determined by t-test (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001)  
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4.5: VWF treatment triggers inflammasome activation in murine 

BMDM 

Previous studies have reported that IL-1β protein expression is associated with 

NLRP3 inflammasome activation in macrophages.(221) To investigate whether 

VWF exposure may trigger inflammasome activation, murine BMDM were treated 

with either pd-VWF (10μg/ml) or LPS (100ng/ml) for 4 hours. Treatment with either 

VWF or LPS resulted in significant IL-1β mRNA expression, in which the VWF 

dependent induction of IL-1β was similar to that of LPS (Figure 4.6 A). Similarly, 

both VWF and LPS exposure also resulted in increased pro-IL-1β levels (Figure 4.6 

B). However, despite the increase in IL-1β gene transcription, only minimal levels 

of secreted IL-1β protein were seen in macrophages following treatments with 

VWF or the LPS positive control. Previous studies have highlighted that effective 

inflammasome activation requires dual signal triggering. Consistent with this 

hypothesis, additional stimulation with VWF and ATP (5μM) resulted in a marked 

increase in IL-1β secretion (Figure 4.6 C) and a concurrent decrease in pro-IL-1β 

levels (Figure 4.6 B). 
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Figure 4.6: VWF treatment triggers inflammasome activation in murine BMDM  

A: IL-1β mRNA expression levels were assessed by quantitative RT-PCR in BMDM following 

treatments with cell culture media (control), pd-VWF (10μg/ml) or LPS (100ng/ml). B: 

Murine BMDM were treated with cell culture media (control),pd-VWF (10μg/ml) or LPS 

(100ng/ml) and pro-IL-1β protein levels examined by Western blot analysis. C: Murine 

BMDMs were treated with pd-VWF (10μg/ml) or LPS (100ng/ml) for 4 hours, and secreted 

IL-1β levels measured by ELISA.   
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4.6: VWF triggers macrophage polarization towards an M1 

phenotype 

In view of the pro-inflammatory effects associated with VWF binding to 

macrophages, we investigated whether VWF interaction might influence 

macrophage polarization into M1 (classically activated or “pro-inflammatory”) or 

M2 (alternatively activated or “anti-inflammatory”) phenotypes using surface 

marker expression.(224–227) Incubation of murine BMDMs with LPS and IFN-γ 

resulted in approximately 75% cells adopting an M1 phenotype (positive for C11b 

and CD38 expression) (Figures 4.7A and 4.7B). In contrast, treatment with IL-4, IL-

10 and IL-13 resulted in the majority of macrophages adopting an M2 phenotype 

(positive for CD11b and CD206) (Figure 4.7C). Interestingly, treatment with VWF 

alone was sufficient to result in more than 70% of the BMDM adopting an M1 

phenotype (Figures 4.7D). 
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Figure 4.7: VWF triggers BMDM polarization towards an M1 phenotype  
 

Murine BMDMs were incubated with agonist combinations including (LPS 100ng/ml and 

IFN- γ 20ng/ml), (IL-4 40ng/ml, IL-10 10ng/ml and IL-13 20ng/ml) or pd-VWF (10µg/ml) for 

24h and then cell surface marker expression was examined by flow cytometry. CD38 and 

CD206 expression was determined from CD11b+ cells. A: Untreated BMDMs expressed no 

CD38 or CD206. B: Majority of BMDMS treated with LPS and INF-γ were CD38 positive, 

consistent with an M1 phenotype. C: In contrast, BMDMs incubated with IL-4, IL-10 and 

IL-13 were CD206 positive, consistent with an M2 phenotype. D: BMDM stimulation with 

pd-VWF (10μg/ml) resulted in a significant increase in expression of CD38, consistent with 

a pro-inflammatory M1 macrophage phenotype. The data presented represent the mean 

values ± SEM for three independent experiments (**P < 0.01, ***P < 0.001 ****P < 0.0001 

respectively).  
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4.7: Exposure to VWF results in enhanced generation of reactive 

oxygen species in BMDMs  

Previous studies have demonstrated that generation of reaction oxygen species 

(ROS) and induction of nitric oxide synthetase (iNOS) constitute hallmark features 

of pro-inflammatory macrophages.(228,229) To study whether VWF binding may 

influence ROS generation, murine BMDMs were treated with either pd-VWF 

(10μg/ml) or LPS (100ng/ml) for 3 hours. Cellular ROS generation was then 

detected using CellROX DeepRed staining by flow cytometry. CellRox is non-

fluorescent while reduced, but becomes fluorescent upon ROS oxidation. 

Treatment with either pd-VWF or LPS resulted in a significant increase in 

macrophage ROS levels (Figure 4.8A). In addition, VWF treatment also resulted in 

a significant increase in iNOS mRNA expression in BMDMs (Figure 4.8B). Together, 

these findings further support the hypothesis that VWF binding induces significant 

pro-inflammatory effects in primary murine BMDMs. 
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Figure 4.8 Exposure to VWF results in enhanced generation of reactive oxygen 

species in BMDM  
 

A: Murine BMDM were treated with pd-VWF (10μg/ml) or LPS (100ng/ml) for 3 hours, 

before ROS was assayed using CellROX DeepRed staining. Flow scatter plots are a 

representative image of 3 independent experiments. B: iNOS mRNA expression levels were 

assessed by quantitative RT-PCR in BMDM following treatments with pd-VWF (10μg/ml) 

or LPS (100ng/ml). Data represents the average of 3 experiments ± SEM in which 

significance was determined by t-test (NS, Non-significant, *p<0.05).  
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4.8: VWF has a tolerising effect on murine BMDM   

To investigate whether VWF exposure may have a tolerising effect upon 

macrophages, murine BMDMs were initially treated with VWF (10μg/ml) or LPS 

(100ng/ml) for 8 hours. Following a 16 hour rest period, the BMDM cells were then 

re-exposed to VWF or LPS at the same concentrations for a further 4 hour period 

and TNF-α expression levels assessed. Significant increased TNF-α expression was 

seen following initial BMDM exposure to LPS, and remained consistent at the time 

of LPS re-exposure (Figure 4.9). In keeping with our previous findings, initial BMDM 

exposure to pd-VWF also resulted in a marked increase in TNF-α expression. 

Importantly however, re-exposure to VWF resulted in a markedly attenuated 

increase in TNF-α production (Figure 4.9). These data support the hypothesis that 

VWF has a tolerising effect on murine BMDM.   
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Figure 4.9 VWF has a tolerising effect on murine BMDM  

Murine BMDM were re-challenged with either pd-VWF (10μg/ml) or LPS (100ng/ml) and 

TNF-α production was assessed by ELISA. Data is represented by the average fold change 

reduction in TNF-α production from initial stimulation of 3 independent experiments. 

Significance was determined by t-test (NS, Non-Significant,  ****p<0.0001). 
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4.9: VWF binds to THP1 macrophages but does not promote pro-

inflammatory effects   

In preliminary experiments, we observed that pd-VWF could bind to differentiated 

THP1 monocytes in the presence of ristocetin (Figure 3.4). Given the pro-

inflammatory effects associated with pd-VWF binding to both primary human 

macrophages and murine BMDM, we proceeded to examine whether similar 

effects were observed in differentiated THP1 macrophages. THP1 cells were first 

differentiated into macrophages with PMA treatment for 72 houres as before. 

Despite the pro-inflammatory signalling effects seen in primary human and murine 

macrophages, VWF treatment (10μg/ml for 30 minutes) of THP1 macrophages was 

not associated with any significant increase in phosphorylation of MAPKinase p38 

and JNK or NF-κB activation (Figure 4.10 A). In contrast, pro-inflammatory 

signalling was seen following incubation with the LPS (100ng/ml for 30 minutes) 

positive control. Similarly, VWF treatment of THP1 macrophages did not alter pro-

inflammatory cytokine or chemokine gene expression, (Figure 4.10 B) unlike 

alterations seen for human primary macrophages in sections 4.3 and 5.9.  
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Figure 4.10: VWF binds to THP1 macrophages but does not promote pro-

inflammatory effects   

A: Western blot analysis of phosphorylation of p38, JNK and IkBα following incubation with 

pd-VWF (10 µg/ml) or LPS (100 ng/ml) for 30min. Representative images from three 

independent experiments. B: Cytokine (TNF-α, IL-6 and IL-1β) and chemokine (CCL2,3,4) 

mRNA expression at 4 hours and 24 hours respectively were assessed by quantitative RT-

PCR following treatment with pd-VWF (10μg/ml) or LPS (100ng/ml).  
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4.10: Discussion  
 

In the previous Chapter, we demonstrated binding of VWF to primary human 

macrophages, murine BMDMs and THP1 macrophages respectively. VWF binding 

was observed in both static conditions and ristocetin dependent conditions. These 

data are consistent with previous studies that have shown that hepatic Kupffer 

cells play a critical role in regulating VWF clearance.(204) Importantly, our data 

highlight that VWF does not simply bind to macrophages, but rather that this VWF 

binding also serves to trigger significant downstream signalling effects including 

activation of the MAPKinase pro-inflammatory pathway (with phosphorylation of 

p38 and JNK) and NF-κB activation.  

 

Although VWF-induced signalling in macrophages has not previously been 

described, prior studies have clearly demonstrated that VWF binding to the 

glycoprotein (GP) Ib-IX-V receptor on platelets results in complex intracellular 

signalling that involves a number of different intracellular molecules including the 

Src family, Rac1, PI3-kinase/Akt and MAP kinases.(197,230–233) The net result of 

this signalling cascade induced by VWF binding to GP Ib-IX-V is to induce platelet 

activation, and in particular activation of the αIIbβ3 integrin receptor.(232) 

Additional studies will be needed to elucidate the molecular mechanisms through 

which VWF-binding to macrophages initiates pro-inflammatory signalling. Given 

the complex nature of VWF as a multimeric sialoglycoprotein, it seems likely that 

multiple VWF domains and various different macrophage receptors may be 

involved. Importantly however, a number of macrophage surface scavenger 
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receptors (including LRP1 and SR-A1) and C-type lectins (including MGL and Siglec-

5) that have recently been reported to bind VWF, have also been shown to 

modulate intracellular signalling and thereby regulate inflammatory responses in 

both macrophages and dendritic cells.(234–240) 

 

In keeping with the observed signalling effects, VWF binding to primary human-

derived macrophages was also associated with a significant increase in pro-

inflammatory cytokine expression (including TNF-α, and IL-6). Control studies 

excluded the presence of any endotoxin contamination of the pd-VWF product 

though the use of both LAL reagent and RAW.Blue reporter cell line. Furthermore, 

THP1 macrophages which express endotoxin-sensing receptors (TLRs and NLRs) 

remain unresponsive in terms of pro-inflammatory signalling activation and 

cytokine production when exposed to pd-VWF preparation.(241) In addition, 

binding of the recently licensed clinical grade recombinant VWF (Vonvendi®, 

Takeda) to macrophages was also associated with pro-inflammatory signalling. 

Together, these findings first represent the purity of the plasma derived VWF used 

but  more importantly they also represent the first demonstration that VWF 

binding to macrophages directly initiates pro-inflammatory signalling, resulting in 

downstream pro-inflammatory cytokine production. 

 

Macrophages possess an additional signalling mechanism in response to cell 

damage or infection called the NLRP3 inflammasome to generate IL-1β and IL-18. 

Importantly, no IL-1β is generated in response to a single inflammatory signal.(242) 
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For full activation, NLRP3 inflammasome activation requires a two-step process. 

First, NLRP3 complex expression is driven by stimulation via endogenous molecules 

or toll like receptor ligands though NF-Kb.(243) This initial stimulation also results 

in the synthesis of inactive pro-IL-1β. In response to a second stimulation step, 

macrophages assemble the caspase 1 containing NLRP3 inflammasome that 

cleaves pro-IL1β into its active form.(244) Interestingly, VWF binding to 

macrophages was associated with an increase in IL-1β mRNA and pro-IL-1β levels. 

A significant increase in IL-1β secretion (and concurrent decrease in pro-IL-1β) was 

only observed when VWF-treated macrophages were also subsequently exposed 

to ATP. Thus, consistent with the concept that VWF triggers pro-inflammatory 

signalling pathways and cytokine expression in macrophages, our data also show 

for the first time that VWF drives NLRP3 inflammasome activation.  

 

In view of the pro-inflammatory effects associated with VWF, we also investigated 

whether binding to macrophages might influence macrophage polarization. 

Interestingly, treatment with VWF was sufficient to result in more than 70% of 

BMDM adopting an M1 (classically activated or “pro-inflammatory”) phenotypes. 

In addition, incubation of VWF with BMDM significantly enhanced production of 

reactive oxygen species (ROS) and iNOS expression, to levels similar to that 

observed with LPS. Production of ROS results from a number of sources, including 

mitochondrial respiration, which generates superoxide from complex I and III. ROS 

can also be generated through the pentose phosphate pathway from 

(Nicotinamide adenine dinucleotide phosphate) NADPH. These reactive chemicals 
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are key regulators of macrophages biology and constitute a hallmark of pro-

inflammatory macrophages.(245,246)  

 

Fundamental to initiating an inflammatory reaction is also the ability to silencing 

that inflammation reaction. Dampening of an immune response is paramount, as 

it prevents sustained deleterious cytotoxic inflammatory responses.(247,248) This 

regulatory process termed tolerance occurs rapidly in macrophages though 

epigenetic modifications that silences pro-inflammatory responses such as TNF-α 

cytokine production.(249) Crucially, following an initial exposure to an 

inflammatory agent, a subsequent re-exposure will only elicit a minor response as 

the macrophage has become tolerant. Here we demonstrate that VWF exposure 

followed by re-exposure has such a tolerizing effect. However, we noted that VWF 

induces changes different to LPS as VWF become much more rapidly tolerized 

when compared to LPS. It is possible that VWF may be induces alternative 

epigenetic changes within the macrophage compared to LPS.   

 

Interestingly, although pd- and rVWF binding to primary human macrophages and 

murine BMDM resulted in consistent pro-inflammatory effects, minimal effects 

were observed in THP1 macrophages. The molecular mechanisms underpinning 

this difference remain unclear, but likely relate at least in part to differences in 

surface receptor repertoire expression on THP1 macrophages (derived from 

immortalised monocytic leukemia cells) as opposed to primary macrophages.  

Previous studies have reported that THP1 macrophages do express all putative 
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pattern recognition receptors and consequently have been shown to be responsive 

to endotoxins.(250) Thus, the fact that our VWF products fail to elicit any pro-

inflammatory effects in THP1 macrophages further supports the hypothesis that 

VWF has direct inherent pro-inflammatory properties. 

 

Given recent evidence that VWF contributes to the pathogenesis of a variety of 

different inflammatory diseases, the novel findings presented in this Chapter not 

only define a novel role for VWF in regulating innate immune responses, but are 

also of direct translational significance. Based upon our findings we propose that 

in the normal circulation, VWF and monocytes circulate together with minimal 

interaction. However, following tissue damage and blood vessel injury, VWF 

escapes from the plasma into subendothelium where it comes into contact with 

tissue macrophages. These macrophages express a different repertoire of surface 

receptors compared to undifferentiated monocytes, with the upregulation of 

specific surface receptors such as LRP1 that enables binding to VWF. VWF-binding 

triggers the macrophages to adopt an M1 phenotype, with consequent secretion 

of proinflammatory cytokines and chemokines at the site of vascular damage.  
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5.  VWF alters macrophage immunometabolism, 

chemoattraction and phagocytosis  
 

5.0: Introduction  

Cells regulate their metabolic pathways in order to facilitate survival and growth. 

Kempner and Peschel were the first to demonstrate that macrophages increase 

oxygen and glucose consumption in response to inflammatory stimuli.(251) 

Macrophages contain a number of distinct pathways for energy production 

including glycolysis, the tricarboxylic acid (TCA) cycle, the pentose phosphate 

pathway, fatty acid synthesis and amino acid metabolic pathways.(252) In the 

context of immunity, glycolysis and the TCA cycle are of particular importance. 

Glycolysis involves the cellular uptake of glucose and its cytosolic processing to 

pyruvate, which produces 2 Adenosine triphosphate (ATP) compounds per 

molecule of glucose.(252,253) In contrast, the mitochondrial TCA cycle processes 

acetyl coenzyme to generate Flavin adenine dinucleotide (FADH) and NADPH. 

FADH and NADPH shuffle electrons to the electron transport chain that drives 

oxidative phosphorylation, yielding 36 ATP compounds.(252,253) A critical 

difference between glycolysis and the TCA cycle relates to time. Since the TCA cycle 

and oxidative phosphorylation require mitochondrial biogenesis, this process is 

relatively slow.(252,254) Conversely, although glycolysis generates significantly 

lower quantities of ATP, nonetheless this process can occur rapidly.(252,255,256) 

This rapid production of energy enables macrophages to respond to inflammatory 

mediators.  
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Alterations in macrophage metabolism are considered hallmarks of activation 

status and inflammatory potential. Acute PAMP stimulation rapidly elevates 

glycolysis by doubling glucose uptake though the enhanced synthesis of glucose 

transporter 1 (GLUT1).(257) Following glucose internalisation it becomes 

phosphorylated by hexokinase and is catabolized though anabolic pathways 

(glycolysis).(257,258) Additionally, acute LPS treatment also induces the 

phosphorylation and activation of pyruvate kinase M2 (PKM2).(259) PKM2 slows 

glycolysis allowing glycolytic intermediates (pyruvate and ATP) to be utilised in 

biosynthetic pathways.(259) Furthermore, PMK2 translocates to the nucleus  and 

acts with HIF-1α to induce IL-1β production.(259)  

 

Following a prolonged LPS exposure, macrophages progress into a glycolytic 

amplification phase resulting in profound metabolic alterations. LPS induces 

expression of 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) 

which converts glycolysis intermediate fructose-6-phosphate into fructose-2-6-

bisphosphate.(254,260) Fructose-2-6-bisphosphate subsequently activates 6-

phosphofructo-1-kinase (PFK1) the enzyme responsible for catalysing the final step 

of glycolysis, thus ultimately leading to its enhancement.(254,260,261) 

Additionally, transcription factor HIF-1α is responsible for the expression of 

multiple pro-glycolytic enzymes that facilitat enhanced glycolysis.(259,261–263) 

HIF-1α is tightly regulated by proline-hydroxylase, particularly proline-hydroxylase-

3 (PHD3). PHD3 adds a hydroxyl group to proline residues 402 and 564 within HIF-

1α, thus marking it for ubiquitination and subsequent degradation.(264,265) As 



140 
   

glycolysis persists, metabolic intermediates succinate and citrate accumulate 

inside macrophages which inhibiting PHD3 HIF-1α degradation leading to 

heightened expression of glycolytic enzymes.(258,266,267) Ultimately, prolonged 

LPS treatment results in the macrophages firmly adopting changes that drive 

glycolysis and completely disrupt oxidative respiration.   

 

Within the macrophage, the TCA cycle and oxidative phosphorylation both occur 

within mitochondria. Consequently, changes in immuno-metabolism associated 

with macrophage activation have been shown to be associated with alterations in 

their mitochondrial morphology. These mitochondrial are highly dynamic 

organelles that can change in size and number though controlled processes of 

fission and fusion.(268) Fission is the formation of multiple smaller fragments from 

a single parent mitochondria. Fusion involves the generation of larger 

mitochondria from smaller individual structures.(268,269) Previous studies have 

reported that during periods of enhanced glycolysis there is a significant increase 

in mitochondrial fission (fragmentation), whilst mitochondrial fusion (elongation) 

is observed during periods when oxidative phosphorylation is 

increased.(190,270,271) Thus, LPS stimulation of macrophages results in profound 

mitochondrial fragmentation and concurrent loss of the elongated form as 

glycolysis is enhanced.  

 

A principle macrophage effector function is the production chemokines (for 

example CCL2, CCL3 and CCL4) that recruit other immune cells such as monocytes 
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to the source of damage.(272) Chemokines are produced in large quantities at the 

source of inflammation, which establishes a chemokine gradient.(273) As 

chemokines diffuse, they bind to monocytes largely though chemokine G-protein 

coupled receptors, resulting in integrin activation and actin polymerisation.(274) 

Integrin activation and actin polymerization allows the monocyte to migration to 

the site of inflammation along the chemokine gradient.  

 

In the previous two Chapters we have demonstrated that VWF binds to 

macrophages. Moreover, this VWF interaction serves to stimulate downstream 

signalling events that ultimately result in significant increases in pro-inflammatory 

cytokine expression and the polarisation of the majority of macrophages towards 

an M1 inflammatory phenotype. To further investigate the ability of VWF to 

modulate macrophage biology, we next proceeded to examine its effects upon (i) 

macrophage immune-metabolism (ii) macrophage mitochondrial morphology (iii) 

macrophage chemokine expression respectively.  
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5.1: VWF regulates macrophage metabolism and drives glycolysis  
 

Alterations in the intracellular metabolic pathways, and in particular an increase in 

glycolysis, constitute a hallmark of inflammatory macrophages activated by both 

pathogen-associated and damage-associated signals through pattern-recognition 

receptor signalling.(252,255) To further investigate the hypothesis that VWF 

modulates macrophage functions, the effects of VWF binding on macrophage 

metabolism were assessed using extracellular flux analysis. Glycolysis was 

investigated by measuring extracellular acidification rate (ECAR) and oxidative 

respiration was assessed by monitoring oxygen consumption rate (OCR) using a 

Seahorse XF analyser. Basal rate of ECAR was assessed before addition of 

mitochondrial inhibitors oligo, FCCP or AA + R respectively. Oligo is an inhibitor of 

Complex V that decreases mitochondrial ATP generation, thereby decreasing OCR 

and increasing the burden on glycolysis.(184,185) FCCP, uncouples the 

mitochondrial membrane by collapsing the proton gradient and allowing electrons 

to move freely driving oxygen consumption by complex IV.(186,187) Finally AA + 

R: blocks complex III and I shutting down mitochondrial respiration, inducing a drop 

in OCR but a corresponding increase in ECAR. (188,189) 

Following 3 hours stimulation with pd-VWF (10μg/ml), a significant increase in 

ECAR (consistent with a marked increase in glycolysis) was observed similar to that 

seen with LPS (100ng/ml) exposure (Figure 5.1). ECAR was consistently elevated 

following pd-VWF treatment throughout mitochondrial inhibition. Interestingly, 

after an extended 16 hour incubation, the pd-VWF-induced increase in BMDM 

glycolysis had returned to almost control levels, whereas ECAR remained 
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significantly elevated in macrophages treated with LPS over the same time course 

(Figure 5.2).  
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Figure 5.1: VWF regulates macrophage metabolism and drives glycolysis 

Extracellular flux analysis (Seahorse XF Cell Mito Stress kit) was used to detect glycolytic 

dependent alterations in BMDM ECAR. Alterations in ECAR was measured following 3 hour 

stimulation with pd-VWF (10μg/ml), LPS (100ng/ml), or untreated controls. A: 

Representative image of BMDM ECAR following mitochondrial inhibitors. B: Basel ECAR 

from 3 independent experiments. Significance determined by t-test (**p<0.01)  



145 
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: VWF regulates macrophage metabolism and drives glycolysis in a 

time-dependent manner   
Extracellular flux analysis (Seahorse XF Cell Mito Stress kit) was used to detect glycolytic 

dependent alterations in BMDM ECAR. Alterations in ECAR was measured following 16 

hour stimulation with pd-VWF (10μg/ml), LPS (100ng/ml), or untreated controls. A: 

Representative image of BMDM ECAR following mitochondrial inhibitors. B: Basel ECAR 

from 3 independent experiments. Significance determined by t-test (**p<0.01, 

****p<0.001) 
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5.2: pd-VWF does not affect basal oxidative phosphorylation in BMDM 
 

Previous studies have shown that oxidative phosphorylation represents the 

principal pathway for energy generation in anti-inflammatory macrophages.(275) 

Consequently, the effects of pd-VWF on BMDM oxidative phosphorylation in 

BMDMs was assessed by measuring oxygen consumption rate (OCR) using the 

Seahorse XF analyser. Basal rates of OCR were used to assess mitochondrial 

oxidative phosphorylation after incubation with LPS or pd-VWF for 3 hours and 16 

hours. In contrast to its effect in promoting glycolysis, LPS or pd-VWF did not affect 

basal levels of mitochondrial oxidative phosphorylation after 3 hours (Figure 5.3A). 

However, in keeping with previous reports,(266,276) we observed that 16 hour 

exposure to LPS resulted in markedly reduced mitochondrial OCR (Figure 5.3B). In 

contrast, no such effect was observed in cells incubated with pd-VWF. 
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Figure 5.3: pd-VWF does not affect oxidative phosphorylation in BMDM 

Extracellular flux analysis used to detect alterations in BMDM oxidative phosphorylation 

(OCR). Changes in OCR were measured following a A: 3 hour or B: 16 hour stimulation with 

pd-VWF (10μg/ml), LPS (100ng/ml), or untreated controls. Representative images of OCR 

are shown. 
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5.3: VWF alters macrophage maximum respiratory capacity and spare 

residual capacity 
 

Maximum repository capacity (MRC) represent the highest capacity of the 

macrophage to generate energy through oxidation phosphorylation. FCCP is used 

to determine MRC as it uncouples the mitochondrial membrane, collapsing the 

proton gradient which allows electrons to move freely a drive oxygen consumption 

though complex IV. (186)  Following a 3 hour treatment with both pd-VWF or LPS 

there was a significant increase in MRC (Figure 5.4A). This demonstrates that VWF 

or LPS can generate a more metabolically active macrophage. Interestingly 

however, following a 16h treatment enhanced MRC is not preserved as both LPS 

and VWF lead to a reduction in OCR following FCCP injection (Figure 5.4B). This 

reduction in MRC is most likely a result of significant glycolytic changes in 

macrophage metabolism following VWF or LPS treatment. Interestingly, VWF 

treatment is similar to control levels, and only moderately reduces MRC following 

a 16h treatment, unlike substantial reductions following LPS treatment. (Figure 

5.4B) 

Spare residual capacity (SPR) is the measurement of a macrophages ability to 

respond to an increased energy demand and is determined by the difference 

between basal respiration and maximal respirational capacity. Both oxidative 

phosphorylation and glycolytic SRC was elevated following a 3 hour VWF or LPS 

treatment (Figure 5.5A). However, following a prolonged treatment with VWF or 

LPS, oxidative phosphorylation MRC was reduced (Figure 5.5B). Prolonged LPS 

treatment dramatically reduced oxidative phosphorylation SRC to below control 
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levels demonstrating complete metabolic reprograming of the cell while prolonged 

VWF treatment also significantly reduces SRC but to levels similar to control. 

(Figure 5.5B)   

Interestingly however, the glycolytic SRC was reduced following prolonged LPS 

treatment, suggesting a reduced ability the macrophage respond to an increased 

energy demand. This loss of SRC is most likely due to macrophage fatigue over the 

prolonged 16h treatment. Interestingly, in line with our other glycolytic data, no 

alteration in glycolytic SRC were detected following 16h VWF treatment.  
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Figure 5.4: VWF and LPS treatment alters maximum respiratory capacity. 
 

Alterations in OCR following BMDM FCCP treatment were used to determine MRC. 

BMDMs were pre-treated with VWF (10μg/ml), LPS (100ng/ml) or culture media (control) 

for A: 3 hours or B: 16 hours. Data is represented by the fold change MRC ±SEM in OCR 

from control conditions of 4 independent experiments. Significance determined by t-test 

(**p<0.01 and ***p<0.001). 
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Figure 5.5:VWF and LPS alter BMDM SRC.  

 
SRC of both OCR and ECAR was calculated by the difference between MRC and basal 

respiration. BMDMs were pre-treated with VWF (10μg/ml), LPS (100ng/ml) or culture 

media (control) A: 3 hours or B: 16 hours.  Data is represented by the fold change SRC 

±SEM in OCR and ECAR from control conditions of 4 independent experiments. 

Significance determined by t-test (*p<0.05, **p<0.01 and ***p<0.001, ****p<0.0001).   
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5.4: The effects of pd-VWF on macrophage energy profiles  

The contrasting effects of VWF and LPS on BMDM immuno-metabolism can be 

summarised  using energy plots (Figure 5.6).(277) Both VWF and LPS significantly 

enhance energetic glycolysis in BMDM following a short 3 hour exposure compared 

to quiescent control macrophages. This glycolytic response is a hallmark of pro-

inflammatory macrophages. However, following a prolonged 16 hour treatment 

with LPS, BMDMs become characteristically highly glycolytic, due the complete 

shutdown of oxidative population. At this later time point, the VWF effects on 

immuno-metabolism diverge from those of LPS, with macrophage metabolism 

instead reverting to homeostatic aerobic oxidative phosphorylation.  
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Figure 5.6: Energy plot summery of the effects of pd-VWF on BMDM 

metabolism 

Plotting of OCR vs. ECAR ± SEM of basal respiration from 4 independent experiments.     



154 
   

5.5: Recombinant VWF regulates macrophage metabolism and 

drives glycolysis 

Having observed a significant effect for pd-VWF in modulating macrophage 

metabolism in a time-dependent manner, we further investigated whether 

recombinant commercial VWF (r-VWF) used in the treatment of patients with VWD 

would have similar effects. Following a 3 hour stimulation with r-VWF, a significant 

increase in basal glycolysis was observed comparable to that previously seen with 

pd-VWF and LPS respectively (Figure 5.7). Furthermore, this r-VWF effect was again 

consistent through sequential mitochondrial inhibition. Finally, after an extended 

16 hour incubation, the r-VWF-induced increase in BMDM glycolysis had resolved 

(Figure 5.8). Despite the similarity in glycolytic response of r-VWF and pd-VWF, 

there remains a quantitative difference between the two forms of VWF. This is 

most likely due to the large proportion of UL-VWF and high molecular weight VWF 

observed in recombinant preparation.(278)  
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Figure 5.7: Recombinant VWF regulates macrophage metabolism and drives 

glycolysis  

Alterations in ECAR was measured following a 3 hour stimulation with pd-VWF (10μg/ml), 

LPS (100ng/ml), rVWF (10μg/ml) or untreated controls. A: Representative image of BMDM 

ECAR following mitochondrial inhibitors. B: Basel ECAR from 3 independent experiments. 

Significance determined by t-test (**p<0.01, **p<0.001) 
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Figure 5.8: Recombinant VWF regulates macrophage metabolism and drives 

glycolysis in a time-dependent manner   

Extracellular flux analysis (Seahorse XF Cell Mito Stress kit) was used to detect glycolytic 

dependent alterations in BMDM ECAR. Alterations in ECAR was measured following 16 

hour stimulation with pd-VWF (10μg/ml), r-VWF (10μg/ml), LPS (100ng/ml), or untreated 

controls. A: Representative image of BMDM ECAR following mitochondrial inhibitors. B: 

Basel ECAR from 3 independent experiments. Significance determined by t-test (**p<0.01, 

****p<0.0001) 
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5.6: Recombinant VWF does not affect oxidative phosphorylation in 

BMDM  
 

The effects of r-VWF on BMDM oxidative phosphorylation in BMDMs were 

assessed by measuring OCR using the Seahorse XF analyser. OCR was used to assess 

mitochondrial oxidative phosphorylation after incubation with LPS or r-VWF for 3 

hours and 16 hours. In contrast to its effect in promoting glycolysis, LPS or r-VWF 

did not affect basal levels of mitochondrial oxidative phosphorylation (Figure 5.9A). 

After a 16 hour exposure to LPS, mitochondrial OCR was markedly reduced but no 

such effect was observed in cells incubated with r-VWF for the same time period 

(Figure 5.9B).  
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Figure 5.9: Recombinant VWF does not affect oxidative phosphorylation in 

BMDM 

Extracellular flux analysis used to detect alterations in BMDM oxidative phosphorylation 

(OCR). Changes in OCR were measured following a A: 3 hour or B: 16 hour stimulation with 

pd-VWF (10μg/ml) r-VWF (10μg/ml), LPS (100ng/ml), or untreated controls. 

Representative images of OCR are shown.   
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5.7: Macrophage viability is not affected following VWF or LPS 

treatment  

To confirm that the observed effects in macrophages metabolism had not resulted 

from altered cell viability, BMDMs were treated with pd-VWF (10μg/ml), r-VWF 

(10μg/ml) or LPS (100ng/ml) for 3 hours or 16 hours as before and subsequently 

incubated with Alamar Blue reagent at 37oC. Live cell viability was assessed by 

measuring metabolised Alamar Blue. Absorbance was normalised to total protein 

content based on BCA reagent. Following a 16 hour incubation with pd-VWF or r-

VWF, no significant changes in BMDM viability were apparent, however a 

prolonged LPS exposer resulted in a modest but significant decrease in BMDM 

viability. (Figure 5.10). 
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Figure 5.10: Macrophage viability is not affected following VWF or LPS 

treatment  

BMDM were incubated with LPS (100ng/ml), pdVWF (10μg/ml) and r-VWF (10μg/ml) for 

the indicated times. Alamar blue metabolism was determined by absorbance at 600λ and 

normalised to total protein based on BCA reagent. Significance was determined by t-test 

(NS, non-significant, **p<0.01) 
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5.8: VWF influences mitochondrial morphology 

Previous studies have reported that significant changes in mitochondrial 

morphology accompany changes in macrophage metabolic state.(190) In 

particular, mitochondria adopt a fragmented appearance when glycolysis levels 

are high, as opposed to an elongated state during periods of heightened oxidative 

phosphorylation.(270,271) In keeping with this hypothesis, we observed that LPS 

(100ng/ml) stimulation of BMDM for 3 hours resulted in fragmented mitochondrial 

morphology (Figure 5.11). Interestingly, treatment with pd-VWF (10μg/ml) for 3 

hours was also associated with significantly higher levels of mitochondrial 

fragmentation (Figure 5.9).  
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Figure 5.11: VWF influences mitochondrial morphology 

A: Representative live cell image of BMDMs using scanning confocal following incubation 

with pd-VWF (10μg/ml) or LPS (100ng/ml) for 3 hours and mitochondria stained using 

MitoTracker-Red. Scale bar represents 5μm. B: Quantification of mitochondrial 

morphology ± SEM. Significance determined by one-way ANOVA (**p<0.01, *** p<0.001). 

A minimum of 20 images per treatment were taken and ≥ 60 mitochondria per cell were 

analysed per treatment. Fragmentation was classified as <1μm, tubular as 1μm – 2.9μm 

and elongated as >3μm. 
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5.9: Extended exposure to pd-VWF no longer affects macrophage 

architecture 

In view of the fact that we previously observed that the effects of pd-VWF in 

regulating macrophage metabolism were time-dependent, the effects of extended 

duration incubation (16 hours) of pd-VWF on BMDM mitochondrial morphology 

were investigated. After 16 hours incubation with LPS (100ng/ml) significant 

mitochondrial fragmentation with concurrent loss of tubular or elongated forms 

was seen (Figure 5.12). In contrast however, mitochondrial morphology had 

normalised following 16 hours exposure to pd-VWF (10μg/ml). These findings 

further support the hypothesis that VWF promotes short-term marked increases 

in macrophage glycolysis.  
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Figure 5.12: Extended exposure to pd-VWF no longer affects macrophage 

architecture 

A: Representative live cell image of BMDMs using scanning confocal following incubation 

with pd-VWF (10μg/ml) or LPS (100ng/ml) for 16h and mitochondrial stained using 

MitoTracker-Red. B: Quantification of mitochondrial morphology ± SEM. Significance 

determined by one-way ANOVA (NS-Not Significant, **** p<0.0001).   
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5.10: VWF drives expression of pro-inflammatory chemokines 

In view of the ability of VWF-binding to upregulate pro-inflammatory cytokine 

secretion, we investigated its effects upon macrophage chemokine expression. 

Chemokines are the cytokines that control cell migration in both inflammatory and 

homeostatic settings.(272) Numerous chemokines exist, however they can be 

divided into 4 families based on their initial cysteine residue location (XC, CC, CXC 

and CX3C).(272) When chemokines bind to their respective chemokine receptors 

it induces cell mobility. Importantly, following  chemokine syntheses they are 

released into the extracellular space and bind to extracellular matrix proteins or 

remain in solution.(272) This local chemokines generates a concentration gradient 

that facilitates the direction of cell migration.(273) Pervious studies have 

demonstrated that antagonises a known macrophage VWF receptor (LRP1) with 

endogenous proteins results in the synthesis chemokines CCL2, CCL3 and 

CCL4.(240) Given our results thus far, we sought to investigate if VWF binding to 

primary human macrophages resulted in chemokine expression. Interestingly, 

VWF macrophage treatment was associated with a significant increase in 

chemokine expression of which CCL2 and CCL3 were similar to that observed with 

the LPS positive control (Figure 5.13).  
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Figure 5.13: VWF induces chemokine expression 

pd-VWF (10μg/ml) or LPS (100ng/ml) stimulation of primary human macrophages for 24h 

resulted in a significant in expression levels for a number of chemokines including A: CCL2 

(p<0.0001), B: CCL3 (p<0.05) and C: CCL4 (p<0.01). All experiments were performed in 

triplicate, and the results presented represent the mean values ± SEM. Significance 

determined by t-test (*p< 0.05, **p< 0.01, ***p< 0.001 ****p< 0.0001 respectively). 
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5.11: VWF treatment promotes monocyte chemo-attraction   

The potential functional significance of VWF-induced chemokine expression was 

further investigated using a transmigration chemotaxis assay with supernatants 

collected from primary human macrophages stimulated with either pd-VWF 

(10μg/ml), r-VWF (r-VWF) (10μg/ml) or LPS (100ng/ml) respectively. 

Chemoattraction was determined using a transwell chamber. Harvested treated 

macrophage supernatants were placed into the lower chamber and freshly isolated 

human primary monocytes were placed in the upper chamber. Monocytes were 

allowed to migrate to the lower chamber over a 2.5 hour period to ensure 

chemokine existed. Similar to LPS-treated positive controls cells, supernatants 

collected from macrophages stimulated with either pd-VWF or r-VWF were both 

effective in promoting significantly enhanced monocyte transmigration (Figure 

5.14). Interestingly however, the supernatant from pd-VWF treated macrophages 

was significantly more effective than LPS at recruiting monocytes.  Collectively, 

these findings demonstrate that VWF binding plays a novel role in regulating 

macrophage chemokine expression and thus has the potential to directly influence 

chemotaxis in vivo. 
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Figure 5.14: VWF treatment promotes monocyte chemoattraction   

Primary human macrophages were incubated with pd-VWF (10μg/ml), r-VWF (10μg/ml) 

or LPS (100ng/ml) for 24 hours. Cell supernatants were collected and placed in the lower 

chamber of a transmigration assay. Naïve human monocytes were placed in the upper 

chamber and allowed to migrate for 2.5 hours. Migrated cell were ladled (cell tracker 

green), imaged and quantified using Image J software. Data is represented as average fold 

cell-count increase ± SEM. (*P < 0.05, ****P < 0.0001) 
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5.12: VWF has pro-inflammatory and chemo-attractive effects in 

vivo 

As discussed in the previous two Chapters, in vitro binding of VWF to macrophages 

is associated with polarization towards an M1 pro-inflammatory phenotype, 

metabolic changes and production of pro-inflammatory cytokines and chemokines. 

To further investigate the potential in vivo significance of these observations we 

utilized a previously described model of chemotaxis in which pd-VWF (2mg/kg) or 

saline control was injected into the peritoneum of wild type mice to determine the 

immunogenicity of VWF. (279–281) Peritoneal lavage was then performed and 

cellular content analysed by flow cytometry at 3 hours and 24 hours post injection.  

At 3 hours, in contrast to the control mice, pd-VWF treatment was associated with 

a significant infiltration of both neutrophils and NK cells into the peritoneum 

(Figure 5.15 A and B). Moreover, VWF treatment was also associated with 

significant reduction in resident peritoneal macrophages (Figures 5.15 C and D). By 

24 hours, no significant differences were observed between the VWF-treated and 

control mice with respect to peritoneal NK or macrophage levels, and only a mild 

increase (5.77% compared to 27.66% at 3 hour treatment) in neutrophil 

recruitment was remained (Figures 5.15 A, B and C).  Furthermore, VWF-treatment 

had no effect on peritoneal T cell populations at either the 3 or 24 hour time points 

(Figures 5.15 E and F). Cumulatively these data, particularly the early influx of 

neutrophils and loss of resident macrophages (Figures 5.15 A and C), demonstrate 

that VWF has chemo-attractive and pro-inflammatory properties in vivo that are 

consistent with its in vitro effects on macrophage biology 
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Figure 5.15: VWF has pro-inflammatory and chemo-attractive effects in vivo 

A-F: VWF (2mg/kg) or PBS (control) were injected into the peritoneum of female WT mice. 

After 3 or 24 hour periods, mice were sacrificed, peritoneal lavage was performed and 

peritoneal cell populations quantified by flow cytometry. Data represented by percentage 

of cell population ± SD. 4 mice were used per group. Significance was determined by t-test 

(*p<0.05, **p<0.01, ***p<0.001,****p<0.0001). 
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5.13: VWF alters the phagocytic capacity of macrophages  

Phagocytosis is a crucial immune process responsible for the clearance of invading 

and or self-antigens. The phagocytic capacity of macrophages has previously been 

reported to be dynamic in nature and thus can vary depending upon the local 

environment. For example, incubation with GM-CSF significantly enhances 

bacterial phagocytosis by macrophages. Conversely, treatment with IL-4 reduces 

macrophage phagocytosis capacity.(282)(283) Similarly, despite its pro-

inflammatory effects, LPS has also been shown to attenuate the phagocytic ability 

of macrophages.(284) We have demonstrated that VWF can alter macrophage 

immune response and now investigate whether VWF can alter macrophage 

phagocytic ability.  

Internalised GFP-labelled E.Coli were used as a marker for phagocytosis. Primary 

human macrophages were first treated with either pd-VWF (10μg/ml) or LPS 

(100ng/ml). Subsequently, the macrophages were incubated with the GFP-E.Coli, 

and intercellular florescence was determined by flow cytometry.  Interestingly, a 

short (30-minute) pre-treatment with VWF or LPS resulted in a 50% reduction in 

phagocytosis capacity of primary macrophages (Figure 5.16).  
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Figure 5.16: VWF attenuates macrophage phagocytosis capacity 

Representative histograms of E.Coli-GFP (2.5X106) treated macrophages (1.5 hours) in 

which blue represents pd-VWF (10μg/ml) or LPS (100ng/ml) 30 minute pre-treatment and 

red population represents untreated control. Data is represented by fold reduction from 

untreated macrophage ± SEM. Significance determined by t-test (*p<0.05, **p<0.01).  
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5.14: Discussion  
 

A 1-2hour LPS treatment rapidly elevates macrophage glycolysis/ECAR by doubling 

glucose uptake and metabolism though enhanced GLUT1 and hexokinase 

expression.(257,258) Furthermore, a 1-2 hour LPS treatment also rapidly induces 

expression and phosphorylation of pyruvate kinase M2, stabilizing HIF-1α.(259) In 

line with our results from chapter 4, IL-6 and TNF-α combined with the production 

of reactive oxygen species are also detected up to as early 2-4 hours post 

stimulation.(258,261). Beyond 4 hours of activation, macrophages progress past 

early glycolytic reprograming and fall into a complete glycolytic amplification phase 

due to profound metabolic alterations. At this time point, LPS increases the levels 

of glycolytic enzymes PFKFB3 and PFK1 which further drive glycolysis. (285)  If 

exposure to inflammatory agonists continues beyond 4-6 hours the TCA cycle 

begins to operate as a partial anabolic system and succinate accumulates elevating 

HIF-1α.(266) At this point the macrophages has firmly adopted changes that drives 

glycolysis and diminished oxidative respiration.(266)  Fascinatingly, unlike LPS, 

VWF cannot maintain this glycolytic effect beyond the amplification phase and 

distinct differences in these time dependent pathways must exist. 

Both LPS and VWF rapidly (<3 hours) enhanced glycolysis (Figure 5.1, 5.2) and as 

expected only minor alterations in oxygen consumption rate (Figure 5.3). 

Macrophages undergo complete metabolic reprograming following prolonged 

exposure to inflammatory stimuli, adopting a heightened state of glycolysis with a 

concurrent reduction in oxidative phosphorylation. In line with the literature, we 
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demonstrated that a prolonged 16 hour LPS treatment resulted in a sustained 

elevation of ECAR (Figure 5.2) and a concurrent drop in oxidative phospholation 

(OCR) as glycolysis prevailed (Figure 5.3) as metabolic reprograming occurred. 

However, VWF could not exert the same effect as LPS at this longer time point 

(Figure 5.2) as ECAR returned to almost control levels with no reduction in OCR. 

This suggests that VWF has a profound ability to drive and initiate rapid glycolytic 

reprograming within macrophage’s however, it does not lead the substantial 

metabolic reprograming that is observed with prolonged LPS exposure.  

VWF altered one aspect of OCR, the MRC. Interestingly both VWF and LPS after a 

3 hour incubation enhance MRC (Figure 5.4). However, following a 16 hour 

treatment VWF dependent MRC has dropped (Figure 5.4). In line with these results 

are the changes in SRC. SRC is a measure of macrophage bioenergetics reserve, 

which reveals the extent in which macrophages can respond in times of stress. 

Following a 3 hour incubation, VWF results in significant increase in both glycolytic 

and oxidative SRC (Figure 5.5), thus VWF treatment enhances the potential energy 

expenditure of the macrophages. All together, these novel data support the 

hypothesis that VWF binding is associated with a significant pro-inflammatory 

effect on macrophages. Furthermore, in striking contrast to LPS, the pro-

inflammatory effects of VWF appear to be time-dependent in nature. The 

biological mechanisms underlying this time-dependent effect remain to be 

defined. Given that VWF is an endogenous protein perhaps it is an elegant 

mechanism in which VWF primes the innate immune response at sites of injury but 

gives way to well-established pathways of inflammation. Furthermore, our 
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previous studies have shown that following the binding of VWF to macrophages, it 

becomes internalised and degraded.(117,194,196,286) This endocytosis may 

clearly impact on the duration of the VWF effect in regulating cellular immuno-

metabolism.  

Mitochondrial are highly dynamic originals and are historically known to alter their  

morphology are in activated macrophages with altered metabolic state.(252,261) 

Changes in mitochondrial size and number are largely controlled by the processes 

of fission and fusion.(287) Fission is the processes of forming multiple smaller 

fragments from a singular parent mitochondrial while fusion is the generation of 

one larger mitochondria from individual structures. When macrophage glycolysis 

is increased, mitochondria develop a characteristic fragmented fission 

appearance.(190,270,271) In keeping with the concept that VWF binding has a 

significant pro-inflammatory effect upon macrophages, we observed that 

treatment with VWF for 3 hours was associated with significantly higher levels of 

mitochondrial fragmentation. However, once again this VWF effect had a time-

dependent element, such that following 16 hours exposure to VWF, (in contrast to 

LPS), mitochondrial morphology had returned to normal. Cumulatively, these 

findings suggest that VWF binding has modulatory effects upon macrophage 

morphology, which in turn impact upon mitochondrial metabolism to promote a 

short-term marked increase in glycolysis. 

In keeping with its ability to up-regulate pro-inflammatory cytokine secretion, we 

observed that VWF binding to macrophages was also associated with a significant 
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increase in expression of the chemokines CCL2, CCL3 and CCL4. Using an in vitro 

transmigration assay, we demonstrated that supernatant from VWF-stimulated 

macrophages was effective in promoting monocyte transmigration. In addition, we 

confirmed that intraperitoneal injection of VWF was associated with a significant 

infiltration of both neutrophils and NK cells in vivo. In addition, VWF was associated 

with a significant reduction in resident peritoneal macrophages, followed by a 

trending increase  of recruited macrophages.  Thus, VWF not only plays a key role 

in the initiation of haemostasis at sites of vascular injury, but also functions to 

prime local macrophages to initiate pro-inflammatory responses. In this local 

milieu, we propose that VWF functions as a damage signal that is recognized 

through specific macrophage pattern-recognition receptors. Importantly in this 

context, the pro-inflammatory effects of VWF on macrophages are time-limited 

such that they are lost with longer-term exposure. Thus, hepatic Kupffer cells that 

are involved in regulating physiological VWF circulatory clearance presumably 

remain unaffected due to their ongoing VWF exposure.  
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6. LRP1 and p38 regulate VWF inflammatory effect   
 

6.0 Introduction  
 

The data presented in Chapters 3,4, and 5 of this Thesis, collectively demonstrate 

that VWF binding to macrophages has significant pro-inflammatory effects. In this 

context, VWF exhibits similar properties to a number of other damage associated 

molecular patterns. Importantly however, in contrast to the pro-inflammatory 

effects observed with LPS, the effects of VWF on macrophages are time-

dependent. In particular, the pro-inflammatory properties of VWF are attenuated 

following prolonged exposure. This finding is consistent with the observation that 

VWF is endocytosed and degraded by macrophages. Recent studies have described 

putative roles for a number of macrophage surface receptors in regulating 

interaction with VWF. They include scavenger receptors (e.g. SR-A1)and LRP1) as 

well as a number of C type lectins (e.g. MGL) and Siglecs-5.(119,121,123,124)  

The SR-A1 receptor recognises a large number of diverse ligands, including 

endogenous proteins and microbial structures. SR-A1 contains a type A scavenger 

receptor cysteine-rich domain, a collagen domain, a C‑type lectin domain and a 

cysteine-rich domain.(288),(289) Importantly, SR-A1 knockout mice display an 

increased VWF propetide:antigen (VWFpp:Ag) ratio consistent with reduced 

clearance of endogenous murine VWF. Furthermore, it has been demonstrated 

that SR-A1 directly interacts with the D’D3, A1A2A3 and D4 domains of VWF.(121) 

These findings suggest that SR-A1 may contribute to the normal physiological 

clearance of VWF in mice. In addition, SR-A1 has also been implicated in regulating 
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immune responses. SR-A1 engages bacterial membrane structures like LPS and 

Lipoteichoic acid (LTA), and also acts as a co-receptor for Toll like receptors 

(TLRs).(290,291) In terms of its pattern recognition function, SR-A1 is important for 

phagocytosis of invading microbes and thus SR-A1 knockouts have increased 

susceptibility to infection.(292), (293) Furthermore, SR-A1 is also  important in 

oxidised-LDL clearance.(294,295)  

The LRP1 receptor is composed of a large extracellular α-chain and a 

transmembrane intercellular β-chain. Importantly, the α-chain contains 4 ligand 

binding cysteine-rich complement type repeat regions, referred to as clusters I-

IV.(296) VWF A1 domain binds to LRP1-cluster IV facilitating its clearance in a sheer 

dependent manner.(122) Moreover, LRP1 has a complex immune role. Genetic 

deletion of macrophage LRP1 results in activation of NF-ΚB and JNK. Furthermore 

LRP1 also dimerizes with TLRs and integrins.(296–298) Given these multiple 

functions, it is unsurprising that recent studies have demonstrated that LRP1 

signalling can  trigger different inflammatory effects in response to the binding of 

different ligands.(240)  

VWF also interacts with other macrophages receptors including Siglec-5 and MGL. 

The Siglec-5 receptor is composed of four immunoglobulin-like extracellular 

domains.(299) The extracellular domains and cytoplasmic tail are linked by a 

transmembrane domain.(299) Pegon et al, demonstrated that VWF binds to 

macrophage Siglec-5, and that Siglec-5 can also mediate VWF 

internaliseation.(124) Siglecs have been also been shown to play important roles 
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in immune regulation, cell adhesion and endocytic function.(300) Importantly, the 

Siglec 5 protein contains cytosolic immunereceptor tyrosine-based inhibitory 

motifs (ITIMs). Other  receptors that harbour this same domain have been shown 

to exert anti-inflammatory effects through suppressing activation signals 

originating from receptors baring immunoreceptor tyrosine-based activation 

motifs (ITAMs).(300),(301)  

Recent studies from our laboratory have identified MGL as an important receptor 

for the clearance of hyposialylated VWF.(119) MGL is a C-type lectin that 

recognises self-antigens and maintains a regulatory role, suppressing T cell 

response and driving immune tolerance.(302,303)  

Given the fact that VWF can interact with multiple different macrophage receptors, 

in this Chapter we have investigated the biological mechanism(s) through which 

VWF binding to macrophages results in a significant pro-inflammatory effect.   
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6.1: Expression of LRP1 is increased in primary human macrophages 

compared to THP1 macrophages 
 

Our previous studies (Chapter 2) demonstrate that VWF binds to both primary 

human macrophages and THP1 macrophages. VWF binding to primary 

macrophages was associated with significant downstream pro-inflammatory 

effects, including a significant increase in the expression of pro-inflammatory 

cytokines and chemokines. In contrast however, minimal pro-inflammatory effects 

were observed in THP1 macrophages. In particular there was no evidence of 

increased MAPKinase or NF-κB signalling. Furthermore, the expression of pro-

inflammatory cytokines (TNF-α, IL-6 and IL-1β) were minimally affected following 

VWF treatment. Conversely, LPS treatments in both primary human macrophages 

and THP1 macrophages resulted in similar pro-inflammatory responses. In order to 

further understand the biological mechanisms underpinning the pro-inflammatory 

effects of VWF, we investigated expression of macrophage scavenger receptors SR-

A1 and LRP1 on primary macrophages compared to THP1 macrophages. Of note, 

previous studies have suggested that ligand binding to both the LRP1 and SR-A1 

receptors can trigger pro-inflammatory signalling.(234,238,240)  

Using quantitative RT-qPCR, significantly increased levels of both LRP1  and SR-A1 

were observed following differentiation of either primary human monocytes or 

THP1 cells into macrophages (Figure 6.1A). Interestingly, although similar levels of 

SR-A1 mRNA were present in both human and primary macrophages, the levels of 

LRP1 mRNA were markedly increased in primary macrophages (Figure 6.1A). 

Similarly, Western blot analysis preformed after 3 or 7 days of macrophage 
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differentiation demonstrated that LRP1 expression levels were significantly higher 

in primary macrophages (Figure 6.1B). Taken together, there data suggest that 

LRP1 rather than SR-A1 may be more important in regulating the pro-inflammatory 

effects of VWF on macrophages, and explain why these pro-inflammatory effects 

are more pronounced in primary human macrophages compared to THP1 

macrophages.  
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Figure 6.1: LRP1 Expression is higher in primary macrophages compared to THP1 

macrophages 
 

A: LRP1 and SR-A1 mRNA levels were assessed by RT-qPCR and are represented as mean 

± SEM. Differentiation of THP1 occurs over a 3 day period and human primary 

macrophages over a 6-7 day period. Significance was determined by t-test (*p<0.05, 

**p<0.001) B: LRP1 and SR-A1 protein levels in primary human and THP1 macrophage 

lysates were assessed by Western blot. Lanes 1 and 2 are replicates of either primary 

human macrophages or THP1 macrophages. Total protein levels were compared by β-actin 

blotting.  
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6.2: Inhibition of LRP1 decreases VWF binding to macrophages 
 

To further investigate a possible role for the LRP1 receptor in modulating the pro-

inflammatory properties of VWF, in vitro binding experiments using r-VWF and 

primary BMDMs were repeated in the presence or absence of a monoclonal anti-

LRP1 inhibitory antibody. Using flow cytometry, significantly reduced VWF binding 

to BMDMs was observed in the presence of this antibody (Figure 6.2). Importantly, 

these binding experiments were performed under static conditions (in the absence 

of ristocetin) are interesting given that recent studies have shown that in addition 

to the conformational dependent binding of the A1 domain to LRP1, a number of 

other domains can also modulate LRP1 interaction.(121)  
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Figure 6.2: Blocking of LRP1 ablates VWF binding to macrophages 
 

Recombinant VWF (75μg/ml) was incubated with BMDM in the presence or absence of an 

anti-LRP1 antibody. Binding was detected by flow cytometry as before. Representative 

histograms are shown. The red population represents non-VWF treated cells; the blue 

population shows BMDM with bound VWF detected by a PE tagged anti-pentahis; the 

black population shows VWF incubated in the presence of LRP1 blocking antibody.   
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6.3: LRP1 co-localises with VWF on the surface of macrophages in 

the presence or absence of ristocetin. 
 

Previous studies have reported that LRP1 plays an important role in regulating 

macrophage mediated VWF clearance in vivo. (122,123) In addition, a number of 

discrete VWF domain have been implicated in modulating LRP1 binding. These 

include the VWF D’D3, A1 and D4 domains.(121,122) Importantly, binding of full 

length VWF to LRP1 was significantly enhanced in the presence of shear or 

ristocetin.(122) Furthermore, enhanced LRP1 binding was also reported for the 

type 2B VWF gain of function V1316M variant.(122) Cumulatively, these findings 

support the hypothesis that conformation of the VWF A1 domain impacts upon 

interaction with LRP1 receptor.  

To further investigate the role for LRP1 in modulating VWF binding and/or 

triggering intercellular pro-inflammatory signalling, we performed Duolink® PLA to 

investigate for co-localisation of VWF and LRP1 on the surface of THP1 

macrophages or BMDM in the presence or absence of ristocetin respectively. In 

this PLA assay, positive red florescence is observed when the proximity of two 

tagged proteins lies within a maximum distance of 40nm. In the presence of 

ristocetin (1.5mg/ml), red staining of most THP1 macrophages was observed 

(Figure 6.3). As before, VWF binding to macrophages was significantly reduced 

under static conditions in the absence of ristocetin. Nonetheless, the PLA assay 

demonstrated that, even in the absence of ristocetin, LRP1 was still involved in 

regulating VWF binding to BMDM (Figure 6.3 B). All together, this data is consistent 
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with the concept that domains outside of the A1 domain can support sheer 

independent interaction with macrophage to LRP1.  
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Figure 6.3: LRP1 co-localises with VWF on the surface of macrophages in the 
presence or absence of ristocetin 
 
THP1 macrophages and BMDM were incubated with pd-VWF (10μg/ml) for 30minutes  A: 

THP1 incubated in the presence of ristocetin (1.5mg/ml) or B: BMDM in the absence of 

ristocetin. Representative images of Duo link detection of LRP1-VWF interaction are 

shown. Red florescence indicated VWF-LRP1 colocalization, nucleus blue. Control: duolink 

staining without the presence of VWF.   
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6.4: Inhibition of LPR1 with receptor-associated protein (RAP) 

attenuates VWF signalling.  
 

Significant evidence from previous studies has demonstrated that the LRP1 

receptor plays a key role in regulating inflammatory signalling in macrophages. 

Thus, conditional macrophage LRP1 deletion results in profound inflammatory 

effects, driving production of CCL2 and CCL3, increasing migration capacity, and 

promoting NF-κB signaling.(304,305) The LRP1 receptor is promiscuous in nature 

and can bind a large range of diverse ligands. Critically, the effects of LRP1 

activation in modulating the inflammatory properties of macrophages have been 

shown to be dependent upon specific ligand binding interactions. For example, 

recent studies have reported that the binding of α2-macroglobulin (α2M) and 

tissue-type plasminogen activator (TPA) suppress LRP1 dependent inflammatory 

signalling.37 Conversely, lactoferrin binding to LRP1 significantly enhances 

downstream pro-inflammatory signalling with TNF-α, IL-6, CCL2 and CCL3 

production through NF-κB activation.(240)  

To investigate whether LRP1 binding is involved in triggering VWF pro-

inflammatory signalling, primary macrophages were incubated with pd-VWF 

(10μg/ml) in the presence or absence of RAP (200nM) and signalling pathways 

were assessed as before. Receptor Associated Protein (RAP) is an endoplasmic 

reticulum chaperone protein for a large number low density lipoprotein 

receptors.(306) RAP is routinely used in VWF studs for the blocking of LRP1 and 

other low density lipoproteins receptors.(123,194) Interestingly, in the presence of 

RAP, a significant reduction in VWF induced MAPKinase p38 was activation was 
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seen (Figure 6.4). The RAP inhibitory effect appears to preferentially affect p38 

signalling as no alterations in VWF induced JNK or NF-κB were detected.  
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Figure 6.4: Inhabitation of LRP1 with RAP attenuates VWF dependent signalling 
 

A: Representative Western blot of p38, JNK and IKBα signalling in human primary 

macrophages incubated with VWF (10μg/ml) ± LRP1 inhibitor RAP (200nM) or LPS 

(100ng/ml) for 30 minute. B: Percentage change of densitometry was determined by the 

average of 4 independent western blots, whereby VWF treatment alone is 100% using 

imageJ software. Densitometry represented by the mean percentage reduction ±SEM and 

significance was determined by t-test (*p<0.05, **p<0.001)  
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6.5: Anti-LRP1 antibody inhibits VWF dependent p38 signalling  
 

To further investigate that the LRP1 receptor plays a role in VWF-dependent 

inflammatory signalling, we investigated the effects of blocking LRP1 using an 

inhibitory antibody. For consistency between experiments, BMDMs differentiated 

with M-CSF were used in order to eliminate discrepancies in donor-to-donor 

human monocyte derived macrophage (hMDM) differentiation. In keeping with 

the RAP inhibition experiments, anti-LRP1 inhibitory antibody also significantly 

reduced VWF-induced p38 signalling but did not alter NF-κB signalling determined 

by p65 (Figure 6.5). Cumulatively, these findings suggests a role for the LRP1 

receptor in regulating VWF-induced p38 mediated signalling.  
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Figure 6.5: Inhibition of LRP1 with anti-LRP1 antibody attenuates VWF 

dependent signalling 
 

A: Representative image of Western blot analysis from BMDM incubated with VWF 

(10μg/ml) ± anti-LRP1 inhibitory antibody (200nM) or LPS (100ng/ml) for 30 minute. B: 

Percentage change of densitometry was determined by the average of 4 independent 

western blots, whereby VWF treatment alone is 100% using imageJ software. 

Densitometry represented by the mean percentage reduction ±SEM and significance was 

determined by t-test (**p<0.01). 
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6.6: The role of HIF-1α in regulating the pro-inflammatory effects of 

VWF 
 

We have established that VWF binding initiates a pro-inflammatory in macrophage 

response. In addition, this effect is triggered at least in part though the LRP1 

receptor. An important component of this pro-inflammatory effect is a VWF-

induced increase in macrophage glycolysis. Previous studies have demonstrated 

that the ability of DAMPS or PAMPS to enhance glycolysis commonly involves the 

activation of HIF-1α transcription factor, which subsequently induces expression of 

a number of key glycolytic enzymes.(259,266),(307)  

To further investigate the pathways through which VWF induces time-dependent 

pro-inflammatory effects in macrophages, HIF-1α levels were assessed following 3 

and 16 hour incubations with VWF or LPS. Following 3 hour incubations with either 

pd-VWF (10μg/ml) or LPS (100ng/ml), a significant increase in macrophage HIF-1α 

expression was observed (Figure 6.6). Interestingly, although HIF-1α levels 

remained elevated in BMDMs after a 16 hour LPS incubation, levels had returned 

almost to baseline in VWF-treated cells over this extended  treatment. Thus, these 

time dependent effects of VWF in regulating HIF-1α expression parallel our 

previous observations regarding the effects of VWF on macrophage immune-

metabolism.  
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Figure 6.6: The role of HIF-1α in regulating the pro-inflammatory effects of VWF 
 

Representative images from three independent experiments of HIF-1α activation assessed 

using Western blot and graphs of densitometry analysis using imageJ software. A: BMDMs 

were treated with pd-VWF (10μg/ml) or LPS (100ng/ml) for 3 hours or B: 16h and 

subsequently resolved using SDS-Page. Total protein represented by β-Actin. 

Densitometry area is represented by the average fold change from untreated control 

conditions and significance was determined by t-test (*p<0.05, **p<0.01).  
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6.7: VWF incubation modulates macrophage PHD3 expression levels 
 

Within macrophages, HIF-α becomes hydroxylated in the presence of oxygen by a 

family of enzymes containing a proyl-hydroxylase domain (PHD). This 

hydroxylation marks HIF-1α for ubiquitination and thus subsequent 

degradation.(308) Previous studies have reported that PHD3 plays a key role in HIF-

1α hydroxylation, and thereby in the regulation of macrophage 

immunometabolism. (264) 

To further study the mechanisms though which VWF influences HIF-1α levels, 

macrophage PHD3 levels were assessed in BMDM following incubation with pd-

VWF (10μg/ml) or LPS (100ng/ml) for 3 or 16 hours. Following 3 hours, neither VWF 

nor LPS had any significant effect on PHD3 mRNA expression (Figure 6.7). However, 

following a 16 hour treatment with LPS, a significant increase in PHD3 mRNA was 

detected. In contrast, a reduction in PHD3 expression was observed following a 16 

hour VWF incubation. Taken together, the HIF-1α and PHD3 data also highlight 

how the pro-inflammatory effects of VWF on macrophages differ significantly to 

those of LPS.  
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Figure 6:7: VWF incubation modulates macrophage PHD3 expression levels 
 

BMDM were exposed to VWF (10μg/ml) or LPS (100ng/ml) for 3 hour or 16 hour and PHD3 

expression was determined by RT-qPCR. Data is represented by the average fold change 

in gene expression from 3 independent experiments ± SEM. Significance was determined 

by t-test (***p<0.001, NS non significant)  
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6.8: VWF regulates macrophage HIF-1α levels and glycolysis via p38 

MAPKinase 
 

We have demonstrated that pd-VWF binding drives activation of p38 MAPKinase 

pathway in human and murine macrophages. In addition, we have further shown 

that this VWF dependent activation of p38 is modulated at least in part via LRP1. 

Importantly, previous studies have defined a role for p38 in regulating HIF-1α 

stabilization and thus macrophage glycolysis.(309)  

Consequently, we investigated whether MAPKinase p38 might play a role in the 

biological mechanism through which VWF-binding promotes macrophage 

glycolysis. Importantly, inhibition of p38 α/β isomer with SB202190, completely 

ablated the ability of both LPS and VWF dependent activation of HIF-1α (Figure 

6.8). In addition, p38 inhibition also significantly reduced the ability of VWF to 

promote macrophage glycolysis (Figure 6.9). Cumulatively these novel findings 

demonstrate that the early stabilization of HIF-1α and enhanced glycolysis that are 

observed in macrophages following VWF exposure are mediated through p38 

activation.  
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Figure 6.8: VWF regulates macrophage HIF-1α levels via p38 MAPKinase 

 

BMDMs were treated for 3 hours with pd-VWF (10μg/ml) or LPS (100ng/ml) with or 

without SB202190 (50μM) 1hour pre-treatment. HIF-1α levels then examined by Western 

blot and total protein determined by β-actin 
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Figure 6.9: VWF regulates macrophage glycolysis via p38 MAPKinase 
 

Representative plots of BMDM ECAR and bar charts of fold change basal ECAR following 

3h treatment and with A: LPS (100ng/ml) or B: VWF (10μg/ml) with or without 1h pre-

treatment of p38 inhibitor SB202190 (50μM).  Fold change ECAR was determined from 3 

independent experiments ± SEM. Significance was determined by t-test (**p<0.01), 
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6.9: Macrophage viability following SB20210 treatment 
 

To determine that the alterations observed in BMDM glycolysis following p38 

inhibition did not occur as a result of cell death, cell viability assay was assessed. 

Following a 4 hour incubation with SB202190 (50μM) viability of macrophages 

were determined by alamar blue metabolism in which living cells catabolise 

resazurin to fluorescent resorufin. The extent of viability was quantified by 

absorbance at 600nm and subsequently normalised to total protein following BCA. 

Importantly, no alteration in BMDM viability was observed following SB202190 

treatment  (Figure 6.10). 
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Figure 6.10: MAPKinase p38 inhibitor SB20210 does not alter macrophage 

viability 
 

BMDM were incubated with or without with SB202190 (50μM) for 4 hour. Alamar blue 

metabolism was determined by absorbance at 600nm and normalised to total protein 

based on BCA reagent. (NS, not significant)  
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6.10: Relationship between VWF dependent HIF-α and LRP1 levels  
 

Previous studies have reported that HIF-1α can regulate expression of the LRP1 

receptor. In particular, Castellano et al, reported that HIF-1α can bind to the LRP1 

promoter inducing its expression. (310) As we have demonstrated that VWF both 

induces HIF-1α activation and in part signals through LRP1, we further investigated 

whether there was any correlation between the two proteins. Importantly, the 

LRP1-α chain is shed from the membrane following incubation with LPS.(311) Thus, 

to appropriately detect the levels of LRP1, we used an antibody directed to the 

transmembrane portion of LRP1 β chain.  

Following a 3 hour incubation with VWF, HIF-1α was present and LRP1 was 

detected by RT-qPCR and western (Figure 6.11A+B). After a 16 hour incubation 

with VWF, HIF-α was inactive, and there was a decrease in LRP1 mRNA and protein 

expression (Figure 6.11 B). Interestingly, these observations were again different 

to those observed following LPS stimulation. After a prolonged LPS treatment HIF-

1α remains active but a decrease in LRP1 levels occurs. LPS stimulation also induces 

cleavage of the transmembrane LRP1 domain which may account for the reduced 

LRP1 independent of HIF-1α.  
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Figure 6.11: Both HIF-1α and LRP1 levels decrease following prolonged VWF 

exposure  
 

BMDMs treated with VWF (10μg/ml) or LPS (100ng/ml) for indicated times. A: Mean LRP1 

expression ±SEM determined by RT-qPCR. Significance determined by t-test (***p<0.001). 

B: Representative image of LRP1 β-chain and HIF-α western blot. Total protein determined 

by β-Actin. 
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6.11: Discussion 
 

Through the experiments described in the earlier Chapters of this Thesis, we have 

shown that VWF binds to a variety of different macrophages. Furthermore, we 

have shown for the first time that this VWF interaction has significant effects upon 

macrophage biology, inducing a pro-inflammatory phenotype similar to that 

observed following macrophage stimulation with LPS. Interestingly however, in 

contrast to the effects of LPS, the pro-inflammatory effects of VWF on 

macrophages are time-limited. In this Chapter, we have performed a series of 

studies to investigate the biological mechanisms that may contribute to the pro-

inflammatory effects of VWF on macrophages. 

Previous studies have demonstrated that the scavenger receptors LRP1 and SRA1 

play important roles in regulating macrophage-mediated VWF clearance.(121–

123) In particular, both receptors have been shown to be able to modulate VWF 

binding on the macrophage surface and subsequent endocytosis. Importantly, a 

number of different studies have clearly shown that binding of a range of different 

ligands to both LRP1 and SR-AI can also trigger intracellular signalling sequelae in 

macrophages.(240,288–291,298,312) Previous reports have demonstrated that 

LRP1 interaction with lactoferrin or RAP induces NF-κB activation.(240) 

Furthermore, bone marrow derived macrophage LRP1 signalling has been 

associated with p38, ERK1/2, c-JUN, CREB and JNK activation resulting in 

production of TNF-α, IL-6 and CCL3.(234)  These results highlight a potential role 

for LRP1 as we observed VWF dependent production in there cytokines. 
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Importantly, we found that LRP1 and SRA1 expression were both markedly 

increased following the differentiation of primary human monocytes and THP1 

cells into macrophages. Overall, SR-A1 expression levels were similar in 

macrophages derived from either primary monocytes and THP1 macrophages. In 

contrast, LRP1 expression levels were significantly higher in primary human 

macrophages compared to THP1 macrophages. Collectively, these data are 

interesting given that the proinflammatory signalling effects of VWF are much 

more marked in primary human macrophages compared to THP1 macrophages. 

Consequently, we hypothesised that LRP1 might be important in modulating the 

pro-inflammatory effects of VWF.  

We and others have previously reported that VWF can bind to LRP1 on 

macrophages, and that this binding is increased in the presence of shear 

stress.(122,202,313) This is further illustrated in this Chapter by the observation of 

VWF co-localisation with LRP1 on the macrophage surface even under static 

binding conditions. In addition, a number of discrete VWF domains have been 

implicated in regulating LRP1 binding.(121) Altogether, the published data suggest 

that the A1 domain of VWF is likely important for shear-regulated binding of VWF 

to LRP1 cluster IV.(122,313) Under static conditions, other VWF domains beyond 

the A domains (including D’-D3 and D4) are likely more important. In support of a 

role for LRP1 playing a role in triggering the proinflammatory effects of VWF, we 

observed that LRP1 inhibition using an anti-LRP1 blocking antibody significantly 

attenuated VWF binding to macrophages under static conditions. Moreover, 

inhibition of LRP1 with RAP or anti-LRP1 antibody also significantly attenuated VWF 
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pro-inflammatory signalling. In particular, LRP1 inhibition specifically attenuated 

VWF-induced MAPKinase p38 activation. Conversely. LRP1 inhibition had little 

effect upon VWF-induced JNK and NF-κB upregulation, suggesting that multiple 

different receptors and/or signalling pathways may be triggered by VWF binding 

to macrophages. 

As previously discussed, a notable feature of the pro-inflammatory effect of VWF 

on macrophages is that it is time-dependent. Consequently, we were interested to 

investigate the molecular mechanisms underlying this phenomenon. HIF-1α is a 

key regulator of glycolysis whereby agonists including LPS induce its expression 

under normoxic conditions.(314) Subsequently, HIF-1α drives expression of 

multiple glycolytic enzymes.(263,266) In Chapter 5 we reported that VWF 

significantly induces macrophage glycolysis, and now further demonstrate that this 

is mediated though HIF-1α in a time-dependent manner. Thus, following a 3 hour 

incubation with VWF, we observed a  significant activation of HIF-1α, which 

parallels the effects of VWF in upregulating macrophage glycolysis. However, 

following extended VWF incubation, the upregulation in both HIF-1α and glycolysis 

are no longer seen. This apparent negative regulatory effect contrasts markedly to 

the sustained proinflammatory effects seen with prolonged LPS treatment. 

Previous studies have demonstrated that HIF-1α activation is tightly regulated by 

a family of enzymes called prolyl hydroxylas (PHD).(315) Under normoxic 

conditions, HIF-1α is activated though hydroxylation at Pro-564, which becomes a 

target for PHD leading to HIF-1α ubiquitination and degradation.(315) When 

examining PHD3 following a 3 hour incubation no alterations in PHD3 were 
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observed. We assume that no alterations in PHD3 levels were detected at this time 

because HIF-1α was not activated for a sufficient period to induce a negative 

feedback regulation. Furthermore, following a 16 hour VWF treatment PHD3 levels 

are now reduced, which we assume is due prolonged HIF-1α inactivity. This is 

supported by the fact that following a prolonged LPS treatment, PHD3 expression 

has increased in order to subsequently saline the active HIF-1α.  

Finally, Perrin-Cocon et al, have reported that p38 plays a key role in the regulation 

of HIF-1α dependent glycolysis.(309) Importantly, these studies demonstrated that 

inhibition of either HIF-1α or p38 resulted in a marked reduction in glucose 

consumption.(309) To investigate further the pathways involved in VWF-

dependent upregulation of macrophage glycolysis, we studied the effects of 

binding in the presence or absence of p38 inhibition. Importantly, inhibition of p38 

completely ablated VWF HIF-1α activation as well as the upregulation in glycolysis. 

Moreover, this effect was unrelated to any reduction in macrophage cell viability.  

In conclusion, we have demonstrated for the first time that VWF binding to 

macrophages triggers a series of pro-inflammatory changes. The macrophage LRP1 

receptor plays an important role in modulating these effects, and in particular 

regulates p38 activation. This induction of p38 subsequently drives HIF-1α 

activation, which in turn results in a marked enhancement in macrophage 

glycolysis, which is essential for the subsequent generation of proinflammatory 

cytokines and chemokines.  
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7. Overall Discussion  
 

7.1 Where VWF meets macrophages 
 

Under normal conditions, undifferentiated monocytes circulate in the blood 

together with multimeric VWF. We have demonstrated that VWF does not bind to 

unactivated monocytes. In contrast, macrophages are sequestered in tissues. Thus, 

with the notable exception of hepatic Kupffer cells, these macrophages are not 

typically exposed to VWF. However, following tissue injury, VWF escapes into the 

sub-endothelium where it encounters tissue-resident macrophages. Alternatively, 

we hypothesise that VWF will also come into contact with macrophages when both 

are incorporated into growing thrombi. Based on the novel data presented in this 

Thesis, it is clear that this interaction between VWF and recruited or tissue resident 

macrophages triggers a significant pro-inflammatory effect within macrophages. 

Under steady state conditions, Kupffer cells are the only macrophages 

continuously exposed to VWF. These Kupffer cells have been specifically adapted 

to remove circulating glycoproteins and consequently express a series of different 

scavenger receptors.(91),(316)(317) Importantly however, Kupffer cells are highly 

tolerized and thus unresponsive to pro-inflammatory stimuli. Previous studies have 

also reported that the functional properties of macrophages vary significantly 

depending upon their tissue of origin. Nevertheless, it is important to emphasise 

that we observed consistent cell-specific pro-inflammatory effects of VWF binding 

to a variety of different primary (human and murine) macrophage and 

immortalised macrophage cell lines. Interestingly however, macrophage 
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properties differed depending upon the type of stimuli used for differentiation. 

These differences likely explain in part some of the conflicting conclusions 

previously reported by other groups.  

7.2 VWF “active” conformation 
 

VWF circulates in plasma as a large multimeric glycoprotein. In addition, each VWF 

monomer is composed of a series of repeating domains. Consequently, it is 

perhaps not surprising that the functional properties of VWF are influenced by its 

quaternary structure and regulated by shear stress induced changes in 

conformation. For example, in order for VWF to bind to platelet GP1bα, shear 

stress must be exerted though the A1A2A3 domains to expose the buried GP1bα 

binding site within the A1 domain. In terms of haemostasis, this conformational 

change in VWF that facilitates platelet binding, is referred to as ‘active’ VWF. Under 

static (in vitro) conditions, the interaction between VWF and GP1bα can be 

artificially induced using ristocetin, to produce an “active” VWF(318)  Ristocetin 

has been mapped to bind to two sites within the A1 domain,  the proline-rich 

region (Glu-700 to Asp-709, historic nomenclature) and the disulphide bond (Cys-

509–Cys-695).(88,318,319) This interaction drives a conformational change within 

VWF allowing for GP1bα binding. Importantly however, the use of ristocetin does 

not fully mimic sheer dependent conformational changes in VWF as it only acts on 

the single A1 domain.    

Our data demonstrate that the ability of VWF to interact with macrophages is both 

ristocetin dependent and independentt. In particular, we have shown that 
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macrophage-binding is enhanced for ‘active’ full length VWF. Moreover, we have 

further demonstrated that even under static conditions (where the putative 

binding site in the A1 domain is concealed), full length VWF can still bind to 

macrophages. Furthermore, the purified A3-Ck truncation lacking the A1 domain 

was able to bind to macrophages under static conditions in the absence of 

ristocetin. In contrast, binding of the A1A2A3 truncation was dependent on 

conformational changes induced by ristocetin. Collectively these data suggest that 

multiple individual discrete regions involving several different domains within VWF 

also contain binding sites for macrophage receptor(s). Importantly the question of 

sheer dependent conformation changes in VWF is not fully investigated, as 

ristocetin only acts on the A domains of VWF.  

7.3 The importance of time   
 

The data presented in this thesis clearly demonstrate that VWF binding has a 

significant pro-inflammatory effect on macrophages. For example, we found that 

VWF treatment altered macrophage metabolism and triggered a rapid increase in 

glycolysis similar that observed following LPS exposure. Interestingly however, 

VWF was unable to sustain this effect. Prolonged LPS stimulation resulted in 

enhanced macrophage glycolysis and suppression of oxidative phosphorylation. In 

contrast however, following extended exposure to VWF, macrophage glycolysis 

and oxidative phosphorylation retuned to baseline. This data suggests that VWF 

may alter the rate-limiting steps that control glycolytic flux though a different 

mechanism to LPS. Hexokinase is a key rate limiting enzyme which controls 
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glycolytic capacity as it mediates the primary step in glycolysis, converting glucose 

to glucose-6-phosphate.(320) Phosphofructokinase and pyruvate kinase are 

additional rate limiting enzymes of the glycolytic pathway.(309) 

Phosphofructokinase coverts fructose-6-phosphate to fructose-1,6- bisphosphate 

and  pyruvate kinase metabolises the final step of the glycolytic pathway 

converting phosphoenolpyruvate into pyruvate.(321,322) Perhaps VWF and LPS 

exert profound differences in the expression of these critical rate limiting glycolytic 

enzymes.  

Interestingly, in vivo experiments have also observed a time-dependent pro-

inflammatory effect of VWF. For example, Hillgruber et al demonstrated using two 

murine models of cutaneous inflammation (immune complex–mediated vasculitis 

and irritative contact dermatitis), that VWF-inhibition was associated with an 

attenuated inflammatory effect.(127) Inhibition of VWF within a 4 hour period 

attenuated oedema and myeloperoxidase activity within the models of cutaneous 

inflammation.(127) However, similar to our results, following a prolonged 

inflammation the inhibition of VWF could not sustain its anti-inflammatory effect. 

These results highlight VWF as an important potential mediator of initial response 

to inflammation. 

7.4 Establishing a mechanism  
 

In further studies we investigate the molecular mechanisms underlying the time-

dependent pro-inflammatory properties of VWF on macrophage biology. 

Importantly, we have shown that VWF binding to macrophages triggers significant 
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downstream intracellular signalling and metabolic changes that ultimately lead to 

macrophages adopting an M1 phenotype. In particular, VWF binding resulted in 

the activation of MAPKinase p38, JNK and liberation of NF-κB. In addition to driving 

cytokine production, VWF binding also resulted in acute HIF-1α activation and 

rapid enhancement of glycolysis. Importantly however, these effects normalized 

with extended exposure. Our data further demonstrate that the scavenger 

receptor LRP1 and the MAPKinase pathway are critically involved in regulating 

these VWF-mediated effects. 

Numerous intercellular proteins can drive an inflammatory response; however, we 

have determined a key role for MAPKinase p38. The p38 family is comprised of four 

subtypes, α,β,γ and δ, of which p38α and p38δ are abundantly expressed in 

macrophages.(323) p38 is phosphorylated (threonine (Thr-180) and tyrosine 

residue (Tyr-182).(324)) following cellular stresses and environmental factors 

including invading pathogens, cytokines and growth factors.(323) However the 

activation of p38 is tightly regulated by a number of upstream MAPkinases, 

inducing MAPKinase 6 and 4, which in turn drive activation of specific p38 

isoforms.(325) Importantly, mutable transcription factors are phosphorylated by 

p38, such as myocyte enhancer factor 2, p53 and activating transcription factor 1 

and 2.(326–328) Activations of these transcription factors by p38 subsequently 

allows the macrophage to induce an inflammatory response. We have 

demonstrated that inhibition of LRP1 significantly attenuated p38 signalling. 

Furthermore, the inhibition of p38 with SB202190 (p38α/β ATP pocket antagonist) 

completely ablated VWF dependent HIF-1α activation and subsequent glycolysis. 
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It is most likely that inhibition of p38 attenuates glycolysis as there is a loss of p38 

dependent HIF-1α stability.(309) This work is in line with pervious reports that 

demonstrated that p38 activation drives HIF-1α stabilisation to induce hexokinase 

expression in dendritic cells. (309) Furthermore, Khurana et al suggest in tumour 

cells that the PHD3 regulator, ubiquitin ligase Siah2 is phosphorylated by p38, 

therefore reducing HIF-1α degradation.(329)  

In summary (Figure 7.1), our data demonstrate that VWF binding to macrophage 

receptors  triggers a number of signalling pathways resulting in changes in 

mitochondrial dynamics, cytokine production and metabolism. Importantly, we 

have defend a novel role for the LRP1 receptor and a role for p38 stabilisation of 

glycolytic transcription factor HIF-1α. All together, the findings presented in this 

thesis therefore define a novel biological role for VWF in driving inflammatory 

responses, and thereby establish a new link between primary haemostasis and 

innate immunity. Given the significant morbidity and mortality associated with 

inflammatory pathology, defining the roles of VWF may offer exciting 

opportunities to develop novel therapies to address a critical unmet clinical need. 

It is paramount to preserve VWF haemostatic function, but understanding the 

domains of VWF that mediate this inflammatory response may be a future 

therapeutic target for early immune response.  
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Figure 7.1: A model for VWF dependent macrophage immune response.   
 

VWF interacts with tissue macrophages to which it can bind via a variety cell surface 

receptors, including LRP1. VWF binding triggers pro-inflammatory signalling within 

macrophages, including activation of the MAPKinase pathway (with phosphorylation of 

p38 and JNK) and NF-κB. VWF binding causes macrophages to adopt an M1 phenotype, 

and leads to enhanced expression of pro-inflammatory cytokines (including TNF-α and IL-

6) chemokines (including CCL2, CCL3 and CCL4) and ROS expression. In keeping with these 

pro-inflammatory effects, VWF significantly effects macrophage metabolism, triggering 

p38 dependent HIF-1α expression to induce glycolysis.    
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8. Future Directions  
 

8.1: Investigating the importance of VWF extracellular or 

intracellular receptor interaction  
 

It is clear from this Thesis that VWF drives an inflammatory response. However, it 

remains unknown if this effect is a result of VWF extracellular receptor interaction, 

intercellular receptor interaction or a combination of both. We will attempt to 

inhibit VWF initialization to further understand how VWF drives a macrophage 

inflammatory response. In order to do this, cells will be pre-treated with acting 

polymerization inhibiters jasplakinolide or latrunculin b, and or dynamin 1 and 

dynamin 2 GTPase activity inhibitor Dynasore hydrate. Following inhibition of VWF 

internalization, similar assays completed throughout this Thesis will be preformed 

again to determine the role of intracellular or extracellular receptors.    

 

8.2: Investigating the pathway of VWF internalisation 
 

In an attempt to further understand how VWF is processed by macrophages, we 

will investigate its intercellular processing into endosomes and lysosome by 

conjugating VWF to a pH sensitive florescent probe such as pHrodo (Thermofisher 

Scientific). Using flow cytometry, the migration of VWF as it moves from early 

endosome into lysosome will be tracked over time and determined by changes in 

florescent intensity. Validation will be completed by confocal microscopy. 

Furthermore, we will investigate the importance of how mutations in VWF and or 

alterations in its glycosylation alter its intracellular processing.  
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To gain additional insight into the processing of VWF, macrophage receptor 

knockouts will be used and or inhibitory antibodies to determine receptor 

importance. These assays will also be performed with VWF mutants and glyco-

variants to establish receptor hierarchy.    

8.3: Identifying VWF domains and macrophage receptors that 

facilitate the inflammatory response   
 

Through expression and purification of individual VWF domains, we will determine 

the importance of each fragment in mediating an inflammatory response. 

Additionally, work will be completed using macrophage receptor knockout models, 

CRISPR and inhibitory antibodies to elucidate and identify potential receptors of 

interest that interact with individual domains of interest.   

8.4: Investigating in-vivo disease models to determine physiological 

significance  
 

VWF has been implicated in numerous in vivo inflammatory pathology studies. 

However to date, no advances have been made in characterising a mechanism in 

which VWF exerts this inflammatory effect. Thus, developing a macrophage 

disease model in which WPB are preserved and the outcomes are independent of 

platelets is paramount. 

Hillgruber et al, determined that antibody inhibition of VWF significantly 

attenuated cutaneous inflammation while not disturbing the VWF-platelet GP1bα 

axis. However, the mechanism through which VWF alters immune cell population 

and inflammatory effects in this disease model is not known. 
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We will investigate the effects of VWF using the same models of irritative contact 

dermatitis and immune complex–mediated vasculitis. However we will further 

characterise the immune response. Topical application of croton oil will be used to 

induce irritative contact dermatitis and subcutaneous injection of BSA following by 

anti-BSA antibody to induce immune complex–mediated vasculitis will be used. 

Following induction of cutaneous inflammation VWF will be inhibit by 

interventions infusion of a polyclonal anti-VWF blocking antibody. However, 

though tissue biopsies we will determine and characterise alterations in immune 

cell populations and cytokine/chemokine production.  Furthermore, using data 

obtained from the previously sections we will also try to determine the VWF 

domains and receptors involved in mediating the inflammatory effect.  
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Appendix i: Abstracts submitted for oral communications   
 

Haematology Association of Ireland, Annual Meeting 2018  
 

A novel role for von Willebrand factor promoting pro-inflammatory responses in 

macrophages  

Clive Drakeford, Sonia Aguila, Alain Chion, Eamon Breen, Mariana Cervantes, Frederick J 

Sheedy, James S O’Donnell 

Introduction 

von Willebrand factor (VWF) is a large multimeric glycoprotein that plays a critical role in normal 

haemostasis by tethering platelets to exposed sub-endothelial collagen at sites of vascular injury. 

Importantly, recent studies have also demonstrated that VWF can bind directly to innate immune 

cells including macrophages and neutrophils. Furthermore, emerging data suggest that VWF is 

implicated in modulating the pathogenesis underlying in vivo inflammation in models of cutaneous 

inflammation, malaria and sepsis. However, the molecular mechanisms through which VWF 

functions to modulate inflammatory responses remains unknown. In this study, we investigated the 

hypothesis that VWF binding influences macrophages biology. 

Methodology 

Human CD14High monocytes were isolated from healthy donors and differentiated into 

macrophages with 10% human serum. Primary bone marrow-derived macrophages were isolated 

from murine bone marrow and cultured with MCSF. THP1 monocytes were differentiated to 

macrophages with PMA for 72h. Binding of full length VWF and fragments (D’-D3, A1A2A3, A1, A2, 

A3, D’-A3 and A3-CK) to THP1 was assessed by flow cytometry. After treatment with purified full 

length VWF, macrophage mRNA and cell lysates were harvested. Cytokines were measured by ELISA 

from supernatant. Macrophage physiological changes in metabolism and phagocytosis were 

assessed using Seahorse technology and phagocytosis capacity of fluorescent bacteria.  

Results  

In keeping with previous studies, we observed that macrophages derived from the THP1 bound to 

VWF in a dose- and time-dependent manner. Assessment of the VWF fragments revealed significant 

binding to the constructs A1A2A3, A1 and D’-A3. Incubation of full-length VWF with primary 

macrophages significantly induced pro-inflammatory signalling and activation. In particular, 

interaction with VWF resulted in phosphorylation of the MAP-kinase pathway, P-p38 and P-JNK, in 

both human and murine primary macrophages. Moreover, VWF interaction with macrophages also 

lead to activation of the NF-kB pathway. Thus, VWF led to enhanced mRNA expression for a panel 

of pro-inflammatory cytokines (including TNF-α, IL-1β, IL-6, CCL2/3/4). Moreover, it increased the 

secretion levels of TNF-α and IL-1β in the cell culture supernatant. Given the observed increase in 

chemokine expression, we assessed VWF chemoattractant ability. To this end, VWF significantly 

induced monocyte transmigration. Previous studies have demonstrated that the scavenger 

receptor Low Density Receptor-Related Protein 1 (LRP1) plays a key role in macrophage-mediated 

VWF clearance. Interestingly, LRP1 inhibition with RAP or a monoclonal antibody anti-LRP1 

markedly attenuated the pro-inflammatory signalling of VWF in primary macrophages. Finally, we 

found that VWF increases the maximal respiratory capacity and glycolysis of macrophages while 

also reducing its phagocytosis capacity. This demonstrates that VWF alters macrophage 

inflammatory function. 
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Conclusion 

Collectively, our findings demonstrate that macrophages do not merely play a central role in 

regulating clearance of VWF in vivo. Rather, our findings support the hypostasis that VWF 

interaction with macrophages also plays a direct role in macrophages activation modulating 

multiple aspects of its biology. Given that VWF deposition is responsible for triggering recruitment 

of both platelets and mononuclear leucocytes at sites of vascular injury, we now propose an 

additional novel role for VWF in coupling primary haemostasis and innate immunity by priming a 

pro-inflammatory macrophage phenotype. 
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Hemostasis, Gordon Research Seminars 2018 

 
A novel role for von Willebrand factor promoting pro-inflammatory responses in 

macrophages  

Clive Drakeford, Sonia Aguila, Alain Chion, Eamon Breen, Mariana Cervantes, Frederick J 

Sheedy, James S O’Donnell 

Introduction 

von Willebrand factor (VWF) is a large multimeric glycoprotein that plays a critical role in normal 

haemostasis by tethering platelets to exposed sub-endothelial collagen at sites of vascular injury. 

Importantly, recent studies have also demonstrated that VWF can bind directly to innate immune 

cells including macrophages and neutrophils. Furthermore, emerging data suggest that VWF is 

implicated in modulating the pathogenesis underlying in vivo inflammation in models of cutaneous 

inflammation, malaria and sepsis. However, the molecular mechanisms through which VWF 

functions to modulate inflammatory responses remains unknown. In this study, we investigated the 

hypothesis that VWF binding influences macrophages biology. 

Methodology 

Human CD14High monocytes were isolated from blood from healthy donors and differentiated into 

macrophages in 10% human serum for 7 days. In addition, primary bone marrow-derived 

macrophages were isolated from murine bone marrow and cultured with MCSF for 7 days. Finally, 

THP1 monocytes were differentiated to macrophages with PMA for 72h. Binding of full length VWF 

and fragments (D’-D3, A1A2A3, A1, A2, A3, D’-A3 and A3-CK) to THP1 was assessed by flow 

cytometry. After treatment with purified full length VWF, macrophage mRNA and cell lysates were 

harvested for RT-qPCR and western blot. Cytokines were measured by ELISA from supernatant. 

Macrophage physiological changes in metabolism and phagocytosis were assessed using Seahorse 

technology and phagocytosis capacity of fluorescent bacteria.  

Results  

In keeping with previous studies, we observed that macrophages derived from the THP1 bound to 

VWF in a dose- and time-dependent manner. Assessment of the VWF fragments revealed significant 

binding to the constructs A1A2A3, A1 and D’-A3. Incubation of full-length VWF with primary 

macrophages significantly induced pro-inflammatory signalling and activation. In particular, 

interaction with VWF resulted in phosphorylation of the MAP-kinase pathway, P-p38 and P-JNK, in 

both human and murine primary macrophages. Moreover, VWF interaction with macrophages also 

lead to activation of the NF-kB pathway. Thus, VWF led to enhanced mRNA expression for a panel 

of pro-inflammatory cytokines (including TNF-α, IL-1β, IL-6, CCL2/3/4). Moreover, it increased the 

secretion levels of TNF-α and IL-1β in the cell culture supernatant. Previous studies have 

demonstrated that the scavenger receptor Low Density Receptor-Related Protein 1 (LRP1) plays a 

key role in macrophage-mediated VWF clearance. Interestingly, LRP1 inhibition with RAP or a 

monoclonal antibody anti-LRP1 markedly attenuated but did not completely ablate the pro-

inflammatory signalling of VWF on primary macrophages. Finally, we found that VWF increases the 

maximal respiratory capacity and glycolysis of macrophages while also reducing its phagocytosis 

capacity. This demonstrates that VWF alters macrophage inflammatory function. 

Conclusion 

Collectively, our findings demonstrate that macrophages do not merely play a central role in 

regulating clearance of VWF in vivo. Rather, our findings support the hypostasis that VWF 

interaction with macrophages also plays a direct role in macrophages activation modulating 

multiple aspects of its biology. Given that VWF deposition is responsible for triggering recruitment 
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of both platelets and mononuclear leucocytes at sites of vascular injury, we now propose an 

additional novel role for VWF in coupling primary haemostasis and innate immunity by priming a 

pro-inflammatory macrophage phenotype. 
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Haematology Association of Ireland, Annual Meeting 2016 
 

The binding of VWF augments macrophage TLR (2/4) signalling – an emerging role for 

VWF in macrophage biology and vascular haemostasis. 

Clive Drakeford, Frederick J Sheedy, Sharee Basdeo, Alain Chion, Sonia Aguila, Joseph 

Keane and James O’Donnell 

Background 

Von Willebrand Factor (VWF) is a large glycoprotein with a crucial haemostatic function in tethering 

platelets to damaged endothelium. However recent studies have identified novel roles for VWF 

binding leukocytes and assisting their transmigration at sites of injury. Toll like receptors (TLR) are 

a class of proteins on sentinel cells involved in the innate immune response. TLRs are responsible 

for recognition of a number of pathogen or damage associated molecular patterns. In this study we 

investigated the ability of VWF to bind monocytes, and its subsequent effect on monocyte biology 

mediated by TLR activation. 

Methods 

The binding and endocytosis of VWF by THP1 (human monocytic cell line) or primary monocytes-

macrophages was analysed by high content analysis and confocal microscopy. The 

immunomodulatory effect of VWF on macrophage activation was assessed by treating 

macrophages with VWF prior to the addition of TLR agonists. Concentrations of TNF-α present in 

the supernatants were determined by ELISA. Classically phorbol ester (PMA) differentiated THP1 

macrophages treated as above and lysed after 30 minutes post-treatment. Lysates were analysed 

by SDS-PAGE gel and probed for phospho-p38 and phospho-JNK using polyclonal antibodies. 

Results 

Our results demonstrate that macrophages can efficiently bind and internalise labelled VWF and it 

co-localises with positive early endosomes marker 1. Furthermore macrophages bound with VWF 

and subsequently treated with TLR ligands, had a significant increase in pro inflammatory cytokine 

TNFα production specifically in response to TLR4 or TLR1/2 activation with LPS and PAM3, 

respectively. VWF did not however affect the production of TNF-α by macrophages treated with 

TLR 2/6, 3, 7/8 agonists. Importantly VWF alone had no significant effect on TNFα secretion. 

Upstream of TNF production is the activation of pro inflammatory transcription factors which are 

regulated by the MAP kinase pathways. Immunoblotting analysis reveals that VWF treatment 

augments the signalling of TLRs 2 and 4 through MAP kinase phospho-JNK and phospho-p38. These 

results indicate that macrophages/monocytes can bind VWF and this can specifically augment TLR 

signalling through TLRs 1:2 and TLR4.  

Discussion 

Our data confirm the ability of monocytes to bind VWF and critically for the first time show that 

VWF can synergise with TLR4 and TLR2 to enhance pro-inflammatory cytokine production. Crucially 

these specific bacteria sensing TLRs 2 and 4 also implicated in vascular injury and inflammation, can 

non-conically utilise the adapter protein Mal to trigger MAP kinase and PI3-kinase signalling. 

Furthermore, Mal dependent signalling works in a low ligand concentrations, VWF may be acting 

as a Mal sensitizer for a TLR-2 and 4 agonists, potently explaining why we did not observe an affect 

from VWF alone. These novel findings indicate that VWF may have a role in propagating 

inflammation during vascular injury. Thus, VWF may potentially be a therapeutic target in 

cardiovascular disease given its function in both immunology and haemostasis. 
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Plasma derived VWF is negative for endotoxin contamination 

The Limulus Amebocyte Lysate (LAL) gel clot assay is a qualitative test for Gram-negative 

bacterial endotoxin. In the presence of endotoxin (0.25EU/ml), gelation occurs; in the 

absence of endotoxin, gelation does not occur. Negative control, cell culture grade PBS 

does not result in gel clot formation, positive control, (LPS 0.25EU/ml) results in gel clot 

formation and VWF (10μg/ml) does not result in gel clot formation.  
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KEY POINTS 

[1] VWF binding to macrophages triggers direct downstream MAPkinase signalling leading to 

NF-κB activation and production of pro-inflammatory cytokines and chemokines.  

[2] VWF binding also promotes macrophage pro-inflammatory M1 polarization and shifts 

macrophage metabolism towards glycolysis. 

 

ABSTRACT 

   The plasma multimeric glycoprotein von Willebrand factor (VWF) plays a critical role in 

primary haemostasis by tethering platelets to exposed collagen at sites of vascular injury. 

Recent studies have identified additional biological roles for VWF, and in particular suggest 

that VWF may play an important role in regulating inflammatory responses. Critically however, 

the molecular mechanisms through which VWF exerts its immuno-modulatory effects remains 

poorly understood. In this study, we report for the first time that VWF binding to macrophages 

triggers direct downstream MAPkinase signalling leading to NF-κB activation and production 

of pro-inflammatory cytokines and chemokines. In keeping with these observations, VWF 

binding also promotes macrophage M1 polarization and shifts macrophage metabolism towards 

glycolysis. Cumulatively, our findings define an entirely novel biological role for VWF in 

modulating macrophage function, and thereby establish a novel link between primary 

haemostasis and innate immunity. 

 

 

KEYWORDS  

– von Willebrand factor; Von Willebrand disease; Macrophage; Inflammation; Mitochondria. 
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INTRODUCTION  

   von Willebrand factor (VWF) is a large sialoglycoprotein that circulates in normal plasma as 

a series of heterogeneous multimers.1,2 For many years, the importance of plasma VWF in 

maintaining normal hemostasis has been recognized.3,4 VWF binds to exposed subendothelial 

collagen at sites of vascular injury.5 Subsequently, shear stress-induced unwinding of globular 

VWF results in exposure of the platelet glycoprotein Ibα (GPIbα) binding site within the A1 

domain.5,6 Consequently, tethered and unwound VWF can recruit platelets to the site of injury, 

leading to formation of the primary platelet plug. In addition, VWF also binds with high affinity 

to procoagulant factor VIII, thereby protecting it against proteolysis and premature clearance.7  

   In addition to its hemostatic function, recent studies have identified additional novel 

biological roles for VWF, including inhibition of angiogenesis and promotion of tumor cell 

apoptosis.8-10 Furthermore, accumulating evidence suggests that VWF plays important roles in 

enhancing inflammatory responses.11-18 Acute activation of endothelial cells (EC) triggers 

secretion of high molecular weight multimeric (HMWM) VWF stored within Weibel Palade 

bodies (WPB).1 Consequently, it is perhaps unsurprising that elevated plasma VWF levels have 

been reported in association with different types of sepsis, as well as a number of other vascular 

pathologies.11 Indeed plasma VWF:Ag and VWF propeptide (VWFpp) levels have both been 

proposed as useful biomarkers that correlate with severity and/or clinical outcomes in a number 

of different disease settings, including cerebral malaria, sickle cell disease, systemic 

inflammatory response syndrome and a variety of different cancers (e.g. colorectal, 

hepatocellular and lung).9,19-23 

   Importantly, data from studies conducted in a number of different animal inflammatory 

disease models suggest that VWF does not merely serve as a marker of acute EC activation, but 

rather that it plays an active role in mediating the underlying pathophysiology.13-16,19 For 

example, in a caecal puncture sepsis model, overall survival was significantly increased in 
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VWF-deficient mice compared to wild type controls.15 In addition, Petri et al showed that 

VWF-blocking antibodies significantly attenuated neutrophil recruitment into thioglycollate-

inflamed peritoneum and keratinocyte-derived chemokine (KC)-stimulated exposed cremaster 

muscle.14 In both of these murine models of inflammation, VWF-modulated neutrophil 

extravasation was critically dependent upon the presence of platelets. Similarly, VWF-blocking 

antibodies were shown to again significantly reduce neutrophil recruitment in murine models 

of immune-complex-mediated vasculitis and irritative contact dermatitis respectively.13 

Interestingly, Hillgruber et al further demonstrated that VWF-modulated neutrophil recruitment 

in these murine models of cutaneous inflammatory was mediated through a platelet-

independent pathway.13 

   All together, these findings demonstrate that VWF influences multiple different aspects of 

inflammation. Critically however, the molecular mechanisms through which VWF exerts its 

pro-inflammatory effects remain poorly understood. Recent studies have reported that VWF 

can bind to macrophages, following which it is rapidly endocytosed.24-26 Moreover, hepatic 

Kupffer cells have been shown to play a key role in regulating the circulatory half-life of plasma 

VWF.24,27 A number of specific macrophage receptors have been implicated in regulating VWF 

binding, including the low density lipoprotein receptor-related protein-1 (LRP1), the scavenger 

receptor class A member 1 (SR-A1), macrophage galactose-type lectin (MGL) and Siglec-5.26-

30 Given the importance of macrophages in regulating innate immune responses, we 

hypothesized that VWF binding might influence macrophage biology and thereby impact upon 

inflammatory responses. We report a novel biological role for VWF in directing pro-

inflammatory macrophage responses, and thereby define a previously unrecognized link 

between primary hemostasis and innate immunity. 
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MATERIALS AND METHODS  

Reagents 

Human plasma derived von Willebrand factor-Factor VIII free (VWF) (Haematology 

Technologies Inc.), Recombinant von Willebrand factor, VonVendi (r-VWF) (Takeda), Ultra 

pure lipopolyssacharide (LPS) (Sigma), INFγ (Life technologies, Gibco), IL-4 (Life 

technologies, Gibco), IL-10 (Life technologies, Gibco), IL-13 (Life technologies, Gibco). 

Recombinant mouse M-CSF (rm M-CSF) (R&D System), Cell Tracker green CMFDA Dye 

(Thermofisher ), Seahorse XF Cell Mito Stress Cell Kit (Agilent), Primary antibodies human 

anti-p38, P-p38, JNK, P-JNK, IKBα, P-IKBα, p65, P-p65, HIF-1α and β-actin (Cell Signalling 

technologies), Alexa Fluor 488 conjugate (Molecular Probes, Thermofisher Scientific). 

 

Cell culture  

Peripheral blood mononuclear cells (PBMC) were isolated from health donor buffy coats 

following histopaque (Sigma) gradient separation. Anti-CD14 beads (Miltenyi Biotec) were 

used to isolate monocytes. Isolated monocytes were differentiated into macrophages for 7-10 

days in the RPMI media supplemented with 10% human serum (Sigma), Penicillin-

Streptomycin 100µg/ml (Life technologies, Gibco). Murine PBMC were isolated from the bone 

marrow from 8-12 weeks old C57/B6JB mice. PBMC were incubated for 7 days in RPMI 

supplemented with 10% fetal bovine serum (Life Technologies, Gibco), 25ng/ml rmM-CSF 

and Penicillin-Streptomycin 100ug/ml. THP1 monocytes were differentiated into macrophages 

in the presence of 100μM PMA (Sigma) for 3 days.  

 

Western blotting 

Cells were lysed in RIPA Buffer (ThermoFisher) supplemented with protease (Merck) and 

phosphatase (Sigma) inhibitors and normalised using BCA Protein Assay Kit (Pierce, 
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ThermoFisher). Samples were resolved by SDS-PAGE. Primary antibodies were incubated 

overnight at 40C and subsequently incubated with 1/1000 IgG-HRP antibodies. Blots were 

developed using chemiluminescence staining (ECL, Pierce, Thermofisher).  

 

mRNA isolation and qRT-PCR  

Total mRNA was isolated using Trizol (Sigma). cDNA was synthesised using RevertAid 

reverse transcriptase (ThermoFisher) and RT-qPCR was performed in triplicates with Go Taq 

qPCR master mix (Promega) using Life Technologies 7500 Real Time PCR System. The 

mRNA level was normalized to β-actin. To determine the activation of PHD3 and iNOS cell 

lysates and RNA were isolated from human primary macrophages after 24h treatment of VWF 

or LPS. Primer sequences are listed in Supplementary Table 1. 

 

Cytokine analysis 

Human primary macrophage IL-1β, TNFα and IL-6 cytokines were quantified by ELISA 

(Invitrogen) following a 4h or 24h treatment with either 10 µg/ml of VWF or 100 µg/ml of LPS 

in RPMI supplemented with 1mM CaCl2. Human primary macrophage inflammasome 

activation was detected after 24h incubation with VWF or LPS. Cells were subsequently 

incubated with ATP 150mM for 1h in serum free RPMI and pro-IL1β was determined by 

western blot (goat anti-pro-IL-1β CST).  

 

VWF binding to human and murine macrophages 

Flow Cytometry: Human monocyte derived macrophages were incubated with plasma derived 

or recombinant VWF (10μg/ml) of in RPMI + 1mM CaCl for 30 min on ice. Fc receptors were 

blocked using a Fc-gamma receptor inhibitor (Thermofisher). Bound VWF was detected using 

polyclonal rabbit anti-human VWF (Dako, Agilent) for 30 min followed by anti-rabbit Alexa-
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488 (Thermofisher) for 30 min. Bound recombinant VWF was detected using a PE-labelled 

Anti-His Tag antibody (BioLegand).  

Confocal microscopy. Monocytes were differentiated on glass coverslips (Nunc, Lab-Tek). 

Macrophages were incubated with 20 µg/ml of VWF at room temperature in RPMI 

supplemented with CaCl 1mM for 30 min. Cells were blocked with Fc-gamma receptor 

inhibitor (ThermoFisher) and 3% BSA and incubated with anti-VWF and anti-rabbit Alexa 488. 

THP1 cells were differentiated and incubated with anti-VWF antibody and anti-early 

endosomal antigen 1 (EEA1) antibody (Santa-Cruz). Cell membrane was labelled with cell 

mask deep red (Molecular probes, Thermofisher Scientific) cells were mounted with mounting 

media and in-situ DAPI stain (Sigma). 

  

Role of VWF in Macrophage Polarization  

Murine - Bone marrow derived macrophages (BMDM) were cultured with M-CSF (25ng/ml) 

for 24 hours. Additionally LPS (100ng/ml) and INFγ (20ng/ml) were added to generate a M1 

polarized phenotype. IL-4 (40ng/ml), IL-13 (20ng/ml) and IL-10 (10ng/ml) was added to 

generate M2 polarized macrophages. Alternatively, VWF (10μg/ml) in RPMI with 1mM CaCl2 

was used. Cells were examined for surface marker expression by flow cytometry. M1 

macrophages were dual positive for CD11b (BioLegend) and CD38 (BioLegend). M2 were 

dual positive for CD11b and CD206 (BioLegend). Cellular reactive oxygen spices (ROS) 

generation was detected using CellROX DeepRed staining (ThermoFisher). BMDM were 

incubated with VWF or LPS for 24h and analysed by flow cytometry after exclusion of dead 

cells by Live-Dead FITC (ThermoFisher).  
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Measurement of VWF-mediated monocyte chemotaxis and transmigration  

BMDM were stimulated with VWF (10μg/ml) or LPS (100ng/ml) in RPMI supplemented with 

CaCl2 (1mM) and M-CSF (25ng/ml) for 24h.  Supernatants were harvested  and placed in the 

lower chamber and isolated human naive monocytes placed in the top chamber. Monocytes 

were allowed to migrate to the lower chamber for 2.5h. Migrated cells were stained using Cell 

Tracker green (ThermoFisher) for 30 min.  Cell counts were quantified using ImageJ software 

and represented as fold change from control.   

 

Effects of VWF on macrophage metabolism  

Following BMDM differentiation, cells were seeded into Seahorse XF96 culture plates 

(Agilent) at a density of 5x105 well and were stimulated with LPS (100ng/ml) or VWF 

(10μg/ml) for 3h or 16h in RPMI supplemented with 1mM CaCl2 . Following treatment BMDM 

were incubated with Seahorse phenol red-free base media in a CO2 free incubator as per 

manufacturer’s instructions (Agilent). To determine extracellular acidification and the oxygen 

consumption rate (ECAR & OCR), Seahorse Mito Stress Kit (Agilent) was used according to 

manufacturer’s instructions. BMDMs were treated with mitochondrial complex V inhibitor 

oligomycin (Oligio), mitochondrial membrane uncoupling agent carbonyl cyanide p-

trifluoromethoxyphenylhydrazone (FCCP) and finally complex I and III inhibitors rotenone and 

antimycin A (R+AA) all as previously described.31,32 Mitochondrial morphology was 

determined using a Leica SP8 scanning confocal microscopy under live cell imaging. BMDM 

were seeded onto 4 well culture dishes (Ibidi) at 1x105 cells /well. Cells were stained with 

MitoTracker™ Red (Molecular Probes, Thermo fisher) and 20 images were taken per treatment. 

Images were analysed for mitochondrial morphology using Fiji ImageJ software. On average 

60 mitochondrias were measured per cell. Mitochondrial fragmentation was considered <1μm, 

and elongated >3μm.33,34  
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Role of VWF administration on peritoneal immune cell recruitment  

All in vivo experiments were performed in accordance with the Health Product Regulatory 

Authority, Ireland as previously described. In brief, female mice were injected intraperitoneally 

with VWF (2mg/kg) or PBS. Mice were subsequently sacrificed after 3h and 24 hr. Peritoneal 

lavage was performed using 5ml of ice cold PBS + 2% FBS. Cell populations were analysed 

by flow cytometry from the lavage fluid (Ly-6G+ neutrophils; F4/80+ macrophages; CD45RB+ 

B-Cells; CD3+ T-Cells; CD11c+ dendritic cells (DC) and CD122+ natural killer (NK) cells). 

Antibodies were sourced from Biolegend. Cell populations were quantified by CyAn ADP 

platform (Dako, Agilent) and Flowjo software. 

 

Data Presentation and Statistical Analysis 

   All experimental data and statistical analysis were performed using the GraphPad Prism 

program (Graphpad Prism version 5.0 for Windows; GraphPad Software, Inc. San Diego, CA). 

Data were expressed as mean values ± standard error of the mean (SEM). To assess statistical 

differences, data were analysed using Student’s unpaired 2-tailed t test. For all statistical tests, 

P values <0.05 were considered significant. 
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RESULTS 

VWF binding to macrophages triggers pro-inflammatory signaling 

   Recent studies have reported shear-dependent binding of VWF to macrophages.35,36 In 

preliminary studies, we observed that purified plasma-derived (pd)-VWF can also bind to 

primary human macrophages and THP-1 derived macrophages under static conditions (Figures 

1A and 1B). Moreover, this static binding was followed by VWF endocytosis (Figure 1C). Flow 

cytometry studies confirmed that pd-VWF and recombinant VWF both bound to human 

macrophages (Figures 1D, 1E and 1F). In contrast, no VWF binding to undifferentiated primary 

human monocytes or THP1 cells was observed (Supplementary Figure 1). Importantly, we 

further observed that pd-VWF binding was associated with pro-inflammatory intracellular 

signaling in both primary human macrophages (Figure 1G) and in murine bone marrow derived 

macrophages (BMDMs) (Figure 1H). In particular, VWF induced activation of the MAPKinase 

pro-inflammatory signaling pathway with phosphorylation of p38 and JNK. In addition, VWF 

binding also activated NF-κB with phosphorylation of its regulatory subunit IKBα (Figures 1G 

and 1H).  

   In keeping with these observed signaling effects, VWF binding to primary human-derived 

macrophages was associated with a significant increase in pro-inflammatory cytokine 

expression (including TNF-α, and IL-6) (Figures 2A and 2B). IL-1β protein expression 

associated with NLRP3 inflammasome activation has been reported to require dual signal 

triggering.37 Interestingly, although VWF binding to macrophages was associated with an 

increase in IL-1β mRNA and pro-IL-1β levels (Figures 2C and 2D), a significant increase in 

IL-1β secretion (and concurrent decrease in pro-IL-1β) levels was only observed when VWF-

treated macrophages were also subsequently exposed to ATP (Figures 2C and 2D). Control 

studies excluded endotoxin contamination of the pd-VWF product and that binding of the 

recently licensed clinical grade recombinant VWF (Vonvendi®, Takeda) to macrophages was 
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also associated with proinflammatory signaling (Supplementary Figures 2A and 2B). Together, 

these findings represent the first demonstration that VWF binding to macrophages directly 

initiates pro-inflammatory signaling, resulting in downstream pro-inflammatory cytokine 

production.  

 
VWF induces chemokine expression and promotes monocyte chemotaxis  

   In view of the ability of VWF-binding to upregulate pro-inflammatory cytokine secretion, we 

investigated its effects upon macrophage chemokine expression. VWF binding to primary 

human macrophages was associated with a significant increase in chemokine expression 

(including CCL2, CCL3 and CCL4) similar to that observed with the LPS positive control 

(Figures 3A, 3B and 3C). The potential functional significance of this VWF-induced chemokine 

expression was further investigated using a transmigration chemotaxis assay with supernatants 

collected from primary human macrophages stimulated with either pd-VWF, commercial 

recombinant VWF or LPS respectively. Similar to LPS-treated positive controls cells, 

supernatants collected from macrophages stimulated with either pd-VWF or recombinant VWF 

were both effective in promoting significantly enhanced monocyte transmigration (Figure 3D 

and Supplementary Figure 2C). Interestingly however, the supernatant from both the pd- and 

recombinant VWF-treated macrophages was significantly more effective than LPS at recruiting 

monocytes (Figure 3E and Supplementary Figure 2C).  Collectively, these findings demonstrate 

that VWF binding plays a novel role in regulating macrophage chemokine expression and thus 

has the potential to directly influence chemotaxis in vivo. 
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VWF triggers macrophage polarization towards an M1 phenotype 

   In view of the pro-inflammatory effects associated with pd- and recombinant VWF binding 

to macrophages, we investigated whether VWF interaction might influence macrophage 

polarization into M1 (classically activated or “pro-inflammatory”) or M2 (alternatively 

activated or “anti-inflammatory”) phenotypes. Incubation of murine BMDMs with LPS and 

IFN-γ resulted in approximately 75% cells adopting an M1 phenotype (positive for C11b and 

CD38 expression) (Figures 4A and 4B). In contrast, treatment with IL-4, IL-10 and IL-13 

resulted in the majority of macrophages adopting an M2 phenotype (positive for CD11b and 

CD206) (Figure 4C). Interestingly, treatment with VWF alone was sufficient to result in more 

than 70% of the BMDM adopting an M1 phenotype (Figures 4D). Previous studies have 

demonstrated that generation of reaction oxygen species (ROS) and induction of nitric oxide 

synthetase (iNOS) constitute a hallmark feature of M1 macrophages.38,39 We observed that 

VWF treatment of BMDM was associated with a significant increase in both iNOS expression 

(Figure 4E) and ROS production (Figure 4F). Together, these findings further support the 

hypothesis that VWF binding induces significant pro-inflammatory effects in both primary 

human macrophages and murine BMDMs. 

 

VWF regulates macrophage metabolism and drives glycolysis  

   Alterations in the intracellular metabolic pathways, and in particular an increase in glycolysis, 

constitute a hallmark of inflammatory macrophages activated by both pathogen-associated and 

damage-associated signals through pattern-recognition receptor signaling.40,41 To further 

investigate the hypothesis that VWF modulates macrophage function, the effects of VWF-

binding on macrophage metabolism were assessed using extracellular flux analysis. Basal rates 

of glycolysis and oxidative phosphorylation were assessed using a Seahorse XF analyzer which 

measures extracellular acidification (ECAR) and cellular oxygen consumption rate (OCR) as 
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readouts of glycolysis and mitochondrial respiration respectively. Basal rates of ECAR and 

OCR were assessed before and after the addition of mitochondrial inhibitors (including 

oligomycin, FCCP or Antimycin A and rotenone (AA + R) respectively) as previously 

described.32 Following 3 hours stimulation with pd-VWF, a significant increase in ECAR 

(consistent with a marked increase in glycolysis) was observed in basal glycolysis (ECAR 

readings prior to addition of Oligo) similar in magnitude to that observed with LPS exposure 

(Figures 5A and 5B). Interestingly, after an extended 16-hour incubation, the pd-VWF-induced 

increase in BMDM glycolysis had resolved, whereas ECAR remained significantly elevated in 

macrophages treated with LPS over the same time course (Figures 5C and 5D).  

   OCR was used to assess mitochondrial oxidative phosphorylation after incubation with LPS 

or pd-VWF for 3 hours and 16 hours. In contrast to its effect in promoting glycolysis, LPS or 

pd-VWF did not affect basal levels of mitochondrial oxidative phosphorylation (Figure 5E). 

However, in keeping with previous reports,40,41 we observed that 16 hour exposure to LPS 

resulted in markedly reduced mitochondrial OCR (Figure 5G). No such effect was observed in 

cells incubated with pd-VWF. Importantly, similar effects on macrophage metabolism were 

also observed when macrophages were treated with commercial recombinant VWF in place of 

pd-VWF (Supplementary Figures 2D and 2E). In addition, the effects of VWF on macrophage 

metabolism were not attributable to altered BMDM cell viability after stimulation 

(Supplementary Figure 3). 
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VWF influences mitochondrial morphology and up-regulates HIF-1α expression  

   Previous studies have reported that significant changes in mitochondrial morphology 

accompany changes in macrophage metabolic state.42 In particular, mitochondria adopt a 

fragmented appearance when glycolysis levels are high, as opposed to an elongated state during 

periods of heightened oxidative phosphorylation.33,34,42 In keeping with this hypothesis, we 

observed that LPS stimulation of macrophages for either 3 or 16 hours resulted in fragmented 

mitochondrial morphology (Figures 6A and 6B). Interestingly, treatment with VWF for 3 hours 

was also associated with significantly higher levels of mitochondrial fragmentation. However, 

in contrast to LPS, mitochondrial morphology had returned to normal following 16 hours 

exposure to VWF. These findings further support the hypothesis that VWF binding has 

significant modulatory effects upon macrophage morphology which will impact on 

mitochondrial metabolism and in particular demonstrate that VWF promotes short-term marked 

increases in macrophage glycolysis.  

   The ability of LPS to promote macrophage glycolysis, even with prolonged exposure, has 

been attributed at least in part to an upregulation in HIF-1α expression.43,44 To investigate 

potential mechanisms through which VWF promotes macrophage glycolysis in a time-

dependent manner, HIF-1α expression following 3- and 16-hour incubations with VWF or LPS 

respectively was assessed. After 3-hour incubations with either VWF or LPS, a significant 

increase in macrophage HIF-1α expression levels was observed (Figure 6C). Interestingly, 

although HIF-1α expression remained elevated in BMDMs after a 16-hour incubation with 

LPS, levels were reduced in the VWF-treated cells following this extended treatment (Figure 

6C). Furthermore, we observed similar time-dependent effects of LPS and VWF on expression 

of macrophage PHD3 which is a key negative regulator of HIF-1α expression (Figure 6D).45 

  



DRAKEFORD, AGUILA et al  VWF regulates macrophage metabolism 

 - 15 - 

VWF has pro-inflammatory and chemo-attractive effects in vivo 

   In vitro binding of VWF to macrophages is associated with polarization towards an M1 pro-

inflammatory phenotype, metabolic changes and production of pro-inflammatory cytokines and 

chemokines. To further investigate the potential in vivo significance of these observations we 

utilized a previously described model of chemotaxis in which VWF or saline control were 

injected into the peritoneum of wild type mice.46-48 Peritoneal lavage was then performed and 

cellular content analyzed by flow cytometry.  At 3 hours, in contrast to the control mice, VWF 

treatment was associated with a significant infiltration of both neutrophils and NK cells into the 

peritoneum (Figure 7A and 7B). Moreover, VWF treatment was also associated with significant 

reduction in resident peritoneal macrophages (Figures 7C and 7D). By 24 hours, no significant 

differences were observed between the VWF-treated and control mice with respect to peritoneal 

NK or macrophage levels, and only a mild increase in neutrophil recruitment was remained 

(Figures 7A, 7B and 7C).  Furthermore, VWF-treatment had no effect on peritoneal T cell 

populations at either the 3- or 24-hour time points (Figures 7E and 7F). Cumulatively these 

data, particularly the early influx of neutrophils and loss of resident macrophages (Figures 7A 

and 7C, followed by the later invasion of recruited macrophages (Figures 7C and 7D) 

demonstrate that VWF has chemo-attractive and pro-inflammatory properties in vivo that are 

consistent with its in vitro effects on macrophage biology. 
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DISCUSSION 

   Accumulating recent data has demonstrated that VWF not only regulates primary hemostasis, 

but also has direct effects upon inflammatory responses.11,13-17 These pro-inflammatory 

properties of VWF have been observed in a variety of different murine inflammatory disease 

models and have been independently validated using experiments with either VWF-blocking 

antibodies or in VWF-/- mice.13-15 Critically however, the biological mechanisms underpinning 

the immuno-modulatory effects of VWF remain poorly understood. In vitro studies have 

confirmed that immobilized VWF can bind directly to leukocytes.36,49 Under flow conditions, 

this VWF-leucocyte interaction was shown to consist of initial transient rolling (mediated via 

VWF binding to leukocyte PSGL-1) followed by stable adhesion (mediated by VWF interaction 

binding to leukocyte β2-integrins).36 In keeping with previous studies demonstrating a role for 

liver Kupffer cells in regulating VWF clearance,24,27 we observed binding of both pd-VWF and 

recombinant VWF to primary human macrophages, murine BMDMs and THP-1 macrophages 

respectively. Importantly, VWF binding to these macrophages was seen under both shear and 

static conditions, and was followed by VWF internalization. In contrast, no significant VWF 

binding to undifferentiated primary monocytes was seen. Interestingly, under static conditions, 

binding of pd-VWF to macrophages was significantly enhanced compared to that of 

recombinant VWF. Further studies will be required to define the mechanisms underlying the 

reduced binding of recombinant VWF, but it may be in part attributable to the fact that the 

recombinant VWF therapy is hypersialylated and enriched in high molecular weight multimers 

compared to pd-VWF. 

   Importantly, our data highlight that VWF does not simply bind to macrophages, but rather 

that this VWF binding also serves to trigger significant downstream signaling effects including 

activation of the MAPKinase pro-inflammatory pathway (with phosphorylation of p38 and 

JNK) leading to NF-κB activation. Although VWF-induced signaling macrophages has not 



DRAKEFORD, AGUILA et al  VWF regulates macrophage metabolism 

 - 17 - 

previously been described, prior studies have clearly demonstrated that VWF binding to the 

glycoprotein (GP) Ib-IX-V receptor on platelets results in complex intracellular signaling that 

involves a number of different intracellular molecules including the Src family, Rac1, PI3-

kinase/Akt and MAP kinases.50-52 The net result of this signaling cascade induced by VWF 

binding to GP Ib-IX-V is to induce platelet activation, and in particular activation of the αIIbβ3 

integrin receptor.53 Additional studies will be needed to elucidate the molecular mechanisms 

through which VWF-binding to macrophages initiates pro-inflammatory signaling. Given the 

complex nature of VWF as a multimeric sialoglycoprotein, it seems likely that multiple VWF 

domains and various different macrophage receptors may be involved.27 Importantly however, 

a number of macrophage surface scavenger receptors (including LRP1 and SR-A1) and C-type 

lectins (including MGL and Siglec-5) that have recently been reported to bind VWF, have also 

been shown to modulate intracellular signaling and thereby regulate inflammatory responses in 

both macrophages and dendritic cells.54-57  

   In keeping with the pro-inflammatory signaling associated with VWF binding to primary 

human macrophages or murine BMDMs, we observed that binding was also associated with 

significant increases in (i) proinflammatory cytokine expression (ii) chemokine expression (iii) 

iNOS expression and ROS production. Furthermore, VWF binding induced the majority of 

macrophages to adopt an M1 inflammatory phenotype. Unsurprisingly, given these major 

effects on macrophage biology, using extracellular flux analysis we observed that VWF also 

had significant effects upon macrophage metabolism. Incubation with either pd- or recombinant 

VWF resulted in a marked initial increase in macrophage glycolysis. Interestingly however, in 

contrast to the sustained increase in glycolysis and suppression of oxidative phosphorylation 

observed with prolonged LPS stimulation, the VWF effects on macrophage metabolism were 

time-limited. Similarly, a significant increase in macrophage HIF-1α expression levels (which 

are known to play an important role in promoting macrophage glycolysis43,44) was observed 
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following a 3-hour incubation with VWF, but had normalized by 16-hours. Our data further 

demonstrate that the MAPKinase pathway is critically involved in regulating VWF-dependent 

glycolysis. Collectively, these data support the hypothesis that VWF binding has significant but 

short-term pro-inflammatory effects on macrophage biology. 

   Given recent evidence that VWF contributes to the pathogenesis of a variety of different 

inflammatory diseases,11 our data not only define a novel role for VWF in regulating innate 

immune responses, but are also of direct translational significance. Based upon our findings we 

propose that in the normal circulation, VWF and monocytes circulate together with minimal 

interaction. However, following tissue damage and blood vessel injury, VWF escapes from the 

plasma into subendothelium where it comes into contact with tissue macrophages (Figure 8). 

These macrophages express a different repertoire of surface receptors compared to 

undifferentiated monocytes, with the upregulation of specific surface receptors such as LRP1 

that enables binding to VWF. VWF-binding triggers the macrophages to adopt an M1 

phenotype, with consequent secretion of proinflammatory cytokines and chemokines at the site 

of vascular damage. Thus, VWF is not only playing a key role in initiating primary hemostasis 

and platelet plug formation at the site of blood vessel injury, it is also priming macrophages in 

the vicinity to promote a pro-inflammatory response. Importantly in this context, the pro-

inflammatory effects of VWF on macrophages are time-limited such that they are lost with 

longer-term exposure. Thus, hepatic Kupffer cells that are involved in regulating physiological 

VWF circulatory clearance presumably remain unaffected due to their ongoing VWF 

exposure.27   

   Previous studies suggest that the proinflammatory effects of VWF-binding on macrophage 

biology may have additional implications beyond sites of vascular injury. For example, Methia 

et al reported that fatty streak lesions in the aorta were 40% smaller in LDLR-/-VWF-/- mice 

compared to LDLR-/-VWF+/+ mice on an atherogenic diet.58 Moreover, a significant reduction 
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in the number of macrophages recruited into the atheromatous lesions was also observed in the 

VWF-deficient mice, suggesting that the protective effect of VWF deficiency on atheroma 

development may be macrophage-mediated.58 These murine data are particularly interesting 

given that human studies have demonstrated that patients with von Willebrand disease (VWD) 

are protected against risk of ischemic heart disease and stroke.59-61 Furthermore, ABO blood 

group has also been shown to constitute a risk factor for cardiovascular disease, with 

significantly reduced cardiovascular risk in group O compared to non-O (A, B or AB) 

individuals. Of note, plasma VWF levels are 20-30% lower in blood group O compared to non-

O subjects.62-64 

   In conclusion, recent studies have described the complex cross-talk that exists in vivo between 

hemostasis and inflammation, and developed the concept of immuno-thrombosis.65-67 Our data 

define a novel biological role and mechanism for VWF in driving inflammatory responses, and 

thereby establish a new link between primary hemostasis and innate immunity. Thus, VWF not 

only plays a key role in the initiation of hemostasis at sites of vascular injury, but also functions 

to prime local macrophages to initiate pro-inflammatory responses. In this local milieu, we 

propose that VWF functions as a damage signal that is recognized through specific macrophage 

pattern-recognition receptors. In addition, our findings also provide novel insights into the 

effects of VWF binding on macrophage biology that may help to explain the accumulating 

evidence that VWF is involved in the pathogenesis of a number of different murine 

inflammatory disease models. Given the significant morbidity and mortality associated with 

inflammatory pathology, defining the roles of VWF in this context may offer exciting 

opportunities to develop novel therapies to target these pathways and address a critical unmet 

clinical need. 
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FIGURE LEGENDS 

 

Figure 1: VWF binds to macrophages and triggers inflammatory signalling  

   (A) Binding of plasma-derived VWF (pd-VWF) to primary human macrophages and (B) 

THP1 macrophages was assessed in vitro using confocal microscopy as detailed in Materials 

and Methods (VWF staining in green; nuclear DAPI staining in blue; cell membrane staining 

in red). (C) VWF internalization was assessed using THP1 macrophages, using anti-VWF, 

DAPI and anti-EEA1 (early endosomes antigen 1) in red and co-localization in yellow. pd-

VWF or recombinant VWF (300-600 µM) were incubated with macrophages for 30 minutes at 

37°C and cells analyzed by flow cytometry. Representative histograms are presented where red 

represents control cells not treated with VWF and blue cells treated with VWF. (D) pd-VWF 

and (E) recombinant VWF binding to primary human macrophages; (F) recombinant VWF 

binding to THP1 macrophages. Western blot analysis of phosphorylation of p38, JNK, IKKα 

and p65 in (G) primary human and (H) primary murine macrophages incubated with VWF (10 

µg/ml) or LPS (100 ng/ml) for 30min.  

 

Figure 2: VWF binding leads to pro-inflammatory cytokine expression 

   (A) pd-VWF (10µg/ml) or LPS (100ng/ml) incubation with primary human macrophages 

significantly induced TNF-α expression (p<0.01) and secretion (p<0.01) after 4h incubation. 

(B) Furthermore, pd-VWF significantly enhanced IL-6 expression (p<0.05) and secretion 

(p<0.01) to similar levels as LPS induction. (C and D) Incubation with both VWF and LPS 

was associated with a significant increase in macrophage IL1β mRNA and Pro IL-1β levels 

(p<0.05). When VWF-treated macrophages were subsequently exposed to ATP (5mM for 1h), 

a significant increase in IL1β was observed (p<0.01). All experiments were performed in 

triplicate, and the results presented represent the mean values ± standard error of the mean, 

unless otherwise stated. *P < 0.05, **P < 0.01, ***P < 0.001 respectively. 

 

Figure 3: VWF induces chemokine expression and promotes monocyte chemotaxis  

   pd-VWF (10μg/ml) or LPS (100ng/ml) stimulation of primary human macrophages for 24h 

resulted in a significant in expression levels for a number of chemokines including (A) CCL2 

(p<0.0001), (B) CCL3 (p<0.05) and (C) CCL4 (p<0.01). All results All experiments were 

performed in triplicate, and the results presented represent the mean values ± standard error of 

the mean. *P < 0.05, **P < 0.01, ***P < 0.001 ****P < 0.0001 respectively. 
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(D, E) Primary human macrophages were incubated with pd-VWF (10μg/ml) or LPS 

(100ng/ml) for 24 hours. Cell supernatants were then collected and placed in the lower chamber 

of a transmigration assay. Naïve human monocytes were placed in the upper chamber and 

allowed to migrate for 2.5 hours. Migrated cell numbers were assessed using Image J software. 

Data is represented as average fold cell-count increase of three independent experiments 

represented by mean values ± standard error of the mean. *P < 0.05, **P < 0.01, ***P < 0.001 

****P < 0.0001 respectively. 

 

Figure 4: VWF triggers M1 macrophage phenotype 

   (A-D) Murine BMDMs were incubated in the presence or absence of a variety of different 

agonist combinations including (LPS 100ng/ml and IFN- γ 20ng/ml), (IL-4 40ng/ml, IL-10 

10ng/ml and IL-13 20ng/ml) or pd-VWF (10µg/ml) for 24h and then cell surface marker 

expression was examined by flow cytometry. (A) Untreated control BMDMs expressed no 

CD38 or CD206. (B) The majority of BMDMS treated with LPS and INF-γ were CD38 

positive, consistent with an M1 phenotype. (C) In contrast, the majority of BMDMs incubated 

with IL-4, IL-10 and IL-13 (20ng/ml) were CD206 positive, consistent with an M2 phenotype. 

(D) BMDM stimulation with pd-VWF (10μg/ml) resulted in a significant increase in expression 

of CD38, consistent with a pro-inflammatory M1 macrophage phenotype. Consistent with this 

M1 phenotype, VWF treatment also resulted in a significant increase in iNOS expression in 

BMDM (p<0.05) (E), together with a marked increase in generation of reactive oxygen species 

(ROS) (F). The data presented represent the mean values ± standard error of the mean for three 

independent experiments *P < 0.05, **P < 0.01, ***P < 0.001 ****P < 0.0001 respectively. 

 

Figure 5: VWF regulates macrophages metabolism and drives glycolysis 

   Extracellular flux analysis (Seahorse XF Cell Mito Stress kit) was used to assess the effects 

of VWF-binding upon macrophage metabolism. Extracellular acidification (ECAR) measured 

to study the effects on glycolysis following stimulation with VWF (10μg/ml) (blue), LPS 

(100ng/ml) (red), or untreated controls (black) for 3 hours (A and B) and 16 hours (C and D) 

respectively. Similarly, cellular oxygen consumption rate (OCR) was assayed to study the 

effects on BMDM oxidative phosphorylation after 3 hour (E and F) and 16 hour (G and H) 

incubations. The effects of VWF and LPS on BMDM glycolysis and oxidative phosphorylation 

were studied in the presence or absence of specific mitochondrial inhibitors. Plots are 

representative images collected from three independent assays.  
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Figure 6: VWF influences mitochondrial morphology and up-regulates HIF-1α expression.   

   (A-B) Murine BMDMs were incubated in the presence or absence of VWF (10μg/ml) or LPS 

(100ng/ml) for 3 hours or 16 hours and mitochondrial morphology assessed using scanning 

confocal live cell imaging as detailed in the Materials and Methods. A minimum of 20 images 

including ≥ 60 mitochondria per cell were analysed per treatment. Following 3 hour stimulation 

with either VWF or LPS, a significant increase in mitochondrial fragmentation consistent with 

an increase in glycolysis was observed (p<0.01 and p<0.001 respectively). Although a 

significant increase in mitochondrial fragmentation was still observed following a 16 hour 

incubation with LPS (p<0.01), it was no longer observed in BMDM treated with VWF (NS = 

not significant). (C-D) BMDM were treated with either VWF (10μg/ml) or LPS (100ng/ml) for 

3 hours or 16 hours, and then HIF-1α or PHD3 expression were assessed using Western blotting 

or Qrt-PCR respectively. *P < 0.05, **P < 0.01, ***P < 0.001 ****P < 0.0001 respectively. 

 

Figure 7: VWF has pro-inflammatory and chemo-attractive effects in vivo 

   (A-F) VWF (2mg/kg) or PBS (control) were injected into the peritoneum of female WT mice. 

After 3 or 24 hour periods, mice were sacrificed, peritoneal lavage was performed and 

peritoneal cell populations quantified by flow cytometry. Data represented by percentage of 

cell population ±SD from four independent mice. Significance was determined by t-test in 

which *p<0.05, **p<0.01, ***p<0.001,****p<0.0001. 

 

Figure 8: Model of VWF-induced macrophages activation  

   Following vascular injury, the plasma sialoglycoprotein VWF comes into contact with tissue 

macrophages to which it can bind via a variety of different scavenger (eg. LRP1 and SR-A1) 

and/or lectin (eg. MGL and Siglec-5) cell surface receptors. VWF binding to macrophages is 

followed by rapid VWF internalization. VWF binding also triggers pro-inflammatory signalling 

within macrophages, including activation of the MAPKinase pathway (with phosphorylation of 

p38 and JNK) and NF-κB activation. VWF binding causes macrophages to adopt an M1 

phenotype, and leads to enhanced expression of pro-inflammatory cytokines (including TNF-α 

and IL-6) and chemokines (including CCL2, CCL3 and CCL4). Furthermore, there is also an 

increase in iNOS and ROS expression. In keeping with these pro-inflammatory effects, VWF 

binding also has significant effects upon macrophage metabolism, triggering an increase in 

HIF-1α expression levels and a marked increase in glycolysis. Thus, VWF not only plays a key 

role in initiation of  primary hemostasis at sites of vascular injury, but also serves as a damage 

signal to prime local tissue macrophages to initiate pro-inflammatory responses.   



DRAKEFORD, AGUILA et al  VWF regulates macrophage metabolism 

 - 24 - 

REFERENCES 

1. Lenting PJ, Christophe OD, Denis CV. von Willebrand factor biosynthesis, secretion, 
and clearance: connecting the far ends. Blood. 2015;125(13):2019-2028. 
2. Leebeek FWG, Eikenboom JCJ. Von Willebrand's Disease. N Engl J Med. 
2017;376(7):701-702. 
3. Lillicrap D. von Willebrand disease: advances in pathogenetic understanding, diagnosis, 
and therapy. Hematology Am Soc Hematol Educ Program. 2013;2013:254-260. 
4. Laffan MA, Lester W, O'Donnell JS, et al. The diagnosis and management of von 
Willebrand disease: a United Kingdom Haemophilia Centre Doctors Organization guideline 
approved by the British Committee for Standards in Haematology. Br J Haematol. 
2014;167(4):453-465. 
5. Bockenstedt P, Greenberg JM, Handin RI. Structural basis of von Willebrand factor 
binding to platelet glycoprotein Ib and collagen. Effects of disulfide reduction and limited 
proteolysis of polymeric von Willebrand factor. J Clin Invest. 1986;77(3):743-749. 
6. Moake JL, Turner NA, Stathopoulos NA, Nolasco LH, Hellums JD. Involvement of 
large plasma von Willebrand factor (vWF) multimers and unusually large vWF forms derived 
from endothelial cells in shear stress-induced platelet aggregation. J Clin Invest. 
1986;78(6):1456-1461. 
7. Terraube V, O'Donnell JS, Jenkins PV. Factor VIII and von Willebrand factor 
interaction: biological, clinical and therapeutic importance. Haemophilia. 2010;16(1):3-13. 
8. Starke RD, Ferraro F, Paschalaki KE, et al. Endothelial von Willebrand factor regulates 
angiogenesis. Blood. 2011;117(3):1071-1080. 
9. O'Sullivan JM, Preston RJS, Robson T, O'Donnell JS. Emerging Roles for von 
Willebrand Factor in Cancer Cell Biology. Semin Thromb Hemost. 2018;44(2):159-166. 
10. Lenting PJ, Casari C, Christophe OD, Denis CV. von Willebrand factor: the old, the 
new and the unknown. J Thromb Haemost. 2012;10(12):2428-2437. 
11. Kawecki C, Lenting PJ, Denis CV. von Willebrand factor and inflammation. J Thromb 
Haemost. 2017;15(7):1285-1294. 
12. Gragnano F, Sperlongano S, Golia E, et al. The Role of von Willebrand Factor in 
Vascular Inflammation: From Pathogenesis to Targeted Therapy. Mediators Inflamm. 
2017;2017:5620314. 
13. Hillgruber C, Steingraber AK, Poppelmann B, et al. Blocking von Willebrand factor for 
treatment of cutaneous inflammation. J Invest Dermatol. 2014;134(1):77-86. 
14. Petri B, Broermann A, Li H, et al. von Willebrand factor promotes leukocyte 
extravasation. Blood. 2010;116(22):4712-4719. 
15. Lerolle N, Dunois-Larde C, Badirou I, et al. von Willebrand factor is a major 
determinant of ADAMTS-13 decrease during mouse sepsis induced by cecum ligation and 
puncture. J Thromb Haemost. 2009;7(5):843-850. 
16. Adam F, Casari C, Prevost N, et al. A genetically-engineered von Willebrand disease 
type 2B mouse model displays defects in hemostasis and inflammation. Sci Rep. 2016;6:26306. 
17. Ayme G, Adam F, Legendre P, et al. A Novel Single-Domain Antibody Against von 
Willebrand Factor A1 Domain Resolves Leukocyte Recruitment and Vascular Leakage During 
Inflammation-Brief Report. Arterioscler Thromb Vasc Biol. 2017;37(9):1736-1740. 
18. Kasuda S, Matsui H, Ono S, et al. Relevant role of von Willebrand factor in neutrophil 
recruitment in a mouse sepsis model involving cecal ligation and puncture. Haematologica. 
2016;101(2):e52-54. 
19. O'Regan N, Gegenbauer K, O'Sullivan JM, et al. A novel role for von Willebrand factor 
in the pathogenesis of experimental cerebral malaria. Blood. 2016;127(9):1192-1201. 
20. O'Sullivan JM, Preston RJ, O'Regan N, O'Donnell JS. Emerging roles for hemostatic 
dysfunction in malaria pathogenesis. Blood. 2016;127(19):2281-2288. 



DRAKEFORD, AGUILA et al  VWF regulates macrophage metabolism 

 - 25 - 

21. Reinhart K, Bayer O, Brunkhorst F, Meisner M. Markers of endothelial damage in organ 
dysfunction and sepsis. Crit Care Med. 2002;30(5 Suppl):S302-312. 
22. Paulus P, Jennewein C, Zacharowski K. Biomarkers of endothelial dysfunction: can 
they help us deciphering systemic inflammation and sepsis? Biomarkers. 2011;16 Suppl 1:S11-
21. 
23. Hyseni A, Kemperman H, de Lange DW, Kesecioglu J, de Groot PG, Roest M. Active 
von Willebrand factor predicts 28-day mortality in patients with systemic inflammatory 
response syndrome. Blood. 2014;123(14):2153-2156. 
24. van Schooten CJ, Shahbazi S, Groot E, et al. Macrophages contribute to the cellular 
uptake of von Willebrand factor and factor VIII in vivo. Blood. 2008;112(5):1704-1712. 
25. Chion A, O'Sullivan JM, Drakeford C, et al. N-linked glycans within the A2 domain of 
von Willebrand factor modulate macrophage-mediated clearance. Blood. 2016;128(15):1959-
1968. 
26. Rastegar-Lari G, Villoutreix BO, Ribba AS, Legendre P, Meyer D, Baruch D. Two 
clusters of charged residues located in the electropositive face of the von Willebrand factor A1 
domain are essential for heparin binding. Biochemistry. 2002;41(21):6668-6678. 
27. O'Sullivan JM, Ward S, Lavin M, O'Donnell JS. von Willebrand factor clearance - 
biological mechanisms and clinical significance. Br J Haematol. 2018;183(2):185-195. 
28. Ward SE, O'Sullivan JM, Drakeford C, et al. A novel role for the macrophage galactose-
type lectin receptor in mediating von Willebrand factor clearance. Blood. 2018;131(8):911-916. 
29. Pegon JN, Kurdi M, Casari C, et al. Factor VIII and von Willebrand factor are ligands 
for the carbohydrate-receptor Siglec-5. Haematologica. 2012;97(12):1855-1863. 
30. Wohner N, Muczynski V, Mohamadi A, et al. Macrophage scavenger receptor SR-AI 
contributes to the clearance of von Willebrand factor. Haematologica. 2018;103(4):728-737. 
31. Capaldi RA, Aggeler R, Turina P, Wilkens S. Coupling between catalytic sites and the 
proton channel in F1F0-type ATPases. Trends Biochem Sci. 1994;19(7):284-289. 
32. Shirai T, Nazarewicz RR, Wallis BB, et al. The glycolytic enzyme PKM2 bridges 
metabolic and inflammatory dysfunction in coronary artery disease. J Exp Med. 
2016;213(3):337-354. 
33. Gao Z, Li Y, Wang F, et al. Mitochondrial dynamics controls anti-tumour innate 
immunity by regulating CHIP-IRF1 axis stability. Nat Commun. 2017;8(1):1805. 
34. Escoll P, Song OR, Viana F, et al. Legionella pneumophila Modulates Mitochondrial 
Dynamics to Trigger Metabolic Repurposing of Infected Macrophages. Cell Host Microbe. 
2017;22(3):302-316 e307. 
35. Castro-Nunez L, Dienava-Verdoold I, Herczenik E, Mertens K, Meijer AB. Shear stress 
is required for the endocytic uptake of the factor VIII-von Willebrand factor complex by 
macrophages. J Thromb Haemost. 2012;10(9):1929-1937. 
36. Pendu R, Terraube V, Christophe OD, et al. P-selectin glycoprotein ligand 1 and beta2-
integrins cooperate in the adhesion of leukocytes to von Willebrand factor. Blood. 
2006;108(12):3746-3752. 
37. He Y, Hara H, Nunez G. Mechanism and Regulation of NLRP3 Inflammasome 
Activation. Trends Biochem Sci. 2016;41(12):1012-1021. 
38. Weisser SB, McLarren KW, Kuroda E, Sly LM. Generation and characterization of 
murine alternatively activated macrophages. Methods Mol Biol. 2013;946:225-239. 
39. West AP, Brodsky IE, Rahner C, et al. TLR signalling augments macrophage 
bactericidal activity through mitochondrial ROS. Nature. 2011;472(7344):476-480. 
40. O'Neill LA, Kishton RJ, Rathmell J. A guide to immunometabolism for immunologists. 
Nat Rev Immunol. 2016;16(9):553-565. 



DRAKEFORD, AGUILA et al  VWF regulates macrophage metabolism 

 - 26 - 

41. Nagy C, Haschemi A. Time and Demand are Two Critical Dimensions of 
Immunometabolism: The Process of Macrophage Activation and the Pentose Phosphate 
Pathway. Front Immunol. 2015;6:164. 
42. Park J, Choi H, Min JS, et al. Mitochondrial dynamics modulate the expression of pro-
inflammatory mediators in microglial cells. J Neurochem. 2013;127(2):221-232. 
43. Tannahill GM, Curtis AM, Adamik J, et al. Succinate is an inflammatory signal that 
induces IL-1beta through HIF-1alpha. Nature. 2013;496(7444):238-242. 
44. Palsson-McDermott EM, Curtis AM, Goel G, et al. Pyruvate Kinase M2 Regulates Hif-
1alpha Activity and IL-1beta Induction and Is a Critical Determinant of the Warburg Effect in 
LPS-Activated Macrophages. Cell Metab. 2015;21(2):347. 
45. Walmsley SR, Chilvers ER, Thompson AA, et al. Prolyl hydroxylase 3 (PHD3) is 
essential for hypoxic regulation of neutrophilic inflammation in humans and mice. J Clin Invest. 
2011;121(3):1053-1063. 
46. Miyazaki S, Ishikawa F, Fujikawa T, Nagata S, Yamaguchi K. Intraperitoneal injection 
of lipopolysaccharide induces dynamic migration of Gr-1high polymorphonuclear neutrophils 
in the murine abdominal cavity. Clin Diagn Lab Immunol. 2004;11(3):452-457. 
47. Lund ME, O'Brien BA, Hutchinson AT, et al. Secreted proteins from the helminth 
Fasciola hepatica inhibit the initiation of autoreactive T cell responses and prevent diabetes in 
the NOD mouse. PLoS One. 2014;9(1):e86289. 
48. Jenkins SJ, Ruckerl D, Thomas GD, et al. IL-4 directly signals tissue-resident 
macrophages to proliferate beyond homeostatic levels controlled by CSF-1. J Exp Med. 
2013;210(11):2477-2491. 
49. Koivunen E, Ranta TM, Annila A, et al. Inhibition of beta(2) integrin-mediated 
leukocyte cell adhesion by leucine-leucine-glycine motif-containing peptides. J Cell Biol. 
2001;153(5):905-916. 
50. Canobbio I, Reineri S, Sinigaglia F, Balduini C, Torti M. A role for p38 MAP kinase in 
platelet activation by von Willebrand factor. Thromb Haemost. 2004;91(1):102-110. 
51. Delaney MK, Liu J, Zheng Y, Berndt MC, Du X. The role of Rac1 in glycoprotein Ib-
IX-mediated signal transduction and integrin activation. Arterioscler Thromb Vasc Biol. 
2012;32(11):2761-2768. 
52. Yin H, Liu J, Li Z, Berndt MC, Lowell CA, Du X. Src family tyrosine kinase Lyn 
mediates VWF/GPIb-IX-induced platelet activation via the cGMP signaling pathway. Blood. 
2008;112(4):1139-1146. 
53. Bryckaert M, Rosa JP, Denis CV, Lenting PJ. Of von Willebrand factor and platelets. 
Cell Mol Life Sci. 2015;72(2):307-326. 
54. Mantuano E, Azmoon P, Brifault C, et al. Tissue-type plasminogen activator regulates 
macrophage activation and innate immunity. Blood. 2017;130(11):1364-1374. 
55. Mantuano E, Brifault C, Lam MS, Azmoon P, Gilder AS, Gonias SL. LDL receptor-
related protein-1 regulates NFkappaB and microRNA-155 in macrophages to control the 
inflammatory response. Proc Natl Acad Sci U S A. 2016;113(5):1369-1374. 
56. Hsu HY, Hajjar DP, Khan KM, Falcone DJ. Ligand binding to macrophage scavenger 
receptor-A induces urokinase-type plasminogen activator expression by a protein kinase-
dependent signaling pathway. J Biol Chem. 1998;273(2):1240-1246. 
57. Napoletano C, Zizzari IG, Rughetti A, et al. Targeting of macrophage galactose-type C-
type lectin (MGL) induces DC signaling and activation. Eur J Immunol. 2012;42(4):936-945. 
58. Methia N, Andre P, Denis CV, Economopoulos M, Wagner DD. Localized reduction of 
atherosclerosis in von Willebrand factor-deficient mice. Blood. 2001;98(5):1424-1428. 
59. Sonneveld MA, de Maat MP, Leebeek FW. Von Willebrand factor and ADAMTS13 in 
arterial thrombosis: a systematic review and meta-analysis. Blood Rev. 2014;28(4):167-178. 



DRAKEFORD, AGUILA et al  VWF regulates macrophage metabolism 

 - 27 - 

60. Sanders YV, Eikenboom J, de Wee EM, et al. Reduced prevalence of arterial thrombosis 
in von Willebrand disease. J Thromb Haemost. 2013;11(5):845-854. 
61. van Schie MC, de Maat MP, Isaacs A, et al. Variation in the von Willebrand factor gene 
is associated with von Willebrand factor levels and with the risk for cardiovascular disease. 
Blood. 2011;117(4):1393-1399. 
62. Preston RJ, Rawley O, Gleeson EM, O'Donnell JS. Elucidating the role of carbohydrate 
determinants in regulating hemostasis: insights and opportunities. Blood. 2013;121(19):3801-
3810. 
63. Jenkins PV, O'Donnell JS. ABO blood group determines plasma von Willebrand factor 
levels: a biologic function after all? Transfusion. 2006;46(10):1836-1844. 
64. Gill JC, Endres-Brooks J, Bauer PJ, Marks WJ, Jr., Montgomery RR. The effect of ABO 
blood group on the diagnosis of von Willebrand disease. Blood. 1987;69(6):1691-1695. 
65. Levi M, van der Poll T. Inflammation and coagulation. Crit Care Med. 2010;38(2 
Suppl):S26-34. 
66. Gleeson EM, O'Donnell JS, Preston RJ. The endothelial cell protein C receptor: cell 
surface conductor of cytoprotective coagulation factor signaling. Cell Mol Life Sci. 
2012;69(5):717-726. 
67. Esmon CT. The interactions between inflammation and coagulation. Br J Haematol. 
2005;131(4):417-430. 
 

  



DRAKEFORD, AGUILA et al  VWF regulates macrophage metabolism 

 - 28 - 

SUPPLEMENTARY FIGURE LEGENDS 

 

Supplementary Figure 1 

Binding of plasma-derived VWF (pd-VWF) to undifferentiated primary human monocytes was 

assessed in vitro using by flow cytometry. A representative histogram is presented where red 

represents control cells not treated with VWF and blue cells treated with VWF. In contrast to 

macrophages, no VWF binding to primary monocytes was observed. 

 

Supplementary Figure 2 

 (A) Commercial purified pd-VWF was tested for contaminating endotoxin using macrophage 

a RAW-Blue cell line (InvivoGen). RAW-Blue cells were incubated with pd-VWF (10μg/ml) 

or LPS (100ng/ml) overnight. Secreted embryonic alkaline phosphatase (SEAP) was quantified 

using QUANTI-Blue (InvivoGen).  

(B) Western blot analysis of phosphorylation of MAPKinase p38 in primary human 

macrophages incubated with recombinant clinical grade VWF (10 µg/ml) compared to either 

pd-VWF (10 µg/ml) or LPS (100 ng/ml) for 30min.  

(C) Primary human macrophages were incubated with recombinant VWF(10μg/ml),  pd-VWF 

(10μg/ml) or LPS (100ng/ml) for 24 hours. Cell supernatants were then collected and placed in 

the lower chamber of a transmigration assay. Naïve human monocytes were placed in the upper 

chamber and allowed to migrate for 2.5 hours. Representative images of migrated cell tracker 

green ladled primary monocytes.  

(D) Extracellular flux analysis (Seahorse XF Cell Mito Stress kit) was used to assess the effects 

of recombinant VWF binding upon macrophage metabolism. Extracellular acidification 

(ECAR) measured to study the effects on glycolysis following stimulation with rVWF 

(10μg/ml) (green), pd-VWF (10μg/ml) (blue), LPS (100ng/ml) (red), or untreated controls 

(black) for 3 hours and 16 hours respectively. Similarly, cellular oxygen consumption rate 

(OCR) was assayed to study the effects on BMDM oxidative phosphorylation after 3 hour and 

16 hour incubations. The effects of VWF and LPS on BMDM glycolysis and oxidative 

phosphorylation were studied in the presence or absence of specific mitochondrial inhibitors as 

before. Plots are representative images collected from three independent assays. Bar charts are 

a pool of 4 independent experiments. The significance was determined by t-test in which 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Supplementary Figure 3 

BMDM viability was assessed after incubations with rVWF (10μg/ml) (green), pd-VWF 

(10μg/ml) (blue), LPS (100ng/ml) (red), or untreated controls (black) for 3 hours and 16 hours 

respectively. Cell viability was determined using Alamar Blue metabolism (absorbance λ = 

600nm) normalised to total protein. 

 
 
 
 



 



 



 



 



 



 



 



 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Figure 4 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 1 

 

Human 

Gene Forward Primer Reverse Primer 

IL-1β CTAAACAGATGAAGTGCTCC GGTCATTCTCCTGGAAGG 

IL-6 GCAGAAAAAGGCAAAGAATC CTACATTTGCCGAAGAGC 

TNFα AGGCAGTCAGATCATCTTC TTATCTCTCAGCTCCAGC 

CCL2 AGACTAACCCAGAAACATCC ATTGATTGCATCTGGCTG 

CCL3 GCAACCAGTTCTCTGCATCA TGGCTGCTCGTCTCAAAGTA 

CCL4 GCTTTTCTTACACTGCGAGGA CCAGGATTCACTGGGATCAG 

β-Actin GACGACATGGAGAAAATCTG ATGATCTGGGTCATCTTCTC 

NOS2 GCTCTACACCTCCAATGTGACC CTGCCGAGATTTGAGCCTCATG 

 

Murine  

Gene Forward Primer Reverse Primer 

β-actin TGCTGTCCCTGTATGCCTCT TTGATGTCACGCACGATTTC 

TNFα ACGTCGTAGCAAACCACCAA GAGAACCTGGGAGTAGACAAGG 

lL-6 ATGAAGTTCCTCTCTGCAAGAGACT CACTAGGTTTGCCGAGTAGATCTC 

PHD3 CAACTTCCTCCTGTCCCTCA CCTGGATAGCAAGCCACCA 
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receptor in mediating von Willebrand factor clearance
Soracha E. Ward,1,* Jamie M. O’Sullivan,1,* Clive Drakeford,1 Sonia Aguila,1 Christopher N. Jondle,2 Jyotika Sharma,2 Padraic G. Fallon,3

Teresa M. Brophy,1 Roger J. S. Preston,1 Paul Smyth,4 Orla Sheils,4 Alain Chion,1 and James S. O’Donnell1,5

1Irish Centre for Vascular Biology, Molecular and Cellular Therapeutics, Royal College of Surgeons in Ireland, Dublin, Ireland; 2Department of Basic Biomedical
Sciences, University of North Dakota School of Medicine and Health Sciences, Grand Forks, ND; 3Inflammation and Immunity Research Group, Trinity Translational
Medicine Institute, and 4Department of Histopathology, Trinity Translational Medicine Institute, Trinity College Dublin, St. James’s Hospital, Dublin, Ireland; and
5National Centre for Coagulation Disorders, St. James’s Hospital, Dublin, Ireland

KEY PO INT S

l VWF sialylation
modulates in vivo
clearance through
Ashwell-Morrell
independent
pathways.

l VWF binding to MGL
plays a novel role in
facilitating VWF
clearance.

Previous studies have shown that loss of terminal sialic acid causes enhanced von
Willebrand factor (VWF) clearance through the Ashwell-Morrell receptor (AMR). In this study,
we investigated (1) the specific importance of N- vs O-linked sialic acid in protecting against
VWF clearance and (2) whether additional receptors contribute to the reduced half-life
of hyposialylated VWF. a2-3-linked sialic acid accounts for <20% of total sialic acid and is
predominantly expressed on VWF O-glycans. Nevertheless, specific digestion with a2-3
neuraminidase (a2-3Neu-VWF) was sufficient to cause markedly enhanced VWF clearance.
Interestingly, in vivo clearance experiments in dual VWF2/2/Asgr12/2 mice demonstrated
enhanced clearance of a2-3Neu-VWF even in the absence of the AMR. The macrophage
galactose-type lectin (MGL) is a C-type lectin that binds to glycoproteins expressing
terminal N-acetylgalactosamine or galactose residues. Importantly, the markedly en-
hanced clearance of hyposialylated VWF in VWF2/2/Asgr12/2 mice was significantly at-

tenuated in the presence of an anti-MGL inhibitory antibody. Furthermore, dose-dependent binding of human VWF to
purified recombinant human MGL was confirmed using surface plasmon resonance. Additionally, plasma VWF:Ag
levels were significantly elevated inMGL12/2 mice compared with controls. Collectively, these findings identify MGL
as a novel macrophage receptor for VWF that significantly contributes to the clearance of both wild-type and
hyposialylated VWF. (Blood. 2018;131(8):911-916)

Introduction
Although substantial progress has been achieved in under-
standing von Willebrand factor (VWF) structure and function, the
biological mechanisms underpinning VWF clearance from the
plasma remain poorly understood.1 Nevertheless, studies have
demonstrated that enhanced VWF clearance plays an important
role in the etiology of both type 1 and type 2 von Willebrand
disease (VWD).1,2 During biosynthesis, VWF undergoes com-
plex posttranslational modification, including significant N- and
O-linked glycosylation. Mass spectrometry studies have shown
that sialylated biantennary complex-type chains constitute the
commonest N-linked glycans expressed on VWF, whereas a
disialylated core 1 tetrasaccharide structure (known as the T an-
tigen) accounts for 70% of the totalO-glycan population.3,4 Thus,
themajority ofN- andO-linkedglycans of humanVWF are capped
by negatively charged sialic acid residues.5 In keeping with other
plasma glycoproteins, terminal sialic acid expression plays an
important role in protecting VWF against clearance.6,7 Conse-
quently, enzymatic removal of terminal sialylation from VWF has
been associated with a markedly reduced plasma half-life in vivo.8

Similarly, genetic inactivation of ST3GalIV sialyltransferase in
a transgenic mouse model causes enhanced VWF clearance.9

Several studies have reported significantly reduced VWF
sialylation levels in patients with type 1 VWD.7,9 Furthermore, van
Schooten et al reported an inverse correlation between aberrant
sialylation of T antigen andplasmaVWF:Ag levels, suggesting that
O-linked sialylation on VWF may be of particular importance.7

Current evidence suggests that the enhanced clearance of
hyposialylated VWF occurs via the Ashwell-Morrell receptor
(AMR).10 This C-type lectin is expressed on hepatocytes and is
composed of 2 transmembrane protein subunits (Asgpr-1 and
Asgpr-2). Grewal et al previously demonstrated that plasma VWF
clearance is significantly attenuated in Asgr-1 knockout mice.10

Nevertheless, important questions regarding the biological
mechanisms through which VWF sialylation regulates its clear-
ance in vivo remain unclear. In particular, the relative importance
of N-linked vs O-linked sialylation in regulating physiological
and/or pathological clearance of VWF has not been defined. In
addition to the AMR, a number of other lectin receptors have
been shown to bind with enhanced affinity to hyposialylated
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Figure 1. Clearance of hyposialylated VWF proceeds independently of AMR. (A) To study the effects of N- andO-linked sialylation on VWF clearance, purified human pd-
VWF was treated with either a2-3,6,8,9 or a2-3 neuraminidase. In vivo clearance for each glycoform was then assessed in VWF2/2 mice and compared with that of wild-type pd-
VWF. At each time point, residual circulating VWF concentration was determined by VWF:Ag enzyme-linked immunosorbent assay. All results are plotted as percentage residual
VWF:Ag levels relative to the amount injected. Three to 5mice were used per time point. Data are represented asmean6 SEM. In some cases, the SEM cannot be seen because
of its small size. (B) In the presence of ASOR, the enhanced in vivo clearance of both a2-3 Neu-VWF and a2-3,6,8,9 Neu-VWF was significantly attenuated (a2-3 Neu-VWF t1/2 5
8.26 1.4 minutes vs 12.46 2.4 minutes, P, .05; and a2-3,6,8,9 Neu-VWF t1/2 5 3.76 0.7 minutes vs 14.46 2.7 minutes, P, .005, respectively). (C) To determine whether AMR-
independent pathways contribute to the enhance clearance of hyposialylated VWF, in vivo clearance studies were repeated in VWF2/2/Asgr12/2mice. Importantly, themarkedly
enhanced clearance of both a2-3Neu-VWF anda2-3,6,8,9 Neu-VWFwas still evident in the absence of the AMR (t1/25 8.26 0.6 and 3.26 0.4 comparedwith 50.66 2minutes for
pd-VWF; P, .05). Furthermore, the reduced half-life observed for a2-3Neu-VWF (D) anda2-3,6,8,9 Neu-VWF (E) were not significantly different in the presence or absence of the
AMR (a2-3 Neu-VWF t1/2 5 8.2 6 1.4 minutes vs 8.2 6 0.6 minutes, P 5 .96; and a2-3,6,8,9 Neu-VWF t1/2 5 3.7 6 0.7 minutes vs 3.2 6 0.4 minutes, P 5 .42, respectively).
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glycoproteins.11 In this study, we demonstrate a critical role
for VWF O-linked sialylation in modulating in vivo clearance
and further define a novel role for the macrophage galactose-
type lectin (MGL) in regulating VWF clearance in a sialic acid–
dependent manner.

Study design
Isolation and digestion of human
plasma–derived VWF
As described in the supplemental Methods (available on the
BloodWeb site), plasma-derived VWF (pd-VWF) was purified from
commercial concentrate Fandhi (Grifols, Barcelona, Spain) and
subsequently treated with a2-3 neuraminidase (Streptococcus
pneumonia; Sigma Aldrich, Ireland) or a2-3,6,8,9 neuraminidase
(Arthrobacter ureafaciens; NewEngland Biolabs, United Kingdom)
as previously described.5 VWF glycan expression was analyzed
using lectin enzyme-linked immunosorbent assays (see sup-
plemental Methods and supplemental Figure 1).8

VWF clearance studies
VWF2/2 and Asgr12/2 mice on a C57BL/6J background were
obtained from the Jackson Laboratory (Sacramento, CA) and
crossbred to generate novel VWF2/2/Asgr12/2 double-knockout
mice. MGL12/2 mice were also obtained from the Jackson
Laboratory. Where indicated, clearance studies were repeated
in the presence of either clodronate or asialo-orosomucoid
(ASOR) as previously described.8,12 Specific clearance studies
were performed after inhibition of MGL using a polyclonal goat
anti-mouse MGL1/2 antibody. All in vivo clearance experiments
were performed as detailed in the supplemental Methods in
accordancewith the Health Product Regulatory Authority, Ireland.

In vitro VWF binding studies
As described in the supplemental Methods, surface plasmon
resonance (SPR) was used to evaluate MGL binding to VWF.13

Briefly, purified pd-VWF was immobilized on a CM5 chip, and
binding to recombinant MGL (R&D Systems, United Kingdom)
was determined. Furthermore, proximity ligation assay (Duolink-
PLA; Sigma Aldrich, Ireland) was performed to evaluate colocaliza-
tion of VWF and MGL on THP1 macrophages.

Data presentation and statistical analysis
Experimental data were analyzedwithGraphPad Prism version 5.0
(GraphPad Software, San Diego, CA). Data were expressed as
mean values 6 standard error of the mean (SEM). Data were

analyzed with Student unpaired 2-tailed t test, and P values of
,.05 were deemed significant.

Results and discussion
VWF sialylation modulates clearance through
Ashwell-Morrell independent pathways
In keeping with previous studies, we observed that combined
removal ofN- andO-linked sialic acid by digestion with a2-3,6,8,9
neuraminidase resulted in markedly enhanced clearance of pd-
VWF in VWF2/2 mice (Figure 1A). Specific removal of a2-3-linked
sialic acid was sufficient to markedly enhance VWF clearance
(t1/2 5 9.06 1 minutes; P, .05) (Figure 1A). In fact, clearance of
a2-3Neu-VWFwas almost as rapid as that ofa2-3,6,8,9 Neu-VWF
(t1/2 5 4.0 6 0.3 minutes). This finding is interesting because
a2-3-linked sialic acid is predominantly located on theO-linked
glycans of human VWF and accounts for,20% of total sialic acid
expression.5 Currently, the AMR is the only receptor described to
regulate clearance of hyposialylated VWF.10 We found that the
enhanced clearance of a2-3 Neu-VWF and a2-3,6,8,9 Neu-VWF
were both significantly attenuated in the presence of a hypo-
sialylated inhibitor glycoprotein (ASOR) (Figure 1B). However,
ASOR has a short plasma half-life and is not a specific AMR in-
hibitor.14 Previous studies have shown that AMR demonstrates
significantly greater affinity for exposed galactose residues on tri-
and tetra-antennary galactoses (as present on VWF N-glycan)
compared with terminal galactose moieties on mono- or
biantennary galactoses (as present on VWF O-glycan).15,16 We
therefore hypothesized that other lectin receptors may contribute
to the enhanced clearance of hyposialylated VW and be of par-
ticular importance in modulating the effects ofO-linked sialylation
on VWF clearance. To address this, in vivo clearance studies were
repeated in dual VWF2/2/Asgr12/2 knockout mice. Critically, we
observed that markedly enhanced clearance of both a2-3 Neu-
VWF anda2-3,6,8,9Neu-VWFpersisted inVWF2/2/Asgr12/2mice
(t1/2 5 8.2 6 0.6 and 3.2 6 0.4 vs 50.6 6 2 minutes for pd-VWF;
P , .05) (Figure 1C). Furthermore, the enhanced clearance rates
observed for a2-3 Neu-VWF and a2-3,6,8,9 Neu-VWF were not
significantly different in the presence or absence of the AMR
(Figure 1D-E). Collectively, these data confirm that reductions
in N- and/or O-linked sialylation have major effects on VWF half-
life and demonstrate that a2-3-linked sialic acid expressed on
O-linked glycans may be of particular importance in regulating
pd-VWF clearance. Furthermore, our findings suggest that pre-
viously unrecognized AMR-independent pathways contribute to
the enhanced clearance of hyposialylated VWF in vivo.

Figure 2.MGL facilitates VWF clearance in vivo. To investigate other receptors and/or cell types that modulate the enhanced clearance of hyposialylated VWF, a2-3 Neu-VWF
(A) and a2-3,6,8,9 Neu-VWF (B) clearance studies in VWF2/2Asgr12/2mice were repeated in the presence of ASOR, or following clodronate-inducedmacrophage depletion. The
enhanced clearance of both a2-3 Neu-VWF and a2-3,6,8,9 Neu-VWF was still inhibited by ASOR (blue lines) even in the absence of the AMR (a2-3 Neu-VWF t1/2 5 8.2 6 1.4
minutes vs 16.86 1.6minutes, P, .005; anda2-3,6,8,9 Neu-VWF t1/25 3.76 0.7minutes vs 7.76 1.3minutes, P, .05, respectively). In addition, clodronate-inducedmacrophage
depletion (green lines) also significantly attenuated the enhanced clearance of hyposialylated VWF (a2-3 Neu-VWF t1/2 5 8.26 1.4 minutes vs 24.06 1.1 minutes, P, .05; and
a2-3,6,8,9 Neu-VWF t1/25 3.76 0.7 minutes vs 9.66 4.1 minutes, P, .05, respectively). Three to 5 mice were used per time point, and data are represented as mean6 SEM. (C)
SPRwas used to evaluate the binding of immobilized purified pd-VWF to recombinant humanMGL. Dose-dependent binding were observed, with Kd (app) of 18.46 3mg/mL. (D)
In mice, there are 2 homologs of human MGL, mMGL1 and mMGL2. Murine MGL1 shares significant sequence homology with human MGL and binds oligosaccharides
with multiple terminal Gal residues including the T antigen. Interestingly, the markedly enhanced clearance of both a2-3 Neu-VWF and a2-3,6,8,9 Neu-VWF in VWF2/2Asgr12/2

mice was significantly attenuated in the presence of an mMGL blocking antibody vs isotype immunoglobulin G (IgG) control antibody, respectively (a2-3 Neu-VWF t1/2 5 21.96

11.8minutes vs 9.16 1.5minutes, P, .05; anda2-3,6,8,9Neu-VWF t1/25 24.46 8.1minutes vs 5.76 2.1minutes, P, .05, respectively). (E) THP1macrophages incubated with VWF
demonstrated VWF-MGL colocalization detected by Duolink-PLA, visualized as red spots via immunofluorescence microscopy. No signal was observed from cells incubated with
phosphate-buffered saline (PBS) alone. (F) Plasma VWF:Ag levels were significantly elevated in MGL12/2 mice compared with wild-type (WT) littermate controls (P , .05). (G) The
clearance of endogenous murine VWF inMGL12/2 mice was significantly attenuated compared with wild-type controls at all time points measured (P, .05). (H) In vivo clearance of
wild-type pd-VWF in VWF2/2Asgr12/2 mice was significantly attenuated in the presence of an mMGL blocking antibody compared with isotype control IgG (t1/2 5 64.6 6 18.4
minutes vs 42.8 6 10.7 minutes; P , .005). A minimum of 3 mice were used per time point; data are plotted as mean 6 SEM.
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The macrophage galactose receptor regulates in
vivo clearance of VWF
To investigate other receptors and/or cell types that modulate
the enhanced clearance of hyposialylated VWF, a2-3 Neu-VWF
and a2-3,6,8,9 Neu-VWF clearance studies in VWF2/2/Asgr12/2

mice were repeated in the presence of ASOR, or following
clodronate-induced macrophage depletion (Figure 2A-B). The
enhanced clearance of both a2-3 Neu-VWF and a2-3,6,8,9 Neu-
VWFwas still inhibited by ASOR even in the absence of the AMR.
Interestingly, in vivo macrophage depletion also significantly
attenuated the enhanced clearance of hyposialylated VWF. Fi-
nally, in vitro binding studies demonstrated enhanced binding of
asialo-VWF to differentiated THP1 macrophages (supplemental
Figure 2). Collectively, these data demonstrate that additional
asialo-receptors, at least in part expressed on macrophages,
regulate the enhanced clearance of hyposialylated VWF in vivo.

MGL is a C-type lectin receptor expressed as a homo-oligomer on
antigen-presenting cells such as macrophages and dendritic cells
(supplemental Figure 3).17 The carbohydrate recognition domain
of MGL binds with high affinity to glycoproteins expressing ter-
minalN-acetylgalactosamine or galactose (Gal) residues, and thus
MGL can regulate glycoprotein endocytosis.18-20 MGL binding to
oligosaccharide chains is attenuated by terminal sialylation.21

Importantly, given the putative role of VWF O-linked glycans
in modulating clearance, MGL also recognizes the T antigen.22 In
mice, there are 2 homologs of human MGL, mMGL1 and
mMGL2.23 Murine MGL1 shares significant sequence homology
with human MGL and has been shown to bind oligosaccharides
with terminal Gal residues including the so called T antigen.23 Of
note, previous studies have demonstrated that ;70% of the
O-glycans of VWF are composed of this sialylated tumor-associated
T antigen structure.4,7 Interestingly, the enhanced clearance of
botha2-3Neu-VWFanda2-3,6,8,9Neu-VWF inVWF2/2/Asgr12/2

micewas significantly attenuated in the presence of anti-mMGL1/2
inhibitory antibody, suggesting a novel role for MGL in regulating
macrophage-mediated clearance of hyposialylated VWF (Figure
2D). Importantly, we observed dose-dependent binding of
human pd-VWF to purified recombinant humanMGL using SPR
(Figure 2C). Moreover, Duolink-PLA analysis demonstrated that
VWF colocalizes with MGL on the surface of THP1 macrophages,
as indicated by the distinct red fluorescent dots (Figure 2E).
Plasma VWF:Ag levels were significantly elevated in MGL12/2

mice compared with wild-type controls (152.66 15.7% vs 1006
16.9%; P , .05) (Figure 2F). Furthermore, in vivo clearance
of endogenous murine VWF was attenuated in MGL12/2 mice
(Figure 2G), suggesting that MGL-mediated VWF clearance is
important even in the presence of AMR. Finally, clearance of
pd-VWF in VWF2/2/Asgr12/2 mice was attenuated in the pres-
ence of mMGL1/2 inhibitory antibody (Figure 2H). Collectively,
these findings reveal MGL as a novel macrophage lectin receptor
for VWF that contributes to the clearance of both wild-type

and hyposialylated VWF. Further studies will be required to
determine the importance of MGL compared with other recently
described receptors involved in regulating VWF clearance.24

Nevertheless, the role of MGL in modulating VWF clearance has
direct translational relevance in that quantitative variations in
N- and O-linked sialylation have been described in patients
with type 1 VWD.7,9 In addition, desialylation of VWF has been
described with glycoprotein ageing in plasma25 and can also
occur during infections with specific pathogens that are as-
sociated with significantly enhanced neuraminidase activity
(eg, Streptococcus pneumonia).10
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In this issue of Arteriosclerosis, Thrombosis, and Vascular 
Biology, Aymé et al1 provide new insights into the role 

played by von Willebrand factor (VWF) in modulating in 
vivo inflammatory responses. In particular, a single-domain 
antibody against the VWF A1 domain is shown to markedly 
attenuate leukocyte recruitment and vascular permeability in 
2 distinct murine models of inflammation. Collectively, these 
findings support the hypothesis that VWF is involved in regu-
lating inflammation and suggest that novel VWF-targeted 
therapies may be useful inhibitors of this critical step in 
inflammatory pathogenesis.

See accompanying article on page 1736
VWF circulates in plasma as a large multimeric glycopro-

tein and plays critical roles in normal hemostasis.2 At sites of 
vascular damage, VWF binds to exposed subendothelial colla-
gen. Shear stress then triggers unwinding of the normal globu-
lar conformation of VWF, leading to conformational changes 
within the A domains and in particular exposure of the 
GPIbα (glycoprotein Ibα)-binding site within the A1 domain. 
Consequently, tethered VWF can recruit platelets to the site of 
injury. In addition, VWF also acts as a carrier for procoagulant 
FVIII, protecting it against premature proteolytic degradation 
and clearance.3

Besides these important roles in maintaining hemostasis, 
recent studies have identified novel roles for VWF in modulat-
ing inflammatory responses.4–8 In vitro studies demonstrated 
that immobilized VWF binds directly to both polymorphonu-
clear leukocytes and monocytes under static and flow condi-
tions.4 Under flow conditions, this VWF-mediated interaction 
involved transient rolling (mediated in part though VWF bind-
ing to leukocyte P-selectin glycoprotein ligand-1) followed by 
stable adhesion (mediated in part through VWF interaction 
with leukocyte β2-integrins). VWF binding to P-selectin gly-
coprotein ligand-1 was dependent on the A1 domain, whereas 
several regions of VWF (including D’D3 and A1A2A3) were 
implicated in β2-integrin binding.4

Roles for VWF in modulating inflammatory responses 
have also been observed in vivo.5–8 In an experimental sep-
sis model involving cecal ligation and puncture, Lerolle 
et al5 observed significantly enhanced overall survival in 
VWF−/− mice compared with wild-type controls. Importantly, 
however, data derived from inflammation studies performed 

in VWF−/− mice are complicated by the fact that these mice 
also lack Weibel–Palade bodies and consequently have con-
founding P-selectin storage abnormalities. However, Petri 
et al6 showed that VWF-blocking antibodies significantly 
inhibited neutrophil recruitment into thioglycollate-inflamed 
peritoneum and keratinocyte-derived chemokine–stimulated 
exposed cremaster muscle. In both murine models, the abil-
ity of the VWF-blocking antibody in reducing neutrophil 
extravasation was critically dependent on the presence of 
platelets and GPIbα.6 In addition to VWF-mediated leukocyte 
binding, in vivo studies have further demonstrated that VWF-
associated platelets are important in regulating permeability 
of the endothelial cell wall and, thus, also influence neutrophil 
extravasation.6 VWF-blocking antibodies were also shown to 
attenuate neutrophil recruitment in a murine model of immune 
complex–mediated vasculitis.7 Interestingly, in contrast to the 
critical need for platelet GPIbα in regulating VWF-induced 
neutrophil extravasation into inflamed peritoneum, Hillgruber 
et al7 showed that VWF-modulated neutrophil recruitment in 
cutaneous inflammation was GPIbα-independent.

To further elucidate the role of VWF in regulating inflam-
mation in vivo, Aymé et al1 have developed a novel single-
domain llama-derived antibody or nanobody that recognizes 
an epitope located within the A1 domain of VWF. Importantly, 
this A1 domain single-domain llama-derived antibody cross-
reacts with both human and murine VWF. Consequently, a 
bivalent variant of the single-domain llama-derived antibody 
(KB-VWF-006bi) interfered with ristocetin-induced murine 
and human platelet aggregation and significantly attenuated 
VWF binding to collagen VI (but not to collagens I, III, or 
IV). In vivo, KB-VWF-006bi dose dependently increased 
bleeding time and blood loss in a tail-clip model and reduced 
the formation of occlusive thrombi in a ferric chloride–
induced thrombosis model. In keeping with previous studies, 
KB-VWF-006bi was shown to markedly reduce leukocyte 
recruitment and vascular permeability in 2 distinct inflam-
mation models of immune complex–mediated vasculitis and 
irritant contact dermatitis, respectively.1 Given that KB-VWF-
006bi binds only to the VWF A1 domain, this suggests that, 
at least in these animal models, the A1 domain plays a spe-
cific role in facilitating the proinflammatory effects of VWF. 
Perhaps unsurprisingly, this critical role for the A1 domain 
is at least partially dependent on the presence of platelets. 
Cumulatively, these findings suggest that VWF binding to 
GPIbα serves to tether platelets, which, in turn, modulates 
endothelial cell barrier wall permeability and thus leukocyte 
tissue extravasation into the tissues.

These emerging data demonstrate that VWF influences 
multiple different aspects of inflammation in vivo (Figure). 
Further studies will be essential in defining the molecular 
mechanisms through which these VWF-mediated immuno-
modulatory effects are mediated. On the basis of the current 
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evidence, VWF clearly modulates inflammation through plate-
let-dependent and platelet-independent pathways.4–8 Moreover, 
although the underlying biology remains unexplained, the ani-
mal data further suggest that the relative importance of these 
discrete VWF-mediated pathways varies between different 
types of inflammation. Further insights into the role played 
by VWF in regulating leukocyte extravasation and endothe-
lial cell permeability and the complex cross-talk that exists in 
vivo between hemostasis and inflammation will undoubtedly 
emerge in the near future. Given the significant morbidity and 
mortality associated with inflammatory pathology, defining 
the roles of VWF may offer exciting opportunities to develop 
novel therapies to address a critical unmet clinical need.
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Von Willebrand factor (VWF) is a large plasma sialoglyco-
protein that plays a critical role in primary hemostasis by 

mediating platelet adherence to exposed subendothelial colla-
gen at sites of vascular injury.1 In addition, VWF also acts as a 
carrier for procoagulant FVIII, protecting it against premature 
proteolytic degradation and clearance.2 VWF is synthesized 
in endothelial cells and megakaryocytes initially as a mono-
mer composed of a series of repeating domains (D′-D3-A1-
A2-A3-D4-C1-C2-C3-C4-C5-C6-CK).3 VWF monomers are 
assembled into dimers through the formation of C-terminal 
disulfide bonds in the endoplasmic reticulum.4 Subsequently 
in the Golgi, a further round of N-terminal disulfide bond for-
mation converts VWF dimers into longer multimeric struc-
tures.5,6 Multimeric forms of up to 100- or 200-mers may be 
present in the circulation.7 Multimeric composition is a criti-
cal determinant of VWF functional activity as high molecular 
weight (HMW) VWF multimers bind to both collagen and 

platelets with significantly increased affinities and are thus 
more efficient in inducing platelet aggregation.1,8

In normal plasma, pathological accumulation of HMW 
VWF multimers is prevented by proteolysis of multimers with 
the plasma metalloprotease, ADAMTS13 (a disintegrin and 
metalloproteinase with thrombospondin type-1 repeats), which 
cleaves a single peptide bond (Tyr1605-Met1606) within the 
A2 domain of VWF.9,10 Inherited or acquired ADAMTS13 
deficiency results in the accumulation of ultralarge VWF 
(UL-VWF) multimers in plasma.11,12 These UL-VWF can trig-
ger the formation of pathological platelet aggregates, which 
obstruct the microvasculature, thereby causing thrombotic 
thrombocytopenia purpura (TTP).13,14 Congenital TTP has 
been associated with a series of different ADAMTS13 gene 
mutations.11,15 Interestingly, although inherited TTP often 
presents during infancy, significant variability in both age of 
onset and disease severity have been reported.16,17 Furthermore, 

© 2017 American Heart Association, Inc.
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Objective—Previous studies have demonstrated a role for plasmin in regulating plasma von Willebrand factor (VWF) multimer 
composition. Moreover, emerging data have shown that plasmin-induced cleavage of VWF is of particular importance 
in specific pathological states. Interestingly, plasmin has been successfully used as an alternative to ADAMTS13 (a 
disintegrin and metalloproteinase with thrombospondin type 1 motif) in a mouse model of thrombotic thrombocytopenic 
purpura. Consequently, elucidating the molecular mechanisms through which plasmin binds and cleaves VWF is not 
only of basic scientific interest but also of direct clinical importance. Our aim was to investigate factors that modulate the 
susceptibility of human VWF to proteolysis by plasmin.

Approach and Results—We have adapted the VWF vortex proteolysis assay to allow for time-dependent shear exposure 
studies. We show that globular VWF is resistant to plasmin cleavage under static conditions, but is readily cleaved by 
plasmin under shear. Although both plasmin and ADAMTS13 cleave VWF in a shear-dependent manner, plasmin does not 
cleave at the Tyr1605-Met1606 ADAMTS13 proteolytic site in the A2 domain. Rather under shear stress conditions, or in 
the presence of denaturants, such as urea or ristocetin, plasmin cleaves the K1491-R1492 peptide bond within the VWF 
A1–A2 linker region. Finally, we demonstrate that VWF susceptibility to plasmin proteolysis at K1491-R1492 is modulated 
by local N-linked glycan expression within A1A2A3, and specifically inhibited by heparin binding to the A1 domain.

Conclusions—Improved understanding of the plasmin–VWF interaction offers exciting opportunities to develop novel 
adjunctive therapies for the treatment of refractory thrombotic thrombocytopenic purpura.   
(Arterioscler Thromb Vasc Biol. 2017;37:845-855. DOI: 10.1161/ATVBAHA.116.308524.)
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ADAMTS13 deficiency and circulating UL-VWF multimers 
can be observed in patients with inherited ADAMTS13 defi-
ciency during the periods of clinical remission.14,18 Finally, 
complete deficiency of ADAMTS13 in transgenic mice mod-
els was not of itself sufficient to cause a TTP phenotype.19,20 
Collectively, these findings suggest that the loss of ADAMTS13 
may be necessary but not sufficient to induce clinical TTP, 
and support the hypothesis that additional factors beyond 
ADAMTS13 may contribute to TTP pathogenesis in vivo.14,21

Interestingly, Tersteeg et al22 recently showed that significant 
activation of plasminogen to plasmin constitutes a common fea-
ture in patients during acute episodes of TTP. This observation is 
important because plasmin has previously been shown to proteo-
lyze ADAMTS13.23 However, in vitro and in vivo studies have 
confirmed that plasmin can also successfully degrade UL-VWF 
platelet aggregates.22,24 On the basis of these data, a possible role 
for plasmin as a novel therapy for patients with refractory TTP 
was proposed.22 In addition, Herbig and Diamond25 have further 
demonstrated that abnormal VWF fibers formed under patho-
logical flow conditions are resistant to ADAMTS13 proteoly-
sis, but remain susceptible to cleavage by plasmin. All together, 
these emerging data suggest that plasmin-induced cleavage of 
VWF may be of both physiological and pharmacological signifi-
cance. Critically, however, the molecular mechanisms underly-
ing VWF proteolysis by plasmin remain poorly understood.

Previous studies have demonstrated that shear may 
enhance proteolysis of VWF by plasmin, as well as several 
other plasma proteases.22,24 In this study, we directly compared 
VWF proteolysis under static or shear conditions in the same 
assay and demonstrate that plasmin-mediated proteolysis of 
VWF is shear dependent. In addition, plasmin-mediated prote-
olysis of recombinant VWF truncated proteins was performed 
to localize a critical plasmin cleavage site to K1491-R1492 
within the linker region between the A1 and A2 domains of 
VWF. Finally, we demonstrate that VWF susceptibility to 
plasmin proteolysis at K1491-R1492 is modulated by local 
N-linked glycan expression within A1A2A3 and is specifi-
cally inhibited by heparin binding to the A1 domain.

Materials and Methods
Materials and Methods are available in the online-only Data 
Supplement.

Results
pd-VWF Is Cleaved by Plasmin in 
a Shear-Dependent Manner
Recent studies have suggested that shear may influence 
the susceptibility of VWF to proteolysis by plasmin.22,24 

To investigate this hypothesis, we adapted the vortex-
ADAMTS13 cleavage assay as previously described by the 
Long Zheng laboratory.26,27 After incubation of pd-VWF with 
purified plasmin under static conditions for 5 minutes, no sig-
nificant VWF proteolysis was observed (Figure 1A; Figure I 
in the online-only Data Supplement). In contrast, however, in 
the presence of vortex shear, a significant and time-dependent 
reduction in HMW multimers was apparent (0 minutes versus 
5 minutes; P=0.005; Figure 1A and 1B; Figure I in the online-
only Data Supplement). Moreover, a corresponding increase 
in low molecular weight multimers was also observed (0 
minutes versus 5 minutes; P<0.0001). As the VWF prepara-
tion used was plasma-derived, and other plasma proteases 
can cleave VWF,28,29 the vortex VWF proteolysis experiment 
was repeated in the absence of added plasmin. In the absence 
of plasmin, no significant reduction in HMW was observed 
despite 5 minutes vortex (0 minutes versus 5 minutes, P=0.64; 
Figure 1B). Furthermore, shear-related cleavage of VWF in 
this vortex assay was completely ablated in the presence of the 
known plasmin inhibitors aprotinin (0.5 μmol/L; P<0.0001) 
or ε-aminocaproic acid (50 mmol/L; P=0.006), respec-
tively (Figure 1C). To determine whether the shear-induced 
ADAMTS13 cleavage site within the A2 domain of VWF 
is also cleaved by plasmin, immunoblotting was performed 
after vortexing using an antibody that specifically recognizes 
the ADAMTS13 140kDa N-terminal A2-cleavage product.30 
Following pd-VWF exposure to ADAMTS13 under shear, 
we observed a progressive increase in this cleavage product 
(Figure 1D). In contrast, however, in the presence of plasmin, 
no such cleavage band was seen despite the progressive loss 
in HMW multimers (Figure 1D). All together, these findings 
demonstrate that plasmin cleaves VWF in a shear-dependent 
manner. Moreover, although ADAMTS13 also cleaves VWF 
in a shear-dependent fashion, the plasmin-cleavage site(s) in 
VWF is distinct to that of ADAMTS13.

VWF Conformation Modulates 
Susceptibility to Plasmin Proteolysis
To further investigate how VWF conformation influences 
susceptibility to plasmin proteolysis, we studied VWF cleav-
age in the presence of the denaturant urea. Under static 
conditions, full-length VWF proteolysis by plasmin was sig-
nificantly enhanced in the presence of increasing concentra-
tions of urea (low molecular weight VWF after 120 minutes: 
0 versus 1.5 mol/L urea P=0.027; Figure 2A). Ristocetin 
binding to the A1 domain causes a conformational change 
that enhances VWF binding to platelet glycoprotein Ibα.31 
Moreover, ristocetin binding also significantly enhances 
VWF proteolysis by ADAMTS13.31 Similarly, we observed 
that plasmin-induced VWF proteolysis was also signifi-
cantly increased in the presence of ristocetin (low molecular 
weight VWF after 120 minutes: 0 versus 1.5 mg/mL risto-
cetin P=0.006; Figure 2B; Figure II in the online-only Data 
Supplement). Previous studies have demonstrated that glob-
ular VWF is resistant to ADAMTS13 cleavage.32 Similarly, 
our findings demonstrate that multimeric VWF is also resis-
tant to plasmin proteolysis unless exposed to shear stress or 
in the presence of unfolding agents.

Nonstandard Abbreviations and Acronyms

ADAMTS13 a disintegrin and metalloproteinase with thrombospondin type 
1 motif

HMW high molecular weight

TTP thrombotic thrombocytopenic purpura

VWF von Willebrand factor

WT wild type
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Figure 1. Human von Willebrand factor (VWF) is cleaved by plasmin in a shear-dependent manner. A, Purified human VWF (6 μg/mL) was 
incubated with plasmin (7.7 nmol/L) in the presence or absence of shear (vortexed at 2500 rpm). Samples are collected at 0, 1, 2, 3, and 5 
minutes into tubes containing 15 μmol/L aprotinin. VWF proteolysis at each time point was analyzed by sodium dodecyl sulfate-agarose 
gel electrophoresis, immunoblotting, and densitometry as described in Materials and Methods section of this article. The area examined 
for densitometric analysis of high molecular weight (HMW) and low molecular weight (LWM) VWF is illustrated here and is applicable to 
all subsequent experiments. All experiments were performed in triplicate, and results described represent the means±SEM (**P<0.001 
and ***P<0.0001 in comparison to control; ns, not significant). B, Purified pd-VWF was subjected to vortex-induced shear as before, in 
the presence or absence of added purified human plasmin (7.7 nmol/L). Samples were collected into aprotinin, and proteolysis assessed 
as above. C, Proteolysis of pd-VWF by plasmin under shear was repeated in the presence or absence of either aprotinin (0.5 μmol/L) or 
ε-aminocaproic acid (50 mmol/L) D, To investigate whether plasmin and ADAMTS13 (a disintegrin and metalloproteinase with thrombos-
pondin type 1 motif) cleave VWF at the same site, pd-VWF was vortexed at 2500 rpm in the presence of either recombinant (Continued )  
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Plasmin Cleaves VWF Within the A1–A2 Domains
Given the marked effect of ristocetin in enhancing VWF 
proteolysis by plasmin, we hypothesized that plasmin 
may cleave within the A1–A2–A3 domain region. To 
address this hypothesis, we examined plasmin-mediated 
proteolysis of recombinant VWF A domain truncated 
fragments (Figure 3A). In contrast to full-length VWF, 
recombinant A1A2A3-VWF was proteolyzed by plasmin 
under static conditions in the absence of any denaturants 
(Figure 3B). Moreover, this plasmin-mediated cleavage of 
A1A2A3-VWF was further enhanced in the presence of 
ristocetin (Figure 3C). Furthermore, although we observed 
plasmin-induced proteolysis of A1A2-VWF over time 
(Figure 3D), no significant cleavage of A2A3-VWF was 
seen (Figure 3D). Cumulatively, these data confirm a criti-
cal role for the A1 domain (aa1239–1494) in regulating 
VWF proteolysis by plasmin.

Plasmin Cleaves A1A2-VWF at K1491-R1492
As the A1A2 cleaved product is His-tagged at the C termi-
nus, N-terminal sequencing of this product was performed to 
identify the site of proteolytic cleavage. RNSMV (Arg-Asn-
Ser-Met-Val) were identified as the first five amino acids of 
the cleavage fragment. This sequence is only present in one 
location in human VWF, in the linker region between the A1 
and A2 domains (1492RNSMV1496) (Figure 4A), and therefore 
suggests that plasmin cleaves between K1491 and R1492. 
Interestingly, both of these residues are highly conserved 
(Figure 4A). To confirm this putative plasmin cleavage site, 
K1491 was mutated to alanine in A1A2-VWF. In contrast to 
the plasmin-mediated proteolysis of wild-type (WT) A1A2, 
no proteolysis of A1A2-K1491A was observed over time 
(Figure 4B). Similarly, although WT D′D3A1A2A3-VWF 
was susceptible to plasmin cleavage, D’D3A1A2A3-K1491A/
R1492A was resistant to plasmin proteolysis (Figure 4C). 

Figure 2. Von Willebrand factor (VWF) conformation modulates susceptibility to plasmin proteolysis. To investigate whether VWF confor-
mation influences susceptibility to plasmin proteolysis, pd-VWF was incubated under static conditions with 7.7-nmol/L human plasmin in 
the presence of either (A) increasing concentrations of urea (0.5–1.5 mol/L) or (B) increasing concentrations of ristocetin (0.5–1.5 mg/mL). 
After incubation, samples were removed into aprotinin and rate of VWF multimer cleavage assessed by immunoblotting and densitometry. 
All experiments were performed in triplicate, and results described represent the means±SEM (*P<0.05, **P<0.001).

Figure 1. Continued human ADAMTS13 (3 nmol/L) or purified plasmin (7.7 nmol/L). Samples were collected at 0, 1, 3, and 5 minutes into 
either EDTA (50 mmol/L) for ADAMTS13-proteolysis studies, or aprotinin (15 μmol/L) for plasmin-proteolysis studies. All samples were 
then reduced with 100 mmol/L DTT (dithiothreitol), and analyzed by immunoblotting with a monoclonal antibody specific for the 140 kDa 
ADAMTS13-cleaved VWF product. ACA indicates aminocaproic acid.
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Collectively, these findings demonstrate that plasmin cleaves 
VWF at the K1491–R1492 bond in the linker region between 
the A1 and A2 domains in this shear-sensitive region of VWF.

Heparin Inhibits Plasmin Cleavage of VWF
Several VWF-binding partners significantly enhance VWF 
susceptibility to ADAMTS13 proteolysis, including FVIII,33 

platelet glycoprotein Ibα,34 ristocetin,35 and heparin.34 Both 
FVIII and glycoprotein Ibα are proteolyzed by plasmin.36,37 
Consequently, we further investigated whether heparin binding 
might also promote plasmin proteolysis of full-length VWF. 
Interestingly, in contrast to the effect of heparin in enhancing 
VWF proteolysis by ADAMTS13, we observed a significant 
and concentration-dependent inhibition of plasmin-mediated 
proteolysis of pd-VWF under shear by heparin (Figure 5A). 
Similarly, proteolysis of the truncated A1A2-VWF fragment 
by plasmin under static conditions was also inhibited by hepa-
rin (Figure 5B). Tersteeg et al22 previously postulated that 
the lysine-rich 1405KKKK1408 region in the A1 domain may be 
important in modulating plasminogen interaction with VWF. 
Interestingly, previous studies have also reported a heparin-
binding role for this region.38 To elucidate the mechanism 
underlying the inhibitory effect of heparin on plasmin-medi-
ated VWF proteolysis, we investigated plasminogen binding 
to A1A2-VWF in the presence of heparin using the same 
assay as described by Tersteeg et al22 In keeping with previous 
studies, immobilized recombinant A1A2-VWF bound to plas-
minogen in a saturable and concentration-dependent manner 
(Figure 5C). Moreover, this binding was inhibited by the solu-
ble lysine analog ε-aminocaproic acid (data not shown). In the 
presence of heparin, binding of WT A1A2-VWF to plasmino-
gen was markedly attenuated (Figure 5C). All together, these 
findings are consistent with the hypothesis that the lysine-rich 
1405KKKK1408 region in the A1 domain of VWF plays critical 
roles in modulating interaction with both heparin and plasmin. 
Importantly, we further observed that binding of the A1A2-
K1491A VWF variant to plasminogen was similar to that of 
WT A1A2-VWF, despite the loss of the plasmin cleavage site 
(Figure 5D). This observation confirms that the plasmin(ogen) 
binding and proteolytic sites on VWF are distinct.

Plasmin Cleaves VWF in a Glycan-Dependent 
but ABO-Independent Manner
Previous studies from our laboratory and others have dem-
onstrated that VWF glycan determinants play a major role in 
modulating susceptibility to ADAMTS13 proteolysis.35,39,40 
Given the role of N-linked glycans in modulating A2 domain 
conformation,41 we hypothesized that local N-linked gly-
cans within A1A2A3 might also be important in modulating 
VWF proteolysis by plasmin. Only two N-linked glycans are 
expressed on A1A2A3-VWF at N1515 and N1574, respec-
tively, within the A2 domain. Specific removal of these 2 
N-linked glycans from A1A2A3-VWF by PNGase F diges-
tion resulted in significantly increased susceptibility to 
plasmin proteolysis (4 hours; WT versus PNGase-treated, 
P=0.013; Figure 6A).

ABO(H) blood determinants expressed on both the N- 
and O-linked glycans of human pd-VWF have been shown 
to modulate the susceptibility of pd-VWF to ADAMTS13 
cleavage.35,42 As ABO(H) determinants are not expressed on 
recombinant VWF,43,44 we used blood group–specific pd-VWF 
to investigate whether ABO also influences plasmin-mediated 
proteolysis of VWF. Despite the significant effect of ABO 
blood group in regulating VWF proteolysis by ADAMTS13, 
no significant difference in plasmin-mediated proteolysis 
was observed for group AB VWF compared with group O 

Figure 3. Plasmin cleaves within the A1–A2 domains of human 
von Willebrand factor (VWF). A, To investigate site(s) of plasmin-
mediated proteolysis within VWF, a series of truncated VWF domain 
fragments were expressed and purified from HEK293T cells. B, 
Recombinant human A1A2A3-VWF was incubated with plasmin for 
up to 4 hours under static conditions. Samples were removed at 
specified time points for proteolysis analysis by immunoblotting as 
before. C, Recombinant A1A2A3-VWF was incubated with plasmin 
under static conditions in the absence or presence of ristocetin (1 
mg/mL), and proteolysis analyzed on 4% to 12% Bis Tris acrylamide 
gels with immunoblotting. D, Recombinant human A1A2-VWF or 
A2A3-VWF were incubated with plasmin (12.8 nmol/L) for up to 1 
hour. Samples were removed at each time point for analysis on 4% 
to 12% Bis Tris acrylamide gels with immunoblotting with anti-His 
horseradish peroxidase. WT indicates wild type.
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VWF (HMW 5 minutes AB versus O, P=0.1979; Figure 6C). 
Nevertheless, taken together, these data demonstrate that N- 
and O-glycans expressed within the A1A2A3 domains of 
VWF play important roles in modulating proteolysis by both 
plasmin and ADAMTS13.

Discussion
VWF multimer composition is a critical determinant of its 
hemostatic function.1 The biological importance of regulat-
ing plasma VWF multimer distribution is illustrated by the 
fact that pathological accumulation of abnormal UL-VWF 
multimers is associated with thrombotic microangiopathy in 
TTP.45,46 Conversely, in patients with type 2A von Willebrand 

disease, increased proteolysis results in loss of normal 
HMW VWF multimers, and confers a significant bleeding 
phenotype.47 Under steady-state conditions, VWF multi-
mer distribution in normal plasma is primarily regulated by 
ADAMTS13-mediated proteolysis. Nevertheless, other pro-
teases can also cleave multimeric VWF in vitro.21 Moreover, 
accumulating recent evidence suggests that these proteases 
may have roles in regulating VWF multimer composition in 
vivo under specific conditions.22,48–52 For example, in a murine 
model of TTP, plasmin could regulate VWF multimer distri-
bution in the absence of ADAMTS13.22 Several other patho-
logical conditions have also been associated with significant 
reductions in plasma ADAMTS13 levels, including acute 

Figure 4. Plasmin cleaves A1A2-von Willebrand factor (VWF) at K1491-R1492. A, N-terminal sequencing of the C-terminally His-tagged 
product of plasmin-cleaved VWF identified RNSMV (Arg-Asn-Ser-Met-Val) as the first five amino acids of this protein band. This cor-
responds to a C-terminal region of the VWF A1 domain. The amino acid sequences of VWF protein from several species (human, feline, 
bovine, canine, murine, and porcine) were aligned using the T-Coffee multiple sequence alignment program. B, VWF A1A2 or A1A2 
K1491A (10 μg/mL) were incubated with plasmin for up to 1 hour. Samples were removed at each time point and proteolysis analyzed 
by immunoblotting with anti-VWF horseradish peroxidase (HRP) or anti-His HRP. C, VWF D′A3 or D′A3 K1491A/R1492A (10 μg/mL) were 
incubated with plasmin for up to 4 hours. Samples were removed at each time point for analysis on 4% to 12% Bis Tris acrylamide gels 
with immunoblotting with anti-VWF HRP or anti-His HRP.
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Figure 5. Heparin inhibits plasmin cleavage of von Willebrand factor (VWF). A, Full-length pd-VWF was vortexed at 2500 rpm in the 
absence or presence of plasmin or heparin (0.3–30 mg/mL). Samples are removed at 0 and 5 minutes for analysis on 1.8% sodium 
dodecyl sulfate-agarose gels with immunoblotting and densitometry. B, Recombinant A1A2-VWF (10 μg/mL) was incubated with plasmin 
in the presence of heparin (0–300 μg/mL) for 1 hour. Samples were removed at 1 hour for proteolysis analysis. C, Plate-binding of plas-
minogen (25–200 μg/mL) to immobilized recombinant human wild-type (WT) A1A2-VWF was detected by anti-plasminogen horseradish 
peroxidase (HRP). Binding experiments were repeated in the presence or absence of added heparin (0–300µg/mL). D, Binding of plas-
minogen (25–200μg/mL) to immobilized A1A2-K1491A (5 μg/mL) was detected by anti-plasminogen HRP as before.
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liver injury,48 cerebral malaria,53 sickle cell disease,54 and 
Dengue.51 Importantly, however, despite low or even unde-
tectable ADAMTS13 activity levels, UL-VWF multimers are 
not observed in many individuals with these conditions.49 The 
absence of UL-VWF in these different patient cohorts is likely 
to be attributable to different molecular mechanisms, includ-
ing consumption in platelet-rich microthrombi. Nevertheless, 
recent reports21,22,48–52 have also postulated that VWF prote-
olysis through ADAMTS-13 independent pathways may be 
important in this context.

In the normal circulation, VWF adopts a globular confor-
mation.55 Shear stress triggers unwinding of globular VWF 
and conformational changes within the A domains,32 expos-
ing the glycoprotein Ibα–binding site in the A1 domain and 
the ADAMTS13 cleavage site in the A2 domain.56,57 In this 
study, we directly compare plasmin-mediated proteolysis of 
VWF under both static and shear conditions in a controlled 
environment and show that human pd-VWF is relatively 
resistant to proteolysis by 7.7 nmol/L plasmin under static 
conditions. Previous studies reporting proteolysis of VWF 
by plasmin under static conditions have used significantly 
higher plasmin concentrations.24,58 In contrast, however, our 

data show that HMW VWF is rapidly cleaved by 7.7 nmol/L 
plasmin under exposure to shear stress, which would parallel 
conditions present in stenosed arteries in vivo. Local plasmin 
concentrations of ≈10 nmol/L at sites of vascular injury, and 
>100 nmol/L after systemic thrombolytic therapy, have been 
estimated.24,59 Although both plasmin and ADAMTS13 cleave 
VWF in a shear-dependent manner, our findings demonstrate 
that plasmin does not cleave VWF at the ADAMTS13 site 
(Tyr 1605-Met 1606 in A2).

Using a series of recombinant VWF truncated proteins, 
we have localized a plasmin cleavage site in VWF. Plasmin 
specifically cleaves VWF at the K1491-R1492 peptide bond 
that is located in the A1–A2 linker region. The lysine-rich 
1405KKKK1408 region in the VWF A1 domain was recently pos-
tulated to play a role in mediating interaction with plasmin.22 
Moreover, this region is important in modulating heparin 
binding to VWF.38 Heparin has been reported to significantly 
enhance VWF proteolysis by ADAMTS13.34 In contrast, our 
novel data demonstrate that heparin binding to the A1 domain of 
VWF attenuates plasmin-mediated VWF proteolysis in a dose-
dependent manner. In binding studies, we confirmed that plas-
minogen binding to A1A2-VWF was significantly reduced in 

Figure 6. Plasmin cleaves von Willebrand factor (VWF) in a glycan-dependent but ABO-independent manner. A, N-linked glycans were 
removed from A1A2A3-VWF by digestion with PNGase F. Wild-type and PNGase F-treated A1A2A3-VWF (10 μg/mL) were then incubated 
with plasmin for up to 4 hours. Samples were removed at each time point for analysis on 4% to 12% Bis Tris acrylamide gels with immu-
noblotting. Samples were removed into aprotinin at each time point for analysis on 4% to 12% Bis Tris acrylamide gels with immunoblot-
ting. B, Human pd-VWF was purified from pooled blood group AB or blood group O normal donors. The AB- and O-VWF preparations 
were then vortexed at 2500 rpm in the absence or presence of plasmin (7.7 nmol/L). Samples were removed at 0, 1, 3, and 5 minutes for 
analysis on 1.8% sodium dodecyl sulfate-agarose gels with immunoblotting. The loss of high molecular weight multimers over time was 
determined by densitometry.
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the presence of heparin. Importantly, however, we observed that, 
despite site-directed mutagenesis of the plasmin cleavage site, 
A1A2-K1491A VWF binding to plasminogen was not reduced 
indicating that the plasmin(ogen)-binding site and the plasmin 
proteolysis sites within VWF are distinct. Therefore, our data 
show that under shear stress conditions, conformational changes 
in A1A2 facilitate plasmin binding to lysine-rich regions in the 
VWF A1 domain, and subsequently enable specific plasmin 
cleavage at the K1491–R1492 peptide bond within the VWF 
A1–A2 linker region. This pattern of distinct binding and cleav-
age sites as well as shear-enhanced and conformation-depen-
dent cleavage has clear similarities to the VWF–ADAMTS13 
interaction.32,60

To date, no VWF gene mutations involving the 
K1491-R1492 plasmin cleavage site have been described. 
However, both type 2A and type 2B von Willebrand disease 
are characterized by the loss of HMW multimers due, in part, 
to enhanced proteolysis.61,62 On the basis of our data on the 
critical role of A1A2 conformation in regulating susceptibil-
ity to plasmin proteolysis, it seems likely that some type 2A 
and 2B mutations may lead to enhanced proteolysis by plas-
min and ADAMTS13. Furthermore, given the importance of 
shear in regulating plasmin-mediated VWF proteolysis, it is 
plausible that plasmin cleavage may contribute to the loss of 
HMW multimers observed in patients in whom pathologi-
cal local shear stress levels are generated (eg,) acquired von 
Willebrand disease secondary to aortic stenosis or left ven-
tricular assist devices (LVADs).63,64 Finally, plasmin-medi-
ated VWF proteolysis after administration of thrombolytic 
treatment has been described in patients with myocardial 
infarction65 and deep vein thrombosis,61 and thus may be a 
contributing factor in the clinical bleeding risk associated 
with systemic thrombolysis.

In previous studies, we and others have shown an impor-
tant role for VWF glycans in modulating VWF cleavage by 
ADAMTS1339,40,42,66,67 and by plasmin.29 Similarly, our novel 
findings demonstrate that VWF glycans also determine sus-
ceptibility to plasmin proteolysis, but in addition identify some 
important differences in the effects of VWF glycans in regu-
lating proteolysis by plasmin compared with ADAMTS13. 
First, although the loss of terminal α2 to 6 linked sialic acid 
from human VWF significantly inhibits ADAMTS13 prote-
olysis,66 desialylation actually enhances proteolysis by plas-
min.68 Second, N-linked glycans expressed at N1515 and 
N1574 within the A2 domain protect VWF against proteoly-
sis by both plasmin and ADAMTS13.67,69 Finally, ABO(H) 
blood group determinants modulate VWF susceptibility to 
proteolysis by ADAMTS13 (O≥B>A≥AB)35 but do not influ-
ence plasmin-mediated cleavage. We hypothesize that VWF 
glycan determinants modulate interactions with both plas-
min and ADAMTS13 by modifying protein conformation. 
Consequently, removal of specific glycans in the A1A2A3 
domains result in conformations that are more permissive 
for either plasmin or ADAMTS13 cleavage. Further studies 
are necessary to define the molecular mechanism(s) through 
which glycans within the A domains of VWF regulate plas-
min-mediated proteolysis. Nevertheless, these findings are of 
clinical relevance in that significant quantitative and qualita-
tive variations in VWF glycan expression have been previously 

been reported in both the normal population70,71 and in patients 
with different disease states.72,73

In conclusion, accumulating recent data have demonstrated 
that in addition to ADAMTS13, plasmin may also play an 
important role in regulating plasma VWF multimer distribution, 
particularly under specific pathological conditions that pres-
ent with the accumulation of HMW VWF multimers.22,48,50,51,54 
Consequently, elucidating the molecular mechanisms through 
which plasmin binds and cleaves multimeric VWF is not 
only of basic scientific interest but also of direct translational 
importance. Improved understanding of the plasmin–VWF 
interaction may offer exciting opportunities to develop novel 
adjunctive therapies for the treatment of refractory TTP, which 
continues to be associated with significant morbidity and mor-
tality. In addition, using thrombolytic therapy to lyse VWF-
dependent platelet aggregates in sites of high shear stress may 
also be useful, particularly in pathological conditions where 
UL-VWF is resistant to ADAMTS13 proteolysis.25,53
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Highlights
• An in vivo role for plasmin-mediated proteolysis of von Willebrand factor (VWF) has been demonstrated in a mouse model of thrombotic  

thrombocytopenic purpura.
• We examined plasmin-mediated proteolysis of VWF under shear and of recombinant VWF proteins.
• Plasmin cleaves VWF in a shear- and glycan-dependent manner at K1491-R1492.
• Heparin inhibits plasmin-mediated proteolysis of VWF.
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Key Points

• The A1 domain of VWF
contains a cryptic binding site
that plays a key role in
regulating macrophage
binding and clearance.

• The N-linked glycans
presented at N1515 and
N1574 within the A2 domain
of VWF modulate
macrophage-mediated
clearance.

Enhanced von Willebrand factor (VWF) clearance is important in the etiology of von

Willebrand disease. However, the molecular mechanisms underlying VWF clearance

remain poorly understood. In this study, we investigated the role of VWF domains and

specific glycan moieties in regulating in vivo clearance. Our findings demonstrate that

the A1 domain of VWF contains a receptor-recognition site that plays a key role in regulat-

ing the interaction of VWF with macrophages. In A1-A2-A3 and full-length VWF, this

macrophage-binding site is cryptic but becomes exposed following exposure to shear or

ristocetin. Previous studies have demonstrated that the N-linked glycans within the A2

domain play an important role inmodulating susceptibility to ADAMTS13 proteolysis.We

further demonstrate that these glycans presented at N1515 and N1574 also play a critical

role in protecting VWF against macrophage binding and clearance. Indeed, loss of the

N-glycan at N1515 resulted in markedly enhanced VWF clearance that was significantly

faster than that observed with any previously described VWF mutations. In addition,

A1-A2-A3 fragments containing the N1515Q or N1574Q substitutions also demonstrated

significantly enhanced clearance. Importantly, clodronate-induced macrophage deple-

tion significantly attenuated the increased clearance observed with N1515Q and N1574Q in both full-length VWF and A1-A2-A3.

Finally,we furtherdemonstrate that lossof theseN-linkedglycansdoesnot enhanceclearance inVWF in thepresenceof a structurally

constrained A2 domain. Collectively, these novel findings support the hypothesis that conformation of the VWF A domains plays

a critical role in modulating macrophage-mediated clearance of VWF in vivo. (Blood. 2016;128(15):1959-1968)

Introduction

Von Willebrand factor (VWF) is a large multimeric sialoglycoprotein
that plays 2 key roles in normal hemostasis.1,2 First, it mediates recruit-
ment of platelets following injury to the vascular endothelium. Second,
VWF also functions as a carrier molecule for factor VIII. In vivo
expression of VWF occurs only within endothelial cells (ECs)3 and
megakaryocytes,4 where VWF is initially synthesized as a monomer
composed of a series of repeating domains in the order D9-D3-A1-A2-
A3-D4-C1-C2-C3-C4-C5-C6-CK. VWF synthesized within ECs un-
dergoes constitutive secretion into the plasma. Prior to this secretion,
VWF undergoes complex posttranslational modification within ECs,
including significant N- and O-linked glycosylation.2,5,6

The N- and O-linked glycans of human VWF have both
been characterized and demonstrate significant heterogeneity.7,8

Monosialylated or disialylated biantennary complex-type chains con-
stitute the most common N-linked glycans expressed on VWF.6,7,9-11

Although the O-linked glycans of VWF also demonstrate marked
heterogeneity, disialyl core 1 structures account for;70% of the total
population.8,12 Importantly, although the majority of its glycans are
capped by negatively charged sialic acid,7,13 VWF is unusual in that a
minority of both N-linked and O-linked carbohydrate chains express
terminal ABO(H) blood group determinants.7,8,11

Although substantial progress has been achieved in understanding
the biosynthesis, structure, and functions of VWF, the biological me-
chanism(s) responsible formodulatingVWFclearance from theplasma
remain poorly understood.14 Nevertheless, accumulating data have
shown that enhanced VWF clearance plays an important role in the
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etiology of both type 1 and type 2 VWD.15-20 Recent evidence further
suggests that hepatic and splenic macrophages may play key roles in
mediating VWF clearance.21-26 For example, differentiated primary
humanmacrophages can bind and endocytose purifiedVWF in vitro.21

Furthermore, macrophage depletion significantly prolonged the in vivo
survival of VWF infused into VWF2/2 mice.21,24,25 In addition, the
macrophage lipoprotein receptor (LRP1) has been shown to bind to
VWF in a shear-dependent manner.23 Critically however, the specific
regions of the VWF glycoprotein involved in modulating macrophage
interactions remain unclear.

More than 30 different VWF point mutations have already been
associated with enhanced clearance in patients with VWD.15,27,28

Intriguingly, the majority of VWF amino acid substitutions associated
with enhanced clearance are clustered within the A1 domain.14

Emerging evidence suggests that at least some of these VWF
mutations result in enhanced macrophage-mediated clearance in
vivo. For example, Wohner et al recently showed that specific type
2B VWD variants (R1306Q and V1316M within the A1 domain)
result in increased VWF clearance that is predominantly modulated
through the macrophage LRP1 receptor.26 Nevertheless, the molecular
mechanism through which so many different amino acid substitutions
clustered within the A1 domain of VWF result in enhanced clearance
remains poorly understood.

Variation in VWF glycosylation profile has also been shown to
significantly influence the clearance rate.29-34 For example, terminal
ABO(H) blood group determinants significantly modulate in vivo
clearance.35 Consequently, plasma VWF levels are significantly lower
in blood group O individuals than in non-O individuals.5,36 The
asialoglycoprotein or Ashwell receptor (ASGPR) is a C-type lectin
predominantly expressed on hepatocytes and is composed of 2 trans-
membrane protein subunits (Asgr-1 and Asgr-2).37 Importantly, a role
for Asgr1 inmodulatingVWF clearance has recently been described.34

In addition, a number of other carbohydrate receptors, including
galectin-1 (Gal-1), galectin-3 (Gal-3), Siglec-5, and CLEC4M, have
also been shown to bind VWF.38-40 Furthermore, genome-wide asso-
ciation studies have reported associations between some of these
receptors and plasma levels of the VWF–factor VIII complex.41

Nevertheless, given the complexity and heterogeneity of the N- and
O-linked glycans expressed on VWF, the biological mechanisms
through which specific VWF carbohydrate structures serve to regulate
in vivo clearance remain poorly defined. In this study, we have used a
series of in vitro and in vivo methodologies to investigate the impor-
tance of specific domains and glycans in modulating VWF clearance.
Our findings demonstrate that N-linked glycans at N1515 and N1574
within the A2 domain of VWF play a critical role in protecting VWF
against macrophage-mediated clearance.

Materials and methods

Expression and purification of recombinant VWF

The expression vector pcDNA-VWF encoding full-length recombinant VWF
(rVWF) has previously been described.42 A DNA fragment containing
VWFA1A2A3 (residues 1260-1874) was inserted into expression vector
pEXPR-IBA 42 (IBA) via NheI and PmeI restriction sites. The same strategy
was used for expressing VWFA1 (residues 1239-1472), VWFA2 (residues
1473-1668), and VWFA3 (residues 1671-1878). Human full-length rVWF,
A1A2A3-VWFA1-VWF,A2-VWF, andA3-VWFwere transiently expressed in
HEK293T cells. Conditioned serum-free medium was harvested and concen-
trated as before.24 A1-VWF, A2-VWF, A3-VWF, and A1A2A3-VWF variants
were further purified via nickel affinity chromatography.

Site-directed mutagenesis of VWF was carried out to introduce point
mutations at N1515 and N1574 within both full-length and truncated
A1A2A3-VWF. In keeping with previous studies defining the biological
significance of these glycans,42-44 each asparagine residue was mutated to
glutamine (N1515Q and N1574Q) to eliminate the N-linked glycans at
these positions. Mutations were verified by DNA sequencing to ensure the
absence of any other randomly introduced mutations. Similarly, mutagen-
esis of full-length VWF was carried out to introduce point mutations
N1493C and C1670S. These mutations result in the creation of a homo-
logous disulfide bond in the A2 domain of VWF between the cysteine at
1493 and the native cysteine at 1669. This cysteine clamp mutation has pre-
viously been described to prevent A2 domain unfolding and render VWF in-
sensitive to ADAMTS13 cleavage.45,46

In vitro modification of VWF glycan structures

TheN-linked glycan profile of rVWF andA1A2A3-VWFwasmodified using a
specific exoglycosidase peptide N glycosidase F (PNGase F; New England
Biolabs). VWF glycan digestions were carried out overnight under non-
denaturing conditions at 37°C as previously reported.42 After digestion, residual
VWF glycan expression was quantified using specific lectin enzyme-linked
immunosorbent assays (ELISAs) as described previously.47,48

Human RAP expression and purification

Low-density lipoprotein receptor-related protein-associated protein 1 (RAP) acts
as a molecular chaperone by inhibiting ligand binding to LRP1, as well as other
members of this receptor family. Human RAP complementary DNA coding
Tyr35 to Leu357 (UNIPROTKB-P30533) was inserted into Novagen pET28a
(1) bacterial expression vector (Novagen,Nottingham,UK) viaBamHI and SalI
restriction sites. Recombinant RAP protein was refolded from Escherichia coli
inclusion bodies as described previously.49

THP-1 binding assay

THP-1 cells were seeded onmicrowell plates (Nunclon; Fisher Scientific) at
a density of 53 106 cells/mL. For differentiation, media was supplemented
with 20 ng/mL PMA (Sigma-Aldrich). After 72 hours, fresh growth
medium was added to the cells, which were then rested for an additional
4 days before use.50 VWF-THP-1 binding was performed at 4°C to prevent
endocytosis. Full-length VWF or truncated A1A2A3-VWF variants were
diluted in ice-cold serum-free growth medium incubated with the cells for
1 hour on ice. For analysis, the nuclei were stained with Hoechst 33342
(Thermo Fisher). Full-length bound VWF was detected using anti–human
VWF (Dako) followed by Alexa Fluor 488 donkey anti–rabbit immuno-
globulin G (IgG) (Life Technologies). Truncated A1A2A3-VWF variants
were detected by Penta-His Alexa Fluor 488 conjugate (QIAGEN). THP-1
surface-bound VWF was quantified using the fluorescence microscopy IN
Cell Analyzer 1000 (GE Healthcare). Eight fields of view were imaged per
well at a magnification of 320. Image analysis was carried out using high
throughput IN Cell 1000 Image Analysis Software (GE Healthcare). Data
were graphed as percentage fluorescently labeled VWF per cell relative to
maximal VWF binding (mean 6 standard error of the mean [SEM]).

VWF uptake by differentiated THP-1 cells was assessed using confocal
microscopy. In brief, cells were seeded onto glass chamber sides and
differentiated using PMA as above. Subsequently cells were incubated with
VWF or glycoforms thereof in the presence of ristocetin (1 mg/mL) for
30 minutes at either 4°C or 37°C to assess binding and internalization,
respectively. Cells were fixed with 4% paraformaldehyde for 20 minutes, in
some cases permeabilized using 0.1% Triton X, and then incubated with
4,6-diamidino-2-phenylindole; polyclonal mouse anti-EEA1 (early endo-
somal antigen-1) (BD Biosciences); and/or polyclonal rabbit anti-VWF
for 45 minutes. After washing, slides were stained with Alexa Flour
594–conjugated anti-mouse IgG (Invitrogen) and Alexa Flour 488–
conjugated anti–rabbit IgG (Invitrogen, UK) for 15 minutes. Images were
visualized using LSM700 (Carl Zeiss) Confocal Microscope, 633 plan-
apochromat lens. Images were analyzed using ImageJ and Adobe Illustrator
CC2015.3.
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VWF clearance studies in VWF2/2 mice

VWF2/2mice were obtained from The Jackson Laboratory (Sacramento, CA).
All animal experiments were approved by the Animal Research Ethics
Committee, Trinity College Dublin, and were performed in compliance
with the Irish Medicines Board regulations. VWF clearance studies were
performed using mice between 6 and 10 weeks of age. In brief, VWF2/2

mice were injected intravenously with 30 nM (37.5 U/kg) of VWF or
glycoforms thereof. At sequential time points, blood was collected into
heparin-coated micro containers. Three to five mice per time point were
used. Residual plasma VWF:antigen levels were determined by ELISA. In
vivomacrophagedepletionwasperformedas previously described,24,51 using IV
infusion of clodronate liposomes (100ml/10 g body weight). Control mice were
injected with PBS liposomes. To examine the role of the LRP1 clearance
receptor, mice were administered 200mMLRP1-antagonist RAP 1minute prior
to injection of VWF.

Data presentation and statistical analysis

All experimental data and statistical analysiswere performedusing theGraphPad
Prism program. Data are expressed as mean 6 SEM. To assess statistical
differences for 2 data sets, datawere analyzed using the Student unpaired 2-tailed
t test. For multiple comparisons, data were analyzed using a one-way analysis of
variance with post hoc Dunnett’s test. For all statistical tests, P , .05 was
considered significant.

Results

The A domains of VWF modulate macrophage-mediated

clearance

Lenting et al previously reported that a truncated A1-A2-A3 VWF
fragment expressed in BHK cells demonstrated a similar clearance
pattern to that of full-length rVWF and postulated that a receptor-
recognition site may be present within the A1-A3 region.52 To further
study this hypothesis, we first investigated the clearance of rVWF and
A1-A2-A3 that was expressed in a different cell line (HEK293T).
Following tail vein injection in VWF2/2 mice, A1-A2-A3 (HEK)
clearance was also similar to that of full-length VWF (HEK)
(Figure 1A). Recent studies have shown that hepatic macrophages
contribute to the clearance of full-length VWF.21-26 To determine
whethermacrophagesmodulateA1-A2-A3clearance in vivo, clear-
ance studies were repeated following clodronate-induced macro-
phage depletion. In keeping with previous studies, clearance of
full-length rVWFwas significantly reduced following macrophage
depletion (Figure 1B). Interestingly, in vivo clearance of A1-A2-
A3 was also significantly attenuated following macrophage deple-
tion (Figure 1B).

To further investigate a putative role for theAdomains in regulating
VWF clearance bymacrophages, VWF binding to PMA-differentiated
THP-1 cells in vitro was studied using HiContent image analysis. In
preliminary studies, we observed that full-length plasma-derived VWF
(pd-VWF) and rVWF both bound to THP-1 macrophages (supple-
mental Figure1, availableon theBloodWebsite). Inkeepingwith a role
for the A domains in modulating macrophage interaction, full-length
VWF binding was significantly enhanced in the presence of ristocetin
(1 mg/mL) (supplemental Figure 1). Moreover, dose-dependent
binding of the truncated A1-A2-A3 fragment to THP-1 macrophages
in vitro was also observed (Figure 1C). Finally, the relative importance
of the individual A domains within the A1-A2-A3 construct in
determining macrophage binding was investigated. Significant in vitro
binding of the A1 domain to THP-1 macrophages was observed
(Figure 1D). However, in contrast, no significant binding was seen for

the isolatedA2orA3domains. Importantly, themacrophage binding of
the isolated A1 domain was also significantly greater than that of the
combined A1-A2-A3 fragment. Collectively, these data support the
hypothesis that the A domains of VWF contain a receptor-recognition
site important in regulating the interaction of VWF with macrophages
and suggest that the VWF A1 domain plays a particular critical role in
determining macrophage binding.

In previous studies, we observed that PNGase F digestion of human
pd-VWF to remove the N-linked glycans resulted in markedly
increased clearance. Similarly, clearance of rVWF was also signifi-
cantly increased ;2.5-fold following PNGase digestion (P , .05)
(Figure 1E). Given the important role of A1-A2-A3 in regulating VWF
clearance by macrophages, it is interesting that only 2 N-linked glycan
sites are located in this region (at N1515 and N1574 within the A2
domain).7,42 To determine whether these N-linked glycans within A2
play a role in modulating VWF interaction with macrophages, binding
of A1-A2-A3 before and after PNGase F digestion was investigated.
Following PNGase treatment, in vitro binding of A1-A2-A3 to THP-1
macrophages was markedly increased (Figure 1F), suggesting that
these N-linked glycans within A2 play a novel role in regulating
macrophage interaction.

N-linked glycans at N1515 and N1574 are critical determinants

of VWF clearance

Recent mass spectrometry analysis has demonstrated that both of the
N-linked glycans atN1515 andN1574withinA2 are occupied by large
complex carbohydrate structures (Figure 2A).7 To further investigate
the role of these glycans in modulating macrophage interaction, the
asparagine residues at N1515 and N1574 were individually mutated to
glutamine residues (VWF-N1515QandVWF-N1574Q) and expressed
in HEK293T cells. In accordance with previous studies,42 VWF-
N1515Q and VWF-N1574Q both displayed multimer distribution and
collagen binding activities similar to wild-type (WT) VWF (data not
shown). Following tail vein injection, in vivo clearance of VWF-
N1515Q and VWF-N1574Q was markedly enhanced in VWF mice
compared with WT-VWF (Figure 2B). Interestingly, clearance of
VWF-N1515Q was faster than that of any other previously described
VWF point mutations, including VWF-R1205H (data not shown;
P , .05).24 In keeping with previous studies, infusion of VWF-
N1515QandVWF-N1574Qhadnosignificant effectonmurineplatelet
counts (data not shown).42 In addition, SDS-PAGE of murine plasma
samples under reducing conditions demonstrated no significant evi-
dence of in vivoproteolysis of eitherVWF-N1515QorVWF-N1574Q.

To investigate the molecular mechanism responsible for the
enhanced VWF clearance associated with the loss of A2 domain
N-linked glycans, we further characterized the effects of introducing
the VWF-N1515Q and VWF-N1574Q substitutions into the A2
domain of the A1-A2-A3 fragment (A1-A2-A3-N1515Q and A1-A2-
A3-N1574Q). In keeping with their effect in reducing the survival of
full-length rVWF, both mutations also resulted in significantly
enhanced clearance of the A1-A2-A3 fragment (Figure 2C). Cumula-
tively, these novel findings demonstrate that both of the N-linked
glycans located at N1515 and N1574 within the A2 domain of VWF
play critical roles in regulating clearance in vivo. Furthermore, the
increased clearance associatedwith lossofN-linkedglycan structures at
either N1515 or N1574 is modulated through local effects within the
A1-A2-A3 region.

N-linked glycans within A2 regulate enhanced clearance

Besides the 2 N-linked glycans located within the A2 domain,
another 10 N-linked glycans are present on the VWF monomer
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(Figure 3A).7,43 To determine whether these additional N-linked
glycans may also be important in regulating VWF clearance, we
expressed a rVWF variant from which the A2 domain was deleted
(DA2-VWF) (Figures 3A-B). Interestingly, in vivo clearance of
DA2-VWF was not accelerated following PNGase F digestion
(Figure 3C), suggesting that the N-linked glycans within the A2
domain play a critical role in modulating the enhanced clearance of
PNG-VWF.

Accelerated clearance of VWF N1515Q and VWF N1574Q is

mediated by macrophages

To investigate whether VWF A2 domain glycan expression influ-
ences macrophage-mediated clearance, studies were repeated in
VWF2/2 mice following clodronate administration. We found
that the increased clearance phenotypes of both VWF-N1515Q
and VWF-N1574Q were significantly attenuated following
clodronate-induced macrophage depletion (Figure 4A). Similarly, the
enhancedclearanceofbothA1-A2-A3-N1515QandA1-A2-A3-N1574Q

was also significantly reduced following macrophage depletion
(Figure 4B). In keeping with previous reports,21,22 confocal mi-
croscopy studies performed following incubation at 4°C demon-
strated that VWF-WT, VWF-N1515Q, and VWF-N1574Q all
bound to differentiated THP-1 cells in vitro (supplemental Figure 2).
When incubation studies were performed at 37°C, confocal studies
showed colocalization of VWF-WT, VWF-N1515Q, and VWF-
N1574Q with early endosomes (supplemental Figure 2), demon-
strating that both VWF-N1515Q and VWF-N1574Q are taken up
by macrophages. To further study the molecular mechanism
through which the N-linked glycans expressed at N1515 and
N1574 influence macrophage-dependent clearance, we used
HiContent image analysis to compare the in vitro binding of A1-
A2-A3-N1515Q, A1-A2-A3-N1574Q, and WT A1-A2-A3 to
THP-1 cells. WT A1-A2-A3 demonstrated minimal macrophage
binding (Figure 5). However, this binding was significantly
enhanced in the presence of ristocetin (1 mg/mL). Importantly,
following PNGase digestion to remove the 2 N-linked glycans at
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Figure 1. The A domains of VWF modulate macro-

phage-mediated clearance. (A) The in vivo clearance

of a monomeric A1-A2-A3 VWF fragment in VWF2/2

mice was compared with that of full-length rVWF. At

each time point, the residual circulating VWF concen-

tration was determined by VWF:antigen ELISA. All

results are plotted as percentage residual VWF levels

relative to the amount injected. Data are presented as

mean 6 SEM. In some cases, the SEM cannot be seen

due to its small size. Mean residence times for full-

length and A1-A2-A3 were 11.3 6 0.6 and 10.0 6 0.61

minutes, respectively. (B) To study the role of macro-

phages in modulating clearance of A1-A2-A3 and full-

length rVWF, in vivo clearance studies were repeated in

VWF2/2 mice 24 hours following clodronate-induced

macrophage depletion. Blood was collected at 3- and

10-minute time points, and residual VWF quantified

by ELISA. (C) The in vitro binding of A1-A2-A3 to

macrophages was assessed using THP-1 macrophage

cells as detailed in “Materials and methods.” (D)

Individual A-domain proteins A1, A2, and A3 were

examined for binding to THP-1 macrophages. Signifi-

cant binding was observed for the A1 domain compared

with the A2 and A3 domains (*P , .05, **P , .01, and

***P , .001, respectively; negative control is no VWF).

(E) To investigate the role of VWF carbohydrate

determinants in modulating VWF clearance, rVWF

was treated with PNGase F (PNG-rVWF). N-linked

glycan removal was confirmed using a specific lectin

ELISA. In vivo survival was then measured in VWF2/2

mice as before. Results are plotted as percentage re-

sidual VWF:antigen levels relative to the amount in-

jected. Data are represented as mean 6 SEM. (F) To

assess a potential role for VWF N-linked glycans in the

A domains in regulating macrophage binding, A1-A2-A3

was treated with PNGase to remove the N-linked glycans

in the A2 domain at N1515 and N1574 (PNG-A1A2A3).

The ability of PNG-A1A2A3 to bind to THP-1 macro-

phages in the presence of ristocetin was then compared

with WT A1-A2-A3 using HiContent image analysis as

before. Data are graphed as percentage binding relative to

maximal (mean 6 SEM) (****P , .001).
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N1515 and N1574, binding of A1-A2-A3 was dramatically
increased, suggesting that the presence of these carbohydrate
structures serves to prevent binding of A1-A2-A3 to macrophages.
In keeping with this hypothesis, both A1-A2-A3-N1515Q and A1-
A2-A3-N1574Q demonstrated significantly increased binding
compared with WT A1-A2-A3 in either the presence or absence
of ristocetin. Finally, PNGase treatment of both A1-A2-A3-
N1515Q and A1-A2-A3-N1574Q served to further enhance
macrophage binding, confirming that both N-linked glycans
contribute to modulating macrophage interaction. Cumulatively,
these in vivo and in vitro data confirm that the N-linked glycans

within the A2 domain of play important roles in regulating
macrophage-dependent VWF clearance

Glycan structures at N1515 and N1574 in the A2 domain

influence LRP1-mediated clearance

Recent studies have demonstrated that macrophage LRP1 plays
an important role in regulating VWF clearance.23,26,53 In addition,
LRP1 has been shown to bind to VWF in a shear-dependent
manner. Importantly, Rastegarlari et al previously demonstrated
that the inhibitory effects of RAP on VWF clearance were predom-
inantly modulated through macrophage LRP1 rather than LRP1
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Figure 2. N-linked glycans at N1515 and N1574 are critical

determinants of VWF clearance in vivo. (A) A model of the

VWF A2 domain was prepared as previously described.66 Mass

spectrometry analysis of human pd-VWF has provided extensive

information regarding the N-glycome of VWF. Utilizing this

information, a model of the VWF A2 domain with its associated

glycans was constructed using Glycam Glycoprotein Builder

software. N1515 and N1574 glycans structures were mapped

onto the A2 domain crystal structure using this glycan modeling.

This in silico analysis revealed that the complex glycans at N1515

and N1574 were both of significant size, spanning ;33 Å and

;36 Å in length, respectively. (B) To investigate a potential role

for specific glycan sites in influencing VWF clearance, N1515 and

N1574 in the A2 domain were targeted for removal by site-

directed mutagenesis (VWF-N1515Q and VWF-N1574Q, respec-

tively). In vivo clearance studies of these VWF glycan variants

were performed as before and compared with WT rVWF. (C)

Given that the glycans N1515 and N1574 reside within the A2

domain of VWF, we further sought to examine if these glycans

could also influence the in vivo survival of an A1A2A3 VWF

truncated fragment. To this end, site-directed mutagenesis was

performed to eliminate the glycan at N1515 (A1A2A3-N1515Q)

and N1574 (A1A2A3-N1574Q). Clearance examined in VWF2/2

mice as before. All results are plotted as percentage residual

VWF:antigen levels relative to the amount injected. Data are

presented as mean 6 SEM.
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expressed in other cells or other macrophage lipoprotein recep-
tors.23 To further investigate whether VWF A2 domain glycans
influence LRP1-mediated clearance in vivo, VWF-N1515Q and VWF-
N1574Q clearance studies in VWF2/2 mice were repeated in the
presence or absence of RAP. In keeping with previous reports, we
confirmed that clearance of WT-VWF was significantly reduced in
the presence ofRAP (Figure 6). Interestingly, the increased clearance
of VWF-N1515Q and VWF-N1574Q were also both significantly
attenuated in the presence of RAP (Figure 6). These findings are
consistent with those observed above following clodronate-induced
macrophage depletion (Figure 4A-B) and suggest that the VWF N-
linked glycans at N1515 and N1574 modulate macrophage-
dependent clearance at least in part through an LRP1-mediated
mechanism.

Removal of the N-linked glycan at N1515 does not enhance

clearance in VWF with a structurally constrained A2 domain

Large complex N-linked glycans, such as those expressed in the
VWF A2 domain, have been previously shown to have important
effects on glycoprotein conformation.54-57 We hypothesized that
loss of A2 domain N-linked glycans causes conformational
changes that result in enhanced VWF clearance by macrophages.
Interestingly, recent studies have described a structurally con-
strainedVWFvariant with an engineered long-range disulfide bond
(Cys1493-Cys1669) within the A2 domain (Figure 7A).45 To
address our hypothesis, we therefore proceeded to express the
N1515Q mutation in this cysteine-clamp VWF variant (VWF-CC-
N1515). Insertion of the cysteine clamp alone inA2 (VWF-CC) had
no significant effect upon A1-A2-A3 clearance compared withWT
A1-A2-A3 (Figure 7B). Importantly however, the rapid in vivo
clearance of A1-A2-A3 associated with loss of the N1515 glycan
was ablated in the presence of this structurally constrained A2
domain (Figure 7B). Collectively, these data suggest that loss of the
N-linked glycans in A2 trigger enhanced VWF clearance by
macrophages through conformational changes.

Discussion

Although the biosynthesis, structure, and functional properties of VWF
have been well characterized, the molecular mechanisms through
which VWF is cleared remain poorly understood.2,14 However, accu-
mulating data have demonstrated that macrophages play important
roles in regulating VWF clearance in vivo,21-26 and a number of
putative macrophage receptors for VWF have been identified.23,26,38

Critically, however, the specific regions of the VWF glycoprotein
involved in modulating interactions with these different macrophage
receptors have not been determined. In this study, using a series of in
vivo and in vitro methodologies, we demonstrate that the A1-A2-A3
domains of VWF contain a receptor-recognition site important in
mediating VWF binding to macrophages in vitro and in regulating
VWF clearance by macrophages in vivo. Furthermore, studies using
isolated recombinant A domains demonstrated that the A1 domain
plays a critical role in regulatingmacrophage binding. This observation
is in keepingwith previous studies demonstrating that full-lengthVWF
binding to macrophages is significantly enhanced in the presence of
ristocetin, botrecetin, or shear stress.22,23,26 Importantly, however, our
novel data further demonstrate that the ability of the isolatedA1domain
to interact with macrophages is markedly attenuated when the A1
domain is linked to the other A domains (A1-A2-A3 truncation),
suggesting that the receptor binding site may not be accessible in
normal globular VWF.

Previous reports have demonstrated that desialylation of human
VWF results in a marked reduction in plasma half-life.29,32-34 In ad-
dition, although the molecular mechanisms involved were not eluci-
dated, enhanced VWF clearance has also been associated with loss of
specific O-linked glycans.30,58 In this paper, we demonstrate that
complete loss of N-linked glycan expression following PNGase F
digestion also results in markedly enhanced macrophage-mediated
VWF clearance. Interestingly, recent studies have reported that
N-linked glycan expression on factor X also plays a key role in
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Figure 3. N-linked glycans within the VWF A2

domain regulate enhanced clearance. Our findings

suggest that the N-linked glycan within A2 may have a

specific role in modulating VWF clearance. To examine

if glycans outside the A2 domain may also influence

VWF survival, a fragment of VWF with the A2 domain

deleted was constructed. (A) Consequently, this VWF

variant (DA2-VWF) fails to express the N-linked glycans

N1515 and N1574. (B) This VWF variant was subjected

to PNGase F treatment (PNG DA2-VWF) to remove

all remaining N-linked glycans. (C) Clearance was

assessed in VWF2/2 mice as before. All results are
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relative to the amount injected. Data are presented as

mean 6 SEM.
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regulating interaction with macrophages.59 Although the molec-
ular mechanism through which N-linked glycan determinants
regulate coagulation glycoprotein clearance remains unknown,
the effect may be due to general properties of the complex sugar
chains or instead may be attributable to particular carbohydrate
structures located at specific N-linked sites.42,43 Given the role
of the A1-A2-A3 domains in modulating the interaction of VWF
with macrophages, we further investigated whether the 2 N-linked
glycosylation sites located at N1515 and N1574, respectively,
might play a particular role in regulating VWF clearance.
Importantly, we observed that loss of N-linked glycans following
site-directed mutagenesis at either N1515 or N1574 resulted in
markedly enhanced clearance of full-length rVWF. Furthermore,
introduction of the N1515Q or N1574Q substitutions into the A1-
A2-A3 fragment also resulted in significantly enhanced clearance.

In addition, the enhanced clearance phenotypes observed with
N1515Q and N1574Q in full-length VWF, and also in the
truncated A1-A2-A3 fragment, were all significantly attenuated
following clodronate-induced macrophage depletion. Altogether,
these novel findings therefore demonstrate that the N-linked
glycan structures within the A2 domain play an important role in
protecting VWF against macrophage-mediated clearance in vivo.
Moreover, the reduced survival of VWF observed following loss
of the N-linked glycan structures in A2 is predominantly due to
local effects within the A1-A2-A3 region triggering enhanced
macrophage clearance.

Accumulating data suggest that the LRP1 receptor may play a
key role in regulating macrophage binding and clearance of
VWF.23,26 Furthermore,Wohner et al recently reported that the A1
domain of VWF (but not the isolated A2 or A3 domains) could
bind to purified LRP1 in vitro.26 Consequently, we investigated
whether the LRP1 receptor may be involved in modulating the
enhanced clearance of VWF-N1515Q and VWF-N1574Q.
Interestingly, the reduced survival of both VWF-N1515Q and
VWF-N1574Q was significantly attenuated in the presence of
RAP. These findings suggest that the N-linked glycan expressed at
N1515 and N1574 play a critical role in protecting VWF against
LRP1-mediated macrophage clearance. Although the molecular
mechanism(s) through which these N-linked glycans regulate
LRP1-mediated clearance remain unclear, previous studies have
demonstrated that expression of carbohydrate determinants can
directly influence glycoprotein interactions through either charge-
mediatedmechanisms, or bymodifyingglycoprotein conformation.54-57

Consequently, we hypothesize that the protective effect of the large
complex N-linked glycan structures in the A2 domain may be due
to steric hindrance, with covering of cryptic LRP1 binding sites.
Alternatively, and perhaps more likely, variation in A2 domain
carbohydrate structures may cause conformational changes that
result in enhanced LRP1-modulated clearance. This hypothesis is
supported by the observation that removal of the N-linked glycans
at N1515 no longer enhances VWF clearance in the presence
of a structurally constrained A2 domain. Although our findings
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demonstrate a critical role for LRP1 in modulating macrophage-
mediated clearance of VWF glycoforms, it is important to consider
that a number of other macrophage receptors can also bind
VWF.38,39,60 Included among these macrophage receptors are the
lectins ASGPR, Gal-1, and Gal-3. We observed that VWF binding
to both galectins was significantly reduced following loss of
N-linked glycans (data not shown). Moreover, ASGPR inhibition
with asiolo-orosomucoid did not attenuate the enhanced in vivo
clearance of VWF-N1515Q. Nevertheless, previous studies have
shown that LRP1 can form heterologous functional complexes
with a number of other macrophage receptors, including b2-
integrins.60 Additional studies will be necessary to determine
whether the N1515 and/or N1574 glycans influence VWF interac-
tions with any of these other macrophage receptors in addition
to LRP1.

Previous studies have demonstrated that VWF clearance occurs
independently of ADAMTS13 proteolysis and is not influenced
by VWF multimer size.52,61 Nonetheless, it is interesting that in
addition to influencing VWF clearance by macrophages, the
N-linked glycans expressed within the A2 domain of VWF have
also been shown to modulate susceptibility to proteolysis by
ADAMTS13.42,62 In particular,McKinnon et al showed that loss of
the N-linked glycan at N1574 resulted in significantly enhanced
VWF proteolysis by ADAMTS13.42 Furthermore, differential
scanning fluorimetry has confirmed that glycosylation at N1574
plays an important role in stabilization of the A2 domain against
unfolding.44 However, in contrast to its marked effect upon
clearance, loss of the VWF N1515 glycan did not significantly
influence susceptibility to ADAMTS13 cleavage and did not have
any significant effect on the thermostability of the A2 domain.42,44

Further studies will be necessary to define the biological mecha-
nisms through which the carbohydrate structures at N1515 and
N1574 regulate macrophage-mediated clearance. However, it is
interesting that ABO(H) blood group determinants, which influ-
ence both VWF proteolysis by ADAMTS13 and VWF clearance,

are expressed on both of these complexN-linked glycanswithin the
A2 domain of pd-VWF.7,42

In the normal circulation, VWF adopts a globular conformation,
such that the glycoprotein Iba (GPIba) binding site in the VWFA1
domain remains largely hidden.63 However, exposure to mechan-
ical shear stress results in unwinding of globular VWF. As part
of this unfolding process, previous studies have described both
uncoupling of the A1A2A3 tridomain cluster, as well as confor-
mational changes within the individual A domains.64,65 Conse-
quently the platelet binding site in A1 becomes exposed, and the
ADAMTS13 cleavage site (Tyr1605-Met1606) that is buried
within the A2 domain becomes accessible.64,66 Our data, together
with those recently published from other groups,22,23,26 suggest
that conformational changes in the VWF A domains lead to expo-
sure of cryptic receptor binding sites within A1-A2-A3 that trigger
macrophage clearance. Given the thrombotic potential of VWF
in its active conformation, targeting of unfolded VWF for rapid
macrophage-mediated clearance has biological plausibility. Our
findings are also consistent with the hypothesis that specific mu-
tations within the A1 domain result in enhanced clearance due to
increased binding to both platelet Gp1ba and macrophage LRP1.67

Further studies will be required to define the roles played by LRP1
and other macrophage receptors in modulating the enhanced clear-
ance phenotypes associatedwith type 1Cmutations located in other
VWF domains. Interestingly however, preliminary data suggest
that several other independent regions of VWF (including D9D3
and D4) are also able to bind to LRP1.14
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