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Summary

von W illeb rand  Factor (VWF) is a large m u ltim eric  s ia loglycoprote in w hich m ediates 

critica l roles in norm al haemostasis. VWF te the rs  p late lets at sites o f vascular in jury and also 

serves as a chaperone fo r  coagulation fa c to r VIII (FVIII). Both VWF and FVIII are extensively 

glycosylated, w ith  N- and 0 -lin ked  carbohydrates structures constitu ting  approxim ate ly  20% o f 

th e ir  m olecu lar mass. Im portan tly , these glycans have been shown to  influence VWF and FVIII 

biology. However the  m olecular mechanisms th rough  which these glycan structures serve to  

m odu la te  VWF and FVIII physiology remains poorly understood. In th is context, the  ab ility  o f 

VWF and FVIII to  in te ract w ith  lectins is likely to  play an im po rtan t role. Recently VWF has been 

shown to  c ircu la te  in plasma complexed w ith  specific lectins galectin-1 and galectin-3. 

M oreover, th is  in te raction  was found  to  d irectly  m odulate  VW F-dependent early th rom bus 

fo rm a tio n  in vivo. On th is basis, we sought to  define the  m olecular basis underly ing the  VWF- 

galectin-1 in te raction .

G alectin-1 was expressed and purified  fro m  E.coli using nickel a ffin ity  chrom atography. 

P lasm a-derived and blood group specific VWF was purified by ethanol cryoprecipation and gel 

filtra t io n  chrom atography. To characterize the  specific VWF glycan determ inants involved in 

m ediated galectin-1  binding, the  glycosylation pro file  o f VWF was m odified via exoglycosidase 

d igestion.

In te resting ly, the  N-linked VWF glycan structures w ere shown to  critica lly  m ediate 

galectin-1 b inding. Furtherm ore specific roles fo r  te rm ina l sialic acid and ABO(H) blood group 

de te rm inan ts  expressed on VWF glycans w ere observed. U tilising dom ain trunca tions o f VWF, 

an im p o rta n t role fo r  the VWF A dom ains was identified . In support o f th is  find ing, site- 

d irected  mutagenesis o f the tw o  N-linked glycans in the  A domains, (N1515 and N1574), 

s ign ificantly  a ttenua ted  galectin binding.

The glycan profiles o f FVIII and VWF share significant sim ilarities. Consequently we 

hypothesised th a t galectins may also cons titu te  a novel lectin fam ily  capable o f b inding human
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FVIII. Interestingly we observed that both galectin-1 and galectin-3 bound to  rFVIII in a dose- 

dependent and N-glycan dependent manner. Importantly, in keeping w ith the qualitative and 

quantitative differences in glycosylation between d ifferent commercial rFVIII concentrates 

both galectin-1 and galectin-3 bound w ith  distinct affinities. Importantly, the FVIII-galectin 

interaction served to directly modulate FVIII activity. In particular, in vitro  studies 

demonstrated a specific role fo r galectin-1 in negatively regulating FVIII cofactor activity.

VWF glycosylation is known to  critically regulate its plasma half-life. Moreover VWF is 

also a key facto r in determining the survival of FVIII. Despite the ir physiological relevance, the 

molecular mechanisms through which the VWF glycans modulate its survival remain poorly 

understood.

To investigate the role of VWF glycans and specific VWF domains in regulating VWF 

clearance, we expressed and purified a series of recombinant VWF variants and truncations 

w ith /w ith ou t specific glycan sites. Subsequently, VWF variants and glycoforms thereof were 

intravenously injected into VWF  ̂ mice, and plasma VWF clearance rates determined by ELISA. 

VWF-macrophage interactions were also quantified in vitro  using THP-1 cells.

We observed an important role fo r VWF A domains in influencing VWF clearance in a 

macrophage-mediated manner in VWF  ̂ mice. The A domains of VWF contain tw o complex- 

type N-linked glycans at N1515 and N1574. Site-directed mutagenesis of N1515 resulted in 

rapid VWF clearance in vivo and enhanced macrophage binding in vitro. Interestingly 

macrophage depletion served to  significantly prolong the half-life of this VWF glycan variant. 

Collectively these data suggests tha t specific removal o f the VWF glycan at N1515 enhances 

macrophage-mediated clearance of VWF via critical sites localised w ith in  the VWF A domains. 

Interestingly the presence o f an intra-chain disulphide bridge w ith in  the A2 domain, to  restrict 

its unfolding in a manner homologous to  the A1 and A3 domains o f VWF, normalised the rapid 

clearance associated w ith  the glycan mutation N1515Q. In conclusion, our novel data identify 

an im portant role fo r VWF A domains in regulating macrophage-mediated VWF clearance. In



addition, we fu rthe r demonstrate that the N-linked glycans structures located at w ith in  the A2 

domain play specific roles in protecting VWF against in vivo clearance by macrophages. Our 

data suggests that VWF glycans sen/e to shield critical macrophage interactive sites w ithin 

VWF A2 domain. Given the role of enhanced clearance o f VWF in patients w ith  VWD, these 

findings are of direct clinical importance.
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1 Introduction

1.1 von Willebrand Factor

von W illebrand factor (VW F) is a large m ult im eric  adhesive glycoprotein th a t  

exerts critical functions in primary haemostasis. First, V W F serves as a molecular  

bridge m ediating p latelet te ther ing  to  exposed subendothelia l collagen at sites of 

vascular injury (figure 1.1). Second, VW F  also acts as a carrier molecule for  

procoagulant factor VIII (FVIII). This interaction prolongs the  survival o f FVIII in 

circulation from  ~2 hours in the absence of VW F, to  12 hours w hen  FVIII circulates in 

complex w ith  VW F (Lollar, 1991).

Figure 1.1 The role of VWF in haemostasis

W ith in  the normal population th e re  is significant variation in plasma V W F  

antigen levels (5 -20ng /m L). von W il lebrand  disease (V W D ) is the most com m on  

inherited bleeding disorder and results from  qualitative a n d /o r  quantitative V W F

Unwound
VWFBlood

Flow
Activated
platelets

'Platelet
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deficiency (Sadler e t  al, 2006). VWD affects up to 1% of the  general  population,  and 

can be  classified into t h ree  major groups.  Type 1 involves a partial quantitative 

deficiency of VWF. Type 2 VWD is caused by a variety of qualitative defects in the  VWF 

glycoprotein.  Finally, type 3 VWD is rare but  involves a complete  absence  of VWF. Due 

to  the  variety of functional defects involved, VWD type 2 can be fur ther  sub-grouped.  

Type 2A includes variants with decreased platelet adhesion caused by reduction in 

high-molecular-weight  VWF mul timers (HMWM). Type 2B includes VWF variants with 

gain of function mutat ions  for platelet  glycoprotein lb (GPIba). Type 2M VWF 

mutat ions  result in defective adhes ion of VWF to platelets and collagen despi te normal 

mul timer  distribution. Finally, type 2N VWD is characterised by decreased affinity for 

FVIII. Table 1.1 summarises  the  classification of VWF based on the  Scientific and 

Standardizat ion Commit tee  on von Willebrand factor of the  International Society of 

Thrombosis  and Haemostasis (Sadler e t  al, 2006).

Type Description
1 Partial quant itat ive VWF deficiency
2 Qualitative VWF defects
2A Decreased VWF-dependent  platelet  adhesion

and a reduct ion in HMWM
2B Increased GPIba affinity, reduct ion in HMWM
2M Defects in VWF-platelet and collagen interactions

with normal  mul timers
2N Reduced FVIII affinity
3 Virtually complete  deficiency of VWF

(less th an  0.05 lU/mL)

Table 1.1 Classification of VWD

Conversely, pathologically elevated  VWF plasma levels have also been 

associa ted  with disease.  Several s tudies  have d em ons t ra t ed  th a t  increased plasma

2



VWF is associated with an enhanced risk of venous throm boembolism (Nossent et al, 

2006), myocardial infarction (Crawley et al, 2008) and stroke (Bongers et al, 2006).

1.2 VWF Biosynthesis

1.2.1 \/lV f gene and tissue expression

The VWF gene is located on the short arm of chromosome 12 (12 p l3 .2 ), 

spanning 178kb of genomic DNA with 52 exons (Ginsburg et al, 1985). The primary 

translational product, pre-pro-VW F encodes 2813 amino acids comprised of a 22 

residue signal peptide, a 741 residue propeptide and a 2050 residue m ature protein 

(Titani et al, 1986). In addition a VWF pseudogene is located on the long arm of 

chromosome 22 (2 2 q ll-1 3 ) . The pseudogene corresponds to exons 23-34 of the VWF 

gene. This pseudogene does not produce a functional transcript due to the presence of 

nonsense mutations (Mancuso et al, 1991).

In vivo biosynthesis of VWF is limited to endothelial cells (EC) and 

megakaryocytes (Jaffe et al, 1974; Nachman et al, 1977). M oreover, Yam am oto et al 

described significant differences in VWF expression across organ-specific vascular beds 

(Yamamoto et al, 1998). The highest mRNA VWF levels were detected in lung and brain 

EC, while relatively low levels were found in liver and kidney microvessels. Overall, 

highest VWF expression was dem onstrated in venous EC compared to EC of an arterial 

origin. This finding was confirmed by immmunohistochemical studies in the porcine 

vascular system where VWF was found to be expressed in all venous EC but absent 

from  arterial EC (Rand e ta l,  1987).
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1.3 VWF domain structure

The V W F  translational protein is composed of a series of repeated  homologous  

domains (A-D). Historically the V W F dom ain structure was given as D 1 -D 2-D '-D 3-A 1-  

A2-A3-D4-B1-B2-B3-C1-C2-COOH (N- to  C-terminal, figure 1.2A). Recently how ever,  

electron microscopy as well as sequence a lignm ent analysis has provided further  

details on th e  structure of V W F resulting in a re-annotation o f the  domains (figure 

1.2B) (Zhou e t at, 2012).
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A  Propeptide Mature VWF
<---------------> <----------------------------------------------------------------------------->

D1 D2 D' D3 A l A2 A3 D4 B1 B2 B3 C l C2 CK

1 1 1 1 1 I I I  1 I I
exons 3-10 11-17 18-20 20-28 28

B

D1 assembly  ̂ D2 assembly  ̂ D'D3 assembly

28-32

►

35-39 40-42 42-48 

 ̂ D4 assembly

49-52

V • ^ ^ ^ V  “ ^
VWD C8 1 TIL 1 E VWD 

. 1 . 1 1 1 2 -V VWD C8 T TIL I  E 
3 3 1 3 i3 Al A2 A3 ?.N

VWD C8 T TIL 1 C 1 C 
4 4 1 4 I 1 I 2 TunrnTi

Figure 1.2 Domain structure of VWF
(A) The historical domain illustration of VWF
(B) The re-annotation of VWF domains in accordance with Zhou et al
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1.3.1 The D domains

The VWF propeptide is comprised of the D1 and D2 domains. The m ature VWF 

subunit includes a truncated D' domain as well as com plete D3 and D4 domains. Zhou 

et al have recently sub-divided the D domains based on structure into von W illebrand  

D (VW D), 8-cysteine (C8), trypsin inhibitor-like domain (TIL), fibronectin type 1-like 

domains (E) and a unique D4N module in D4 (Zhou et al, 2012). D' is a truncated D 

assembly containing only a TIL and an E subdomain. In contrast the D l, D2 and D3 

assemblies comprise VW D, C8, TIL and E subdomains, while the D4 assembly lacks the  

E subdomain but carries D4N module (figure 1.2B).

1.3.2 The A domains

Each m onom er of VWF contains three large A domains. These von W illebrand A 

(VWA) domains are found in a num ber of other plasma proteins including com plem ent 

factors, the l-domain of integrins and collagens (Perkins et al, 1994). The crystal 

structures of the A l, A2 and A3 domains have been determ ined (Emsley et al, 1998; 

Zhang et al, 2009; Huizinga et al, 1997). A feature of all three A domains is an in tra­

chain disulphide bond. Both A l  and A3 contain long range disulphide bridges which 

result in a ~186 amino acid loop. The A2 domain is unique in that it contains a vicinal 

disulphide bond which is im portant in modulating stability (Luken et al, 2010). 

Furthermore, the A2 domain is further characterised by a calcium binding site at its 

core which is also im portant in determining stability of the domain (Zhou et al, 2011a).

1.3.3 The C domains

The form er VWF B and C domains have recently been re-annotated as 6 

tandem  von Willebrand C (VWC) and VWC-like domains (Zhou et al, 2012). The VWF
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C l, C3 and C5 domains are classified as VWC domains on the basis of their sequence 

homology. The intervening domains C2, C4 and C6 are designated VW C-like domains. A 

num ber of other human proteins share similarities with VWC domains. These include 

glycosylated mucins and matrix proteins that m odulate growth factor responses such 

as the TGF-p family (Bork, 1993 ).

1.3.4 The CK domain

The C-terminal '”90 residues comprises the CK domain or cysteine knot (CTCK). 

This m otif contains six conserved cysteines arranged in a knot-like topology. It is a 

common structural m otif found at the C-terminus of growth factors, such as nerve 

growth factor, transforming growth factor and platelet-derived growth factor 

(M eitinger et al, 1993). These proteins display a similar tendency to dimerise via 

disulphide bonds form ation. The VWF CK domain contains 11 cysteine residues, 8 of 

which have been have been shown to be involved in intra-m olecular disulphide bond 

form ation (Katsumi et al. 2000).

1.4 Post-translational modification

W ithin EC, the pre-pro-VWF primary translational protein product undergoes 

extensive post-translational modification prior to secretion (Wagner, 1990). This 

includes signal peptide cleavage, C-terminal dimerization, N- and 0-glycosylation, 

sulfation, N-term inal multimerisation and proteolytic cleavage of the propeptide  

(figure 1.3).
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Figure 1.3 Post-translational modifications of VWF.
The intracellular compartments important for VWF post-translational events.

1 .4.1  N-linked glycosylation

Following synthesis, the 2813 amino acid pre-pro-VWF product is transferred to 

the endoplasmic reticulum (ER). Here signal peptide cleavage occurs to form pro-VWF. 

W ithin the ER, high mannose oligosaccharides are also coupled to the nascent 

polypeptide chain. This occurs as a co-translational event. The high mannose 

oligosaccharides are attached at consensus N-linked glycan sites (NXS/T, where X can 

be any amino acid except proline). A total of 12 of these potential sites exist within 

each mature VWF subunit, and a further 4 sites are present within the propeptide 

region (Titani et at, 1986). Titani et al also report the presence of a rare N-glycan 

sequence, NXC within the D3 domain. Figure 1.4 depicts the N-linked glycan map of 

VWF.
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Figure 1.4 VWF N-linked glycan sites
Potential N-linked sites are located at N99, N156, N257, N666 in the propeptide and N857, 
N1147, N1231, N1515, N1574, N2223, N2290, N2357, N2400, N2546, N2585, N2635 and 
N2790 in the mature VWF subunit. The red X indicates N-linked sites whose glycosylation has 
not yet been confirmed (N1231, N2400 and N2790).

The prim ary 14-sugar core N -linked glycan structure is subsequently  

rem odelled  by a series o f glycosyltransferases and glycosidases as th e  protein  passes 

through th e  ER and Golgi (Schwarz &  Aebi, 2 0 11 ). W ith in  th e  ER exoglycosidases 

glucosidase 1 and 2 m ed ia te  sequential glucose trim m in g  o f th e  pre-assem bled  N- 

glycans.

1.4.2 Dimerization

In th e  ER pro-V W F m onom ers fo rm  "tail to  tail" d im ers via C -term inal 

disulphide bond fo rm atio n . A ttach m en t o f core N -linked glycan structures is a 

prerequ is ite  fo r e ffic ien t d im erization  (W ag n er e t a l, 1986). Previous studies have also 

d em o nstra ted  th a t only dim eric  V W F m olecules can exit th e  ER. D im erization  is 

d epen d en t on th e  last 150 residues of th e  C -term inus o f VW F including the cysteine  

knot dom ain (M a rti e t al, 1987).

1.4.3 Processing of N-linked glycans

A fte r d im erization  in th e  ER, th e  pro -V W F is transported  to  th e  Golgi w h e re  the  

N-linked glycans are fu rth e r processed and 0-g lycosylation  takes place. The prim ary N- 

linked h igh-m annose oligosaccharides are m odified  by the  addition  of galactose (Gal)
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and N-acetylglucosamine (GlcNAc) residues resulting in the form ation of complex-type 

glycan structures. M oreover, sialyltransferases m ediate the addition of capping sialic 

acid (NeuAc) onto the N-linked glycans of VWF. HPLC studies have shown that almost 

80% of the total sialic acid content on VWF is expressed on N-linked complex-type 

glycans w/here it is usually a2-6  linked (McGrath et al, 2010). In contrast a2-3  linked 

sialic acid is predom inantly found on the 0-linked glycans of VWF.

The glycans of VWF have been recently characterised by mass spectrometry. 

The N-linked glycans are extrem ely heterogeneous in nature. Less than 1% of the N- 

linked glycans are present as high mannose structures (Canis et al, 2012). The most 

common N-linked structure detected on plasma-derived VWF (pd-VWF) was an a2-6  

linked monosialylated biantennary complex-chain (Matsui et al, 1992; Canis et al, 

2012) (figure 1.5). O ther features include tri- and tetra-antennary chains, core 

fucosylation and poly-lactosamine extensions. The variety of modification gives rise to 

the presence of a heterogeneous population of glycan chains expressed on circulating 

plasma VWF (figure 1.5). VWF glycans within the D3 domain are also reported to be 

further modified by the addition of sulfate (Carew et al, 1990). The process of sulfation 

occurs in the trans-Golgi netw ork and can occur on sialylated glycans (Canis et al, 

2012).
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Figure 1.5 N-glycome of VWF
(A) The heterogeneous variety of m ajor glycans described for VWF, including both complex- 
type and high mannose oligosaccharides.
(B) The most common N-linked glycan structure (~78%) in the N-glycome of VWF.

1.4.4 Addition of ABO(H) blood group antigens

The N-linked glycans of V W F are unusual in th a t  they  express covalently  linked 

te rm ina l ABO(H) blood group determ inants . (M atsu i e t al. 1992). W ith in  EC, 

fucosyltransferase (F U J I)  com petes w ith  a2-6 sialyltransferases in ord er  to 

incorporate term inal al-2 fucose. Consequently, fucosylation is restricted to  non- 

sialylated term in i, or those carrying a2-3 sialylation. The addition of al-2 fucose to  the  

N-glycans term in i creates th e  H-antigen [Fuc (al-2) Gal (pi-4) GlcNAc (Pl-)] which is
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the term inal glycan expressed in blood group 0  individuals (figure 1.6). This H-antigen 

serves as an essential precursor for the subsequent developm ent of blood group A or B 

antigens. The A-antigen (N-acetylgalactosamine) and the B-antigen (galactose) are 

generated by specific A and B glycosyltransferase enzymes further modifying the H 

antigen (Yamamoto, 2000). Individuals w ith the rare Bombay blood group do not 

express the H antigen (Bhende et al, 2008) and consequently cannot express term inal 

A or B antigens regardless of their genotype.

^ 1-2 A
-  1y , - )  J  H-antigen

^1-2 ^  ^  A

, a l - 2

C i l - 3 '  _ ___  ____  ____
B-antigen

I  N-acetylglucosam ine ^  M annose

I I N-acetylgalactosam ine O  Galactose 

^  Fucose NeuAc

Figure 1.6 Structure of VWF blood group antigens on VWF N-linked glycans
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ABO(H) antigens are found on ~13% of VWF N-linked glycans (Matsui et al, 

1992). Mass spectrom etry analysis recently confirmed that ABO(H) structures are 

present on all but one of the N-glycan sites of VWF (N1147) (Canis e t al, 2012). 

However the relative abundance of ABO(H) expression at each glycan site varies. 

Significantly, these data suggests that the addition of a l - 2  fucose is not a site-specific 

process. The most heavily fucosylated site is N2635 in the C5 domain v\/ith H-antigen 

expression levels of approximately 16%. In contrast, N857, N2290 and N2585  

represent poorly fucosylated sites, containing only 1-3% H-antigen (figure 1.7).

Antennae- Antennae +++ Antennae + Antennae + Antennae ++ Antennae ++
ABO(H)- ABO(H)++ ABO(H)++ ABO(H)+ ABO(H)++ ABO(H)+++

1 1 1 1 1 i

' ' x ( \ f 1 / 1 r  X )( X '

T T T T T T T T T T T T T
N N N 1 1 1 N N 1 1 N N N N

I  ' I I
N N rsi

1 • I
N1

9 ^ 9 ^ 9 1 SO
Figure 1.7 N-glycan sites and expression ABO(H) antigens
Glycan specific illustration of relative ABO(H) expression at N-linked glycan sites. The most 
heavily fucosylated site is in the C5 domain while the two glycans in A2 demonstrate the 
highest level of branching.

1.4.5 0 -linked  glycosylation

0-linked glycosylation occurs in the Golgi and is characterised by the addition

of GalNac to the hydroxyl group of either serine of threonine residues. This is followed

by the addition of |31-3 Gal creating core 1 0-glycan. This structure is capped with two

sialic acid residues and is term ed the sialylated T-antigen; [NeuAc (a2-3)] Gal (31-3)

[NeuAc(a2-6)]GalNAc (Samor et al, 1989). This structure accounts for 75% of the total

0-linked glycan population expressed on VWF (figure 1.8). Additionally, a minor

portion of approxim ately 10% of 0-glycans are characterised as core 2 structures
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(Canis e t  al, 2010).  Mass  s p e c t r o m e t r y  analysis has  r e p o r t e d  t h e  p r e s e n c e  ABO(H) 

b lood  gr o u p  an t i g en s  on  a p ro p o r t i o n  of  t h e s e  core  2 s t ru c tu re s  accoun t in g  for  

a pp rox im a te ly  1% of  t h e  tota l  VWF 0-g lycan  pop ul a t io n  (Canis e t  al, 2010).  The 0 -  

l inked glycans of  VWF a re  ex t ens iv e  sialylated.  For exampl e ,  near ly 40% of co re  1 

s t r u c t u r e s  on VWF w e r e  s h o w n  t o  ex p re ss  unusua l  disialosyl motifs,  in which 2 sialic 

acid mo ie t ie s  a re  c o m b i n e d  via an  a2 -8  l inkage (figure 1.8).

a2-3^_J3l-3
a2-8

a2-3/6 31-3

— S/TS/T— S/T

a2-3

C o re  1 
d is ia losyl

Co re  1 Co re  2

N-acetyiglucosamine M an nose

N-acetylgalactosamine Galactose

Fucose NeuAc

Figure 1.8 0-glycom e of VWF

VWF c on ta in s  te n  pu ta t iv e  0-glycan  s i tes (figure 1.9). Eight of  t h e s e  s i tes  c lus te r  

in g r o u p s  of  fo u r  a t  t h e  N-and C- te rmina l  of  t h e  A l  do ma in .  The r emain in g  tw o  0 -  

g lycans  s ites a r e  in t h e  A3 a nd  D4 d o m a i n s  (Samo r  e t  al, 1989).
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Figure 1.9 0-linked glycan sites in VWF
Potential 0-linked sites are located at T1248, T1255, T1256 and Serl263 at the N-terminal A1 
flanking region and T1468, T1477, S1486 and T1487 at the C-terminal A1 flanking region. 
Single 0-linked glycans sites are found at S1679 In A3 and S2298 in Cl.

1.4.6 Multimerisation

Mature VWF circulates as a series of large heterogeneous multimers. VWF 

polymerisation is initiated by C-terminal dimer form ation w ith in the ER. However in 

the trans-Golgi, VWF dimers undergo further "head-to-head" multimerisation via 

additional disulphide bond formation in the N-terminal region (figure 1.10). In 

particular site-directed mutagenesis has identified that C1099 and C1142 represent 

critical residues essential fo r VWF multimerisation (Purvis et al, 2007). In keeping with 

the acidic environment of the Golgi, VWF multimerisation is highly pH-dependent. In 

vitro  treatm ent of EC to increase the pH ablates VWF multimerisation (Wagner et al, 

1986). Recent electron microscopy studies have demonstrated that the acidic pH of 

the trans-Golgi (pH 6.2) enables VWF dimers to form dimeric bouquets (Zhou et al, 

2011b).

The VWF propeptide (D1D2) is essential for normal VWF multimerisation 

(Mayadas & Wagner, 1989). The propeptide displays intrinsic protein disulphide 

isomerase (PDI) activity, and thus functions as a chaperone for VWF multimerisation 

w ith in the Golgi. Vicinal cysteines w ithin the propeptide enable this region to catalyse
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thiol protein disulphide exchange between adjacent VWF dimers (Mayadas & Wagner, 

1992).
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Figure 1.10 VWF polymerisation
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1.4.7 Intracellular Packaging

W ithin EC, VWF is partitioned between tw o pathways in the Golgi. The majority  

of VWF undergoes constitutive secretion into the plasma. The rem ainder 

(approximately 5%) is stored in cytoplasmic granules called W eibel-Palade bodies 

(WPB) (Sporn et al, 1989). W ithin WPB, VWF multimers are assembled into ordered  

tubules for storage. This ordered packaging facilities subsequent unwinding and 

secretion of VWF multimers upon stimulation. Tubular assembly requires low pH and 

calcium ions presence within the trans-Golgi. Additionally, VWF propeptide and D'D3 

domains are required for VWF tubular packaging (Huang et al, 2008).

1.4.8 Propeptide cleavage

Cleavage of the propeptide region of VWF occurs in a calcium -dependent 

m anner mediated by intracellular furin. This final step in VWF biosynthesis occurs in 

both the trans-Golgi and w ithin the storage granules. Furin cleaves at S763 following  

the dibasic amino acid pair K761 and R762 within the C-terminal of D2 (Rehemtulla and 

Kaufman, 1992). Removal of the propeptide is essential for efficient FVIII binding (Wise 

et al, 1991). A fter cleavage, the propeptide remains non-covalently associated with  

VWF. Thus a 1:1 stoichiometry of m ature VWF subunit to VW F propeptide is observed 

in normal plasma (W agner et al, 1987). However, VWF propeptide clearance occurs 

independently of VWF. Im portantly, the VWF propeptide has a significantly shorter 

half-life of just 2-3 hours com pared with a half-life of 8-14 hours for m ature VWF 

(Borchiellini et al, 1996).
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1.5 VWF storage and secretion

VWF is stored in endothelial WPB and in platelet a-granules. Both organelles 

store high molecular weight multimeric (HMWM) VWF which is secreted through a 

regulated pathway following stimulation.

1.5.1 Weibel Palade Bodies

Weibel-Palade bodies (WPB) are rod-shaped, membrane-bound organelles 

w ith in EC (Weibel and Palade, 1964). They are approximately 4 nlVl in length and 0.1 

|iM  in diameter. They contain bundles of tubules, approximately 150A thick, 

embedded in a dense matrix and orientated parallel to the long axis of the rod body 

(Wagner et al, 1991). Formation o f these storage bodies is dependent on VWF 

synthesis. Expression of VWF in non-EC results in the formation of pseudo-WPB, which 

share the ir characteristic rod shape and contain VWF (Voorberg et al, 1993). WPB 

store VWF multimers and VWF propeptide as the ir major constituents. In addition 

WPB also contain a number of other components including P-selectin (Bonfanti et al, 

1989), oestoprotegrin (Zannettino et al, 2005) and angiopoietin-2 (Fiedler et al, 2004). 

WPB release the ir constituents by means of regulated exocytosis. Secretagogues 

including vasopressin analog l-desamino-8-Darginine vasopressin (DDAVP) and 

adrenaline activate cAMP-dependent signalling causing a rise intracellular calcium 

stimulating exocytosis of WPB (Kaufmann et al, 2000).

1.5.2 Platelet a  granules

In contrast to EC, VWF biosynthesis w ithin megakaryocytes is poorly 

understood. Platelet VWF is stored in a-granules w ith in platelets. Like WPB, a-granules 

arise from the trans-Golgi network and VWF multimers can be visualised by electron
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microscopy as longitudinal arrays (Cramer e t al, 1985). These a-granules ap pear during 

megakaryocytic m atura tion  and also store a n u m b e r  of o th e r  molecules including 

fibrinogen, throm bospondin , Factor V and plate let fac tor-4  (Harrison &  Cramer, 1993).

1.6 VWF structure and function

1.6.1 FVItl binding

FVIII circulates in non-covalent complex w ith  V W F in plasma. V W F  binds to the  

N -term ina l light chain o f FVIII w ith  a critical role fo r acidic am ino acid residues 1669-  

1689  in th e  a3 dom ain of the  FVIII light chain (Lollar e t al, 1988). An addition role for  

th e  C2 dom ain  of the  light chain in FVIII has been described in m ed ia ted  V W F  binding 

(Saenko &  Scandella, 1997). V W F  serves to  protect FVIII from  p rem ature  proteolytic  

inactivation by activated protein  C (APC), stabilises its h e te ro d im er  structure, and 

prolongs its survival in plasma (Weiss e t al, 1977; Fay et al, 1991). The critical 

physiological relevance of the  VW F-FVIII  in teraction is highlighted by the  markedly  

reduced FVIII plasma levels in patients with  undetectab le  V W F levels (V W D  type 3), 

and in patients w ith  a defect in the  FVIII- interactive site of V W F  (V W D  type 2N).  

Following activation by th rom b in , FVIII is cleaved at R 1689 causing it to  dissociate from  

V W F  and interact w ith  phospholipids and Factor IXa to  participate in th e  tenase  

complex.

The FVIII binding region w ith in  VW F has been localized to  residues S 764-R 1035  

w ith in  the  N -term inus of th e  D 'D3 domains (Foster e t a l, 1987). M o re o v e r  a n u m b e r  of 

V W D  type  2N m utations  cluster w ith in  this region. Recently, S764 and K773 have been  

highlighted as critical residues fo r  modulating FVIII binding (Castro-Nuhez e t al, 2013).
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Each m onom er of m ultim eric VW F contains a single FVIII binding site. However within  

normal plasma the FVIIIiVWF stoichiometry is approxim ately 1:50 (VIot e t al, 1995).

1.6.2 Subendothelium matrix binding

At sites of vascular injury, VWF mediates platelet adhesion to the vascular 

subendothelium by binding to collagen. Fibrillar collagens type I and III are most 

im portant for VWF binding (Pareti e t al, 1987). Collagen binding is m ediated via the A l  

and A3 domains of VW F (Cruz et al, 1995). Deletion of the A l  domain does not alter 

collagen binding com pared to w ild-type (Sixma et al, 1991). However deletion of the  

A3 domain significantly attenuated collagen III binding. Furtherm ore site-directed  

mutagenesis has revealed a critical role for the H1786 residue in the A3 of domain of 

VWF in m odulating collagen III binding (Romijn et al, 2001). The physiological 

relevance of this m utation has been highlighted in a mouse vascular injury model. Mice 

expressing H1785A collagen binding m utant dem onstrated significantly reduced 

thrombosis in a ferric-chloride injury model (M arx et al, 2008). Consequently, the A3 

domain is considered the m ajor physiological collagen III binding region. The VW F A l  

domain has been shown to m ediate binding to nonfibrillar collagen VI, which is 

abundant in arterial subendotheium  (Hoylaerts et al, 1997).

1.6.3 Platelet binding

Following vessel damage, VWF binds to subendothelial collagen and 

subsequently tethers platelets and supports platelet aggregation to facilitate throm bus  

form ation. Platelets express tw o distinct receptors for VWF: the GPIb-IX-V complex 

and the GPIIb-llla complex. VWF binding to the GPIba receptor on non-activated  

platelets is im portant in the initial tethering of platelets to the subendothelium (figure
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1.11). Once platelets become activated, the GPIIb-llla complex becomes an additional 

high affinity ligand for VWF. This promotes platelet spreading and aggregation, and 

ultim ately the form ation of a stable platelet plug. Binding of VWF to platelet receptors 

is highly dependent on the rate of shear within the vasculature. In the absence of 

shear stress, VWF adopts a globular, condensed configuration which is non-permissive 

to GPIba binding. However shear stress promotes VWF unwinding to form an 

extended chain that enables interaction w ith platelet receptors (Siedlecki et al, 1996; 

Ikeda et al, 1991). At low rates of shear stress (less than 600 s'^) platelet GPIIb-llla can 

m ediate platelet tethering to fibrinogen in a process independent of VWF in vitro 

(Savage et al, 1996). In contrast, at higher shear stress VWF is an essential com ponent 

in platelet tethering. (Savage et al, 1996 ,1998 ).

Mohri et al identified im portant regions for mediating GPIba binding residing 

w ithin the VWF A l domain, on either side of the disulphide loop (M ohri et al, 1988). 

This finding was confirmed by Girma et al who defined a critical role for residues 1237- 

1251 and 1458-1471 within the A l  domain (Girma et al, 1990). Co-crystal structures of 

the  VW F A l domain with GPIba has revealed this critical interface (Dumas et al, 2004). 

In addition, a num ber of VW D type 2M  mutations cluster within this VWF binding site 

for GPIba. M oreover, Yago et al have further dem onstrated that specific VW D type 2B 

m utations can overcome the need for high shear in order for VWF to  be able to  bind 

GPIba (Yago et al, 2008). An additional regulatory region for GPIba binding within the  

A l  N-term inal flanking region has also been identified. Auton et al determ ined that 

structural association betw een the N-term inal flanking region of the A l domain (amino 

acids Q1238-E1260) and the A l  domain negatively regulates GPIba binding under 

shear (Auton et al, 2012).
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GPIIb-llla binding to VWF is mediated via a site within the C-terminus of VWF. 

The amino acid sequence RDGS which constitutes a typical integrin binding motif, has 

been identified in the C4 domain of VWF. This site is critical in mediating GPIIb-llla 

binding. Beacham et al dem onstrated that amino acid substitutions into the RGDS site 

ablated VW F binding to  GPIIb-llla (Beacham e t al, 1992). On resting platelets, GPIIb- 

llla does not interact w ith VWF. However upon platelet activation GPIIb-llla displays 

high affinity binding w ith VWF via the RDGS sequence.

Activated
.GPIIb-llla

Unactivated
G P IIb -llia A

Collagerf

Figure 1.11 Model of VWF-dependent platelet adhesion

1.6.4 Additional interactions

Recent studies have shown that VWF is capable of interacting w ith a variety of 

binding partners in normal plasma (Lenting et al, 2012). Figure 1.12 illustrates some of 

binding partners of VWF and the specific domains that regulate their interaction.

P-selectin is a WPB constituent that interacts with VW F, via the D '-D3 domains 

(M ichaux et al, 2006). Consequently absence of VWF results in reduced P-selectin 

expression, and secondary defects in leukocyte recruitm ent (Denis et al, 2001). In
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addition, Padilla et al reported a role for P-selectin expressed on the endothelium  in 

tethering newly secreted VWF strings (Padilla et al, 2004). However subsequently this 

role for P-selectin was disputed by Huang et al who found that the integrin aV33 was 

more im portant in tethering VWF strings to EC surface (Huang et al, 2009). Like P- 

selectin, osteoprotegrin (OPG) is another WPB components that has been shown to 

form  a complex with VWF in normal plasma (Zannettino et al, 2005). OPG interacts 

specifically with the VWF A l domain (Shahbazi et al, 2007). The physiological relevance 

of this interaction has yet to be elucidated. However OPG is a well-established anti- 

osteoclastic m odulator and recent work has suggested that the FVIII-VWF-OPG  

complex may inhibit the anti-apoptotic effect of OPG on TRAIL (tum our necrosis factor- 

related apoptosis-inducing ligand) (Baud'huin et al, 2009). VWF can also bind to the 

adhesive matrix glycoprotein throm bospondin-1 (TSPl) via the A3 domain. 

Interestingly, this interaction serves to com petitively inhibit ADAM TSlS-m ediated  

proteolysis of ultra-large VWF strings (Wang et al, 2010). Conversely, com plem ent 

factor H binding to the VWF A2 domain acts to enhance A DAM TSlS-m ediated cleavage 

of VWF (Feng et o/, 201S).
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Figure 1.12 Structure-function of VWF
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1.7 Platelet VWF

W hile steady state plasma VWF is primarily derived from  EC, VWF stored within  

platelet a- granules actually accounts for 10-25%  of the total circulating VWF (Howard  

et al, 1974). A num ber of differences exist between VW F of EC origin (plasma-derived, 

pd-VWF) and platelet-derived VWF (pIt-VW F). PIt-VWF is enriched in UL-VWF 

m ultim ers (Fernandez et al, 1982). Similar collagen binding activities have been 

reported for pit- and pd-VWF. In contrast, pIt-VWF has a significantly reduced affinity  

for platelet receptor GPIba, despite the fact that it is enriched in UL-VWF multimers  

(Williams et al, 1994). Im portantly, pIt-VW F has significant differences in glycosylation 

profile compared to pd-VWF (Williams et al, 1994; Kagami et al, 2000). In particular 

pIt-VW F has a 2-fold reduction in both sialic acid and sub-term inal galactose 

expression. Additionally, while the H-antigen is expressed on pIt-VW F glycans, no A- or 

B- blood group antigens have been detected (M cG rath et al, 2013). Recently the 

physiological importance of pIt-VW F has been defined in studies using chimeric mice 

(Kanaji et al, 2012). PIt-VWF was showed to partially correct bleeding tim e and 

significantly decreased blood loss volume compared with VWF deficient mice.

1.8 VWF glycosylation Influences its function

M ature  VWF expresses 12 N-linked glycans and a further 10 0-linked glycans. 

Consequently, these carbohydrates constitute approxim ately 20% of the monomeric  

mass of the glycoprotein. M oreover, VWF glycan structures have been shown to 

directly m odulate its biosynthesis, susceptibility to ADAMTS13 proteolysis and 

influence its circulatory survival (table 1.2).
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1.8.1 Biosynthesis

Treatm ent of EC in vitro w ith tunicamycin, which inhibits the addition of the 

precursor mannose-containing oligosaccharide within the ER, serves to block the  

secretion of VWF (W agner et al, 1986). McKinnon et al fu rth er dem onstrated that 

tunicamycin treatm ent not only reduced VWF secretion, but also targeted the non­

glycosylated VWF for degradation within the cells. (McKinnon et al, 2010). M oreover 

EC treatm ent with castanospermine, to inhibit glucose trim m ing in the ER, also 

abolished VWF secretion. To investigate the role of specific glycan sites in regulated 

VWF synthesis and secretion, site-directed mutagenesis was used to  elim inate each 

individual site. This work revealed a critical role for four specific N-glycan sites in 

regulating VWF production (McKinnon et al, 2010).

1.8.2 Proteolysis

ADAM TS13-m ediated proteolysis of VWF is essential in regulating its muitimeric

distribution and haemostatic activity (Zheng et al, 2001). Term inal sialic acid expressed

on VWF glycans is im portant in protecting VWF against proteolytic degradation by

serine proteases and plasmin (Federici et al, 1984). In contrast however recent data

has highlighted a role for sialic acid in specifically targeting VWF for ADAMTS13-

m ediated proteolysis (M cGrath et al, 2010). Proteolysis of VW F by ADAMTS13 is also

blood-group dependent, such that blood group 0  VWF is cleaved more rapidly than

n o n -0  VWF in vitro (Bowen, 2003). Individuals with the rare Bombay blood group

dem onstrate a further increase in susceptibility to ADAMTS13 cleavage (O'Donnell et

al, 2005). The importance of VWF glycans in regulating ADAMTS13 proteolysis was

furth er highlighted by site-directed mutagenesis studies. McKinnon et al specifically

m utated  the N-glycan at N1574 within the A2 domain adjacent to the ADAMTS13
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cleavage site. This served to significantly enhance ADAMTS13 susceptibility compared  

to w ild-type VW F (McKinnon et al, 2008). M ore recently, specific 0-linked glycans have 

also been shown to regulate ADAMTS13 proteolysis. In a shear based assay, loss of 0 -  

linked glycosylation at S1486, or com plete removal of cluster 2 O-linked glycans, was 

also found to enhance proteolysis. In contrast m utation of the O-linked glycans in 

cluster 1 had no effect on ADAM TS13-m ediated proteolysis (Nowak et al, 2014).

1.8.3 Platelet and collagen binding

Removal of the O-linked glycans w ithin cluster 1 at the N-term inal of the A l  

domain enhances the VW F-G PIba interaction (Nowak et al, 2012). This observation is 

consistent w ith  additional reports dem onstrating that the linker region betw een D3 

and A l negatively regulates GPIba binding (Tischer e t al, 2013). In addition, loss of the  

cluster 1 O-linked glycans also enhanced adhesion to collagen under shear (Nowak et 

al, 2012). Interestingly m utation of the cluster 2 O-linked glycans did not alter collagen 

binding or GPIba interaction (Nowak et al, 2014). Collectively the findings suggest that 

loss of the O-linked glycans at cluster 1 serves to enhance flexibility w ithin the hinge 

region of D3 and A l domains influencing both platelet binding and adhesion to 

collagen.

1.8.4 Plasma half-life

A num ber of animal models have clearly dem onstrated a direct link betw een  

variation in VW F glycosylation and altered rates of clearance. M oreover in humans, 

variation in VW F glycosylation is also an im portant determ inant of half-life. Almost one 

third of the normal variation in VWF plasma levels is due to the influence of ABO blood 

group. Blood group 0  individuals have significantly lower circulating VWF than non-
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group 0. Accumulating evidence indicates that this variation in plasma level is due to 

an effect of blood group on VWF clearance (Gallinaro et al, 2008).

Process Effect of VWF glycan variant

Proteolysis 

Platelet binding 

Collagen type III 

binding

Biosynthesis

ADAMTS13

Decreased w ith N-less VWF or N-linked glycan mutants 

N99a N857a N2400Qand N2789Q 
Reduced with asialo-VWF, Enhanced w ith N1574Q-VWF, 

Decreased for AB v. 0-VWF 

Increased with cluster 1 0-iess VWF

Reduced with cluster 1 0-less VWF

Plasma half-life
Reduced with asialo-VWF, Increased with AB v. 0-VWF, 

Reduced w ith T1255A/T1256A VWF

Table 1.2 Involvem ent of VWF glycans in its biology

1.9 VW F clearance

Although VWF structure and function have been well characterised the biological 

basis underlying VWF clearance remains poorly defined. Potential clearance pathways 

include receptor-mediated endocytosis, proteolytic degradation, renal excretion and 

extravasation. Given the large molecular weight of VWF the latter two options appear 

unlikely. Furthermore, studies in animal models have demonstrated that VWF 

clearance is not dependent on ADAMTS13-mediated proteolysis. For example, the 

clearance rate of type 2A VWF was not significantly different to wild-type VWF in rats 

(Stoddart et al, 1996). Additionally the plasma half-life of murine VWF was not 

different in ADAMTS13 deficient mice compared to wild-type (Badirou et al, 2010). 

Currently, receptor-mediated clearance of VWF is therefore considered the most likely 

mechanism responsible fo r its circulatory removal.
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1.9.1 VWF clearance pathways

Biodistribution studies w ith radio-labelled human VWF have highlighted that 

the  liver and spleen play a dom inant role in clearance of VWF infused in both mice (van 

Schooten et al, 2008) and rabbits (Sodetz et al, 1977).

1.9.1.1 Asialoglycoprotein receptor

The hepatic lectin asialoglycoprotein clearance receptor (ASGPR) was the first 

described VWF clearance receptor (figure 1.13) (Grewal et al, 2008). ASGPR is a 

m em ber of the calcium -dependent (C-type) lectin family of receptors and shares 

homology with the human macrophage lectin expressed on macrophages and 

dendritic cells (Valladeau et al, 2001; li et al, 1990). It is encoded by tw o separate  

genes {ASGRl and ASGR2) on chromosome 17. ASGPR exists as a hetero-oligom eric  

receptor composed of tw o  homologous transm em brane polypeptides (Spiess & Lodish, 

1985). ASGPR is abundantly expressed on hepatocytes (Steer & Ashwell, 1980). 

Glycoproteins are endocytosed via a clathrin-coated pit pathway, dissociate from  the  

ASGPR intracellularly in a pH-dependent manner, and are then targeted for lysosomal 

degradation (Bridges et al, 1982). Several factors regulate avidity of ligand binding 

including sugar specificity (60-fold greater affinity for GalNAc > Gal) (Baenziger & 

M aynard, 1980). However, ASGPR can also recognise particular sialylated structures 

including term inal a2 -6  linked sialic acid which is abundantly expressed on the N- 

linked glycans of VWF (Park et al, 2005). Ligand valency is also im portant, as clustering 

of term inal sugars results in increased occupancy of each ASGPR subunit. Consequently 

branched glycan chains are cleared by ASGPR more efficiently (tetra-antennary  > tri > 

bi > mono) (Connolly et al, 1982). A high degree of ASGPR conservation suggests a

critical role for this lectin in the clearance of abnorm ally glycosylated glycoproteins.
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However to date only two endogenous ligands (VWF and platelets) have been 

described for ASGPR (Grewal et al, 2008). Mice w ith a genetic inactivation of ASGPR-1 

subunit have a 1.5-fold increase in circulating VWF plasma levels (Grewal et al, 2008).

1.9.1.2 Macrophages

Immunohistochemical staining studies performed following VWF infusion 

revealed localization of VWF within the macrophage-rich regions of both liver and 

spleen (van Schooten et al, 2008). Moreover VWF specifically colocalized with CD68+ 

Kupffer cells in the liver, and with F4/80 macrophages in the red pulp of the spleen. 

Subsequent in vivo studies demonstrated that chemical inactivation of macrophages 

via gadolinium chloride treatm ent significantly prolonged VWF survival in VWF’ '̂ mice. 

These data suggest that hepatic macrophages or Kupffer cells may play a critical role in 

regulating VWF clearance in vivo (van Schooten et al, 2008).

1.9.1.3 Low density lipoprotein receptor-related protein

Kupffer cells express a variety of potential clearance receptors, including C-type 

lectins, 32-integrins and scavenger receptors. Interestingly, previous studies have 

suggested that plasma FVIII and VWF levels may be associated with polymorphisms 

w ithin the LRPl gene (Morange et al, 2005). Specifically, a D2080N polymorphism in 

LRPl was associated with significantly reduced plasma FVIII and VWF (Morange et al, 

2005). Low density lipoprotein receptor-related protein 1 (LRPl) is a ubiquitously 

expressed scavenger receptor that mediates diverse roles in various biological 

processes including lipoprotein metabolism, degradation of proteases, and 

intracellular signalling (Lillis et al, 2008). In addition LRPl can also function as an 

endocytic clearance receptor regulating FVIII plasma levels in mice (Saenko et al, 1999;
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Lenting et al, 1999). Interestingly, Bovenschen et al reported that conditional liver- 

specific LRPl deficient mice have modest increases in both plasma FVIII and VWF 

(Bovenschen et al, 2003). A role for LRPl in regulating VWF clearance was supported 

by further studies in a mouse model deficient specifically in macrophage-LRPl 

(m acLRPl) (Rastegarlari et al, 2012). These MacLRP mice had a 1.6-fold increased 

plasma VWF levels compared to macLRP^ mice. Since hydrodynamic expression of 

LRPl antagonist RAP in macLRPl mice did not serve to further increase VWF plasma 

levels, it is likely that macrophage-specific LRPl represents the sole LRPl receptor 

involved in VWF clearance. Although no binding of VWF to LRPl was observed under 

static conditions, significant binding was demonstrated under conditions involving 

shear stress in vitro (Castro-Nunez et al, 2012).

1.9.1.4 P2 Integrins

Mac-1 (aM32-integrin) is a leukocyte specific integrin important in modulating

binding to EC. Mac-1 is also capable of mediating phagocytosis. Mac-1 recognises a

diverse array of ligands including ICAM-1, fibrinogen and coagulation Factor X

(Diamond et al, 1990; Wright et al, 1988; Altieri et al, 1988). The aM  component of

Mac-1 has a cation-dependent binding site and a non-cation dependent lectin domain.

The lectin domain of human Mac-1 demonstrates affinity for glycoproteins terminating

in glucosamine or N-acetylglucosamine (Thornton et al, 1996). Importantly hepatic

macrophages expressing Mac-1 have been shown to be critical in the clearance of

rapidly chilled platelets (Simon et al, 2000). Cold platelet storage exposed N-

acetylglucosamine residues on the N-linked glycan on platelet GPIba, which were then

recognised by Mac-1 resulting in rapid phagocytosis (Hoffmeister et al, 2003). To

regulate their adhesive properties, 32 -integrins are typically maintained in a low-
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affinity resting state. However upon activation, they undergo conformational changes 

and transition to high-affinity states. \,/arious stimuli prom ote this transition, including 

manganese ions, cytokines or receptor cross-linking. M ore recently, LRPl has also 

been highlighted as a novel activator of 32-integrins. Using purified proteins, Spijkers 

et al dem onstrated that LRPl could associate with the I domain of a M . M oreover this 

interaction served to prom ote leukocyte adhesion to EC (Spijkers et al, 2005). Given 

this novel association between 32 and LRPl, the role of these integrins in influencing 

VWF clearance has also been examined. Rastegarlari et al found that hydrodynamic 

expression of NIF, a M ac-1 antagonist, served to increase plasma VWF and FVIII levels 

in w ild-type mice. However no effect of NIF was observed in macLRP' mice. In keeping 

with Spijkers et al these data therefore suggest that aM 32-in tegrin  may m odulate VWF 

clearance, in an LRPl-dependent m anner (Rastegarlari et al, 2012).

ASGPR I

VWF

/B2 integrinl^l-RPl
/
/LRPl

Q Siglec 5

ICLEC4M

ASGPR

H epatocyte M acrophage Endothelial

Figure 1.13 Potential clearance pathways for VWF
Cellular and receptor basis for VWF clearance, the dashed arrows highlight glycan-dependent 
interactions with lectin receptors and the solid arrows depict protein-protein interactions.
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1.9.2 The role of VWF clearance in VWD

Reduced survival of VWF as a pathogenic mechanism in VW D was first 

highlighted in 1985. A subset of patients with VW D were observed to have a markedly 

reduced VWF half-life following DDAVP administration (De la Fuente et al, 1985). 

Subsequent studies have shown that a num ber of different mutations within VWF are 

associated with enhanced clearance (figure 1.14). Consequently, enhanced clearance 

has led to a proposed subdivision of type 1 VW D that has been term ed type 1C 

(Haberichter et al, 2006). Identifying these patients has direct clinical importance in 

that DDAVP treatm ent may be less useful given the reduced half-life of endogenous 

VWF. The steady-state ratio of VWF propeptide to VWF antigen has been used as a 

surrogate m arker to identify patients with enhanced clearance VWF. The VWF 

propeptide and m ature antigen are secreted from EC in a 1:1 ratio. However VWF 

propeptide clearance occurs independently of VWF antigen. In addition the VWF 

propeptide has a significantly shorter half-life of just 2-3 hours, compared to 8-14  

hours for m ature VWF (Borchiellini et al, 1996; Dobrkovska et al, 1998). Consequently, 

an elevated VWF propeptide to VWF antigen ratio is suggestive of an accelerated VWF 

clearance rate (Haberichter et al, 2006). The archetypal VW D 1C m utation is VW D- 

Vicenza which is caused by the point m utation R1205H (Casonato et al, 2002). VW D  

Vicenza is characterised by markedly low VWF plasma levels (~10% of normal) and 

significantly reduced survival of VWF following DDAVP (Castaman et al, 2008). 

Casonato et al have also dem onstrated that accelerated clearance can also be 

im portant in the aetiology of VW D type 2B (Casonato et al, 2010). Some patients with  

type 2B VW D have increased VWF propeptide to antigen ratios and dem onstrate  

reduced plasma VWF survival following DDAVP (Casonato et al, 2010).



P1266L
S1285P

R1306Q/W
L1307P
R1308C
R1315C

V1316M
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C1060Y R1374C

C1130R/F/G G1415D
W1144G I1416N
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Figure 1.14 Location of potential VWF clearance mutations
Examining the VWF propeptide to antigen ratio, more than 20 different VWF mutations have 
been highlighted as potential fast clearance mutations. Of note the mutations are dispersed 
over the whole mature VWF subunit, however a significant cluster appears around D3-A1 
domains.

1.9.3 VW F glycosylation and clearance

Previous studies have suggested that abnormalities in VWF glycosylation may

lead to a VW D phenotype through enhanced clearance. Gralnick et al described

abnormal VWF glycosylation in three patients w ith reduced PAS (Periodic Acid Schiff)

reactivity. Im portantly, PAS reactivity is influenced by sialic acid expression, suggesting

that quantitative reduction in sialic acid in these VW D patients may have been

im portant in the pathophysiology of their reduced VWF levels (Gralnick et al, 1976).

However a subsequent study reported that reduced VWF PAS-reactivity was not

common in patients with VW D (Zim m erm an et al, 1979).

In addition, a num ber of animal models have also suggested that variation in

VWF glycosylation may directly influence VWF clearance. Human pd-VWF displayed a

biphasic clearance pattern in New Zealand W hite  rabbits (Sodetz et al, 1977).

Following desialylation of VWF (asialo-VWF), clearance was significantly enhanced,

such that 92% the infused VWF accumulated in the liver within 10 minutes. This
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enhanced hepatic clearance was com petitively inhibited by simultaneous infusion of 

asialo-al-acid glycoprotein, suggesting a role for hepatic ASGPR in mediating this 

process. Clearance of recombinant VWF devoid of the 0-linked glycans has also been 

studied in Sprague-Dewley rats. This VWF glycoform was cleared from  plasma 

significantly faster than wild-type VWF (Stoddart et al, 1996). This finding was recently 

confirmed by Badirou et al following hydrodynamic VWF expression studies in VWF'^ 

mice. Mice expressing the VWF variant T1255A /T1256A  which has lost two specific 0 -  

linked glycans, was cleared significantly faster than w ild-type VWF (Badirou e t al, 

2012). The molecular mechanism responsible for the enhanced clearance of this 0 -  

glycan modified VWF remains to be determ ined.

RIIIS/J mice dem onstrate prolonged bleeding times and have significantly 

reduced VWF levels (Sweeney et al, 1990). Subsequent studies revealed the genetic 

defect responsible for the reduced VWF levels in these mice was distinct from  the 

murine VWF locus on chromosome 11 (Mohlke et al, 1996). In further studies, it was 

shown that aberrant glycosyltransferase expression in EC in RIIIS/J mice causes 

aberrant glycosylation of VWF in these mice and consequently results in enhanced 

clearance (Mohlke et al, 1999). This mouse model provides clear evidence that genetic 

loci distinct from  the VWF gene may be responsible for modulating VWF clearance. 

The importance of VWF glycosylation profile in regulating clearance has also been 

observed in mice deficient in the sialyltransferase ST3Gal-IV enzyme. This enzyme 

catalyses the addition of a2-3  linked sialic acid to a penultim ate Gal or GalNAc residue. 

ST3Gal-IV‘ ‘̂ mice also display decreased plasma VWF:Ag levels due to enhanced 

clearance. This rapid clearance was com petitively inhibited by the co-injection of 

asialo-fetuin again suggesting a key role for the ASGPR (Ellies et al, 2002). Im portantly
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Ellies et al also reported a small cohort of individuals with abnormally low VWF plasma 

levels, who also dem onstrated increased term inal galactose or N-acetylgalactosamine 

expression. Im portantly variation in VWF glycosylation can also occur during bacterial 

sepsis. For example, VWF desialylation has been associated with Streptococcus 

pneum oniae  infection (Grewal et al, 2008).

1.10 VWF lectin interactions

The role of VWF glycosylation in regulating its clearance suggests that interaction 

with lectins may be im portant. A num ber of d ifferent genome wide association studies 

(GWAS) have also reported that specific lectins may be im portant determinants of 

plasma VWF;Ag levels. For exam ple Smith et al identified eight candidate loci 

significantly associated with plasma VWF:Ag levels. These loci included members of 

scavenger clearance receptor families, SCARAB, STAB2, and CLEC4M (Smith et al, 

2010). Interestingly CLEC4M (L-SIGN) is a lectin receptor expressed in liver sinusoidal 

EC and lymph nodes. CLEC4M displays significant homology to DC-SIGN expressed on 

dendritic cells. Recent studies have shown that CLEC4M can function as an endocytic 

receptor for VWF (Rydz et al, 2013). In vitro binding studies dem onstrated that pd- 

VW F bound to CLEC4M in a m annose-dependent manner. In addition HEK293 cells 

with stably expressed CLEC4M w ere able to bind and internalise pd-VWF.

Siglec-5 (sialic acid Ig-like lectin 5) is another lectin that has been shown to bind 

VWF. Siglec-5 is classified is an l-type lectin and contains four extracellular Ig-like 

domains (Cornish et al, 1998). Ligand preferences include a2-3 and a2-6  linked sialic 

acid (Brinkman-Van Der Linden & Varki, 2000). Siglec-5 is expressed on monocytes, 

macrophages, and neutrophils. Given the role of macrophages in mediating VWF
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clearance, the  potential role o f siglec-5 as an endocytic receptor was investigated  

(Pegon e t at, 2012).  First, in vitro  binding assays revealed th a t both V W F and FVIII 

bound im mobilized Siglec-5 in a dose-dependent and reversible m anner. This binding  

of siglec-5 to  V W F was sialic ac id -dependent. Second, im m unofluorescent studies  

d em onstra ted  th a t VW F and FVIII could both bind to  HEK293 cells expressing siglec-5. 

M o re o v e r  cell binding assays perform ed  at 37°C resulted in the  internalisation of VW F  

and FVIII. Finally, expression of hum an siglec-5 in m urine hepatocytes fo llowing  

hydrodynamic injection resulted in a 70%  reduction in plasma levels VW F. Collectively  

these recent publications highlight th a t  V W F is capable of interacting w ith  a n u m b e r  of  

novel lectin families.

1.11 Galectins

The galectins constitute another fam ily  of lectins tha t have recently  been  

reported  as putative novel binding partners fo r  V W F  (Saint-Lu e t al, 2012 ).  Galectins  

are a fam ily  of soluble lectins which share hom ology with in  the ir  C arbohydrate  

Recognition Dom ain (CRD) (figure 1.15). The galectins display binding specificities for  

(J-galactoside expressing glycans.

Galectin-1 and galectin-3 are o f particular interest. Both are expressed in EC and  

have been shown to interact w ith  VW F (Saint-Lu e t al, 2012).  Initially, SPR analysis 

dem onstra ted  tha t both galectin-1 and galectin-3 bound to  V W F in a d ose-dep end ent  

and glycan-dependent m anner. Furtherm ore, in v itro  studies showed th a t  galectin-1  

and galectin-3 w ere  colocalised w ith  V W F in EC. M o re o v e r  a fte r  EC stim ulation, typical 

VW F strings w ere  shown to co-stain for galectin-1. Finally, w ith in  norm al plasma,  

galectin-1 and galectin-3 w ere  shown to  circulate in complex w ith  VW F. This
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interaction is critical for galectin survival, since V W F mice w ere  shown to have a 2-  

fold reduction in circulating galectin-1 and galectin-3 com pared to  w ild-type mice. 

H ow ever  plasma galectin levels w ere  corrected following hydrodynamic gene transfer  

o f V W F  suggesting tha t V W F  serves as a molecular chaperone for galectin-1 and  

galectin-3 in plasma. Im portantly , galectin binding was also shown to directly influence  

V W F  function. In vitro, EC w ere  s tim ulated  to secrete V W F m ultim ers and plate let  

adhesion was measured. In the  presence of the  galectin inhibitor lactose, the  n um ber  

of V W F  m ult im er strings was significantly increased, and m ore platelets w ere  bound  

per string. Cumulatively, these data suggest a novel role for th e  galectins as negative  

m odulators  of V W F-p la te le t  string fo rm ation  at the  EC surface. These findings w ere  

supported by in vivo studies th a t dem onstra ted  increased p la te le t-VW F string 

fo rm ation  in the m esenteric  venules of ga lec tin - l /g a lec tin -3  dual knockout mice 

com pared  to w ild -type  mice upon endothelia l stimulation. M o st critically, Saint-Lu et al 

found  th a t galectins m odulate  V W F -d e p e n d e n t early th rom bus form ation  in vivo. In a 

ferric-chloride injury model g a lec t in - l /g a lec t in -3  dual knockout mice displayed 

enhanced throm bi fo rm ation  com pared  to w ild -type  mice.
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Classification Structure
Proto-type

Single CRD that  
dimerises

Galectin-l, -2, -5, -7, 10, - 
11,-13,-14 and-15 ^

Tandem repeat-type
Two distinct CRDs

Galectin-4, -6, -8, -9 and - 
12

-------------^

Chimera-type
one CRD and a non­

lectin tail that  
oligomerises

Galectin-3

Figure 1.15 Structural illustrations for the galectins

1.12 FVIII glycosylation

Like VWF, FVIII is also heavily glycosylated (figure 1.16), containing 25 consensus

sites for N-linked glycosylation. Mass spectrometry analysis has dem onstrated that 21

N-linked glycan are occupied, with 17 sites located within the B domain (Hironaka et ol,

1992). The N-glycome of human FVIII has been characterised. The primary N-linked

glycan structure is a complex-type biantennary oligosaccharide. Additionally, tri- and

tetra-antennary structures were also reported. Human FVIII is also extensively

sialylated with the majority of N-glycans carrying at least one sialic acid residue. FVIII
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also expresses blood group determ inants on its complex-type N-glycans. In addition to 

these complex type glycans, high mannose oligosaccharides were also a feature of the  

FVIII N-glycome (Hironaka et at, 1992; Kaufman et al, 1988). Finally seven 0-linked  

glycans were also identified on FVIII, all of which are localised to the B domain.

A num ber of im portant differences in glycosylation have been noted between  

plasma-derived FVIII (pd-FVIII) and recombinant FVIII (rFVIII). First, rFVIII does not 

express ABO(H) blood group determinants. Second, rFVIII can also express a num ber of 

non-human glyco-epitopes dependent upon the cell-line used for expression. These 

abnormal glyco-epitopes include galactose in an a l -3  linkage to the sub-terminal 

galactose (G alal-BG al), and an N-glycolylneuraminic acid (NeuSGc) (Hironaka et al, 

1992; Varki, 2009).

40



] I
N N

innintnitntT
Heavy Chain

Light Chain

A1 a l A2 a2

T t
• I

0 0 0 O 0 0
1 I i 1 1 1

Procoagulant
FVIII

a3 A3 C l C2

B-domain proteolysis

t t nnnnintii
A l a l A2 a2

t t 0 0 0 O 0
1 1 1 1 1

a3 A3 C l C2

Plasma
intermediate

Thrombin cleavage

A l a l  S  A2

Active FVIII (FVIIIa)

Figure 1.16 FVIII domains and the associated glycans
N-linked sites within FVIII at N42 and N239 in the A l domain. N757, N784, N828, N900, 
N963, NlOOl, N1005, N1066, N1185, N1255, N1259, N1282, N1300, N1412 and N1442 in the 
B domain. N1810 in A3 and N2118 in Cl. Additionally 6 0-linked glycan are found in the B 
domain.

1.13 FVIII lectin interactions

1.13.1 Biosynthesis

Like VW F, the  glycosylation of FVIII is im po rtan t in m odulating  its biology. The  

intracellular processing and trafficking of FVIII is regulated by the  ER lectins calnexin  

and calreticulin, as well as th e  Golgi lectin L M A N l  (also know n as ERGIC-53). FVIII

interaction w ith  ER folding chaperones calnexin and calreticulin is m ed ia ted  by FVIII N-
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linked glycans w ith in  the  B dom ain (Pipe e t al, 1998). In particular, the  prim ary  

monoglucosylated N-linked oligosaccharides added to FVIII in the ER serve as ligands 

for calnexin and calreticulin binding. Consequently inhibition o f glucose tr im m ing  w ith  

castanospermine ablates interaction of FVIII w ith  both calnexin and calreticulin, and  

results in reduced FVIII secretion. FVIII transition from  the  ER to the Golgi is m ed ia ted  

by interaction w ith  the L M A N l  lectin. L M A N l  association with  FVIII is regulated by 

oligosaccharides with in  th e  B dom ain (Moussalli et al, 1999). The physiological 

im portance of th e  F V I I I -L M A N l interaction is illustrated in patients with  m utations in 

L M A N l ,  (or its associated protein MCFD2), which result in combined FV/FVIII 

deficiency (Nichols e t al, 1998).

1.13.2 FVIII activity

To date, limited data suggest tha t FVIII glycans are im po rtan t in regulating its 

biological activity. In vitro  studies by Kosloski e t a l d em onstra ted  th a t  FVIII activity was  

reduced 2-fold upon enzym atic  rem oval o f its N-linked glycans. Additionally, 

deglycosylated rFVIII also displayed reduced aff in ity for phosphatidylserine containing  

m em branes  (Kosloski e t al, 2009 ).  Given tha t the  heavily glycosylated B dom ain  is 

dispensable fo r  FVIII activity th e  potentia l role of FVIII glycans in influencing FVIII 

activity remains to  be fully de te rm in ed  (Toole e t al, 1986).

In contrast, N-glycan m utations  have been reported  in haemophilia A patients.  

T w o  patients w ith  severe haem ophilia  w ere  found to have m utations resulting in the  

creation of novel N-linked glycan sites (Aly e t al, 1992). Both patients had normal  

plasma FVIII antigen levels, but FVIII activity levels w ere  reduced (<1%). The first 

pa tien t m utat ion  M 1 7 7 2 T , created  a new  consensus sequence fo r  an N-linked glycan at
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N 1 7 7 0  in the  light chain of FVIII. The second patien t m utat ion , I566T, created an N-  

glycosylation site at N 5 6 4  in th e  A2 dom ain (Aly e t a l, 1992).

1.13.3 FVIII clearance

FVIII can interact w ith  a n um ber o f o th er  lectins, including ASGPR, which has 

been im plicated as a potentia l FVIII clearance receptor. Bovenschen e t a l 

dem o n stra ted  th a t  FVIII bound to ASGPR in dose-depen dent and g lycan-dependent  

m anner. Im portant ly  B dom ain  deleted  FVIII (BDD-FVIII) d em o nstra ted  m arkedly  

reduced binding to ASGPR, suggesting th a t  the  high density o f N-linked glycans in FVIII 

B dom ain  m odulates ASGPR binding. In vivo c learance experim ents  in mice confirm ed  

th a t  FVIII survival was prolonged by the  presence o f  ASGPR antagonist ASOR 

(Bovenschen e t al, 2005).

1.13.4 FVIII immunogenicity

FVIII glycosylation has also been suggested to regulate its uptake by antigen  

presenting cells, and subsequent activation of T-cells. FVIII bound C-type lectin, CD206,  

expressed on the  surface of dendritic cells. Critically this interaction was m ediated  by 

FVIII m annose-conta in ing  glycans outside the  B dom ain  (Dasgupta e t al, 2007). FVIII 

expresses tw o  high mannose glycan structures at positions N 239  and N 2118 .  

Interestingly Dasgupta e t a l reported  th a t  rem oval o f th e  mannose glycan chain N 2118  

in the  C l  dom ain  o f FVIII a t tenu a ted  FVIII-m ediated  dendritic  cell activation.
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1.14 Study objectives

Both V W F  and FVIil are heavily glycosylated proteins w ith  glycans constituting  

approxim ate ly  20%  of th e ir  total m olecular mass. This glycosylation significantly 

influences the  biology of both V W F  and FVIII. The molecular mechanisms through  

which these glycan effects are m ed ia ted  rem ain poorly understood. Accumulating data  

suggest th a t  the  ability of V W F  and FVIII to  interact w ith  specific lectins m ay be 

im po rtan t in this regard. Recent evidence has dem onstra ted  th a t galectin-1 and -3 

constitute novel binding partners for VW F, and tha t these galectin interactions  

m od ula te  V W F -m ed ia ted  th rom bus fo rm ation  in vivo. In light of this, the first objective  

of this study was to  define the  biochemical basis through which V W F interacts with  

galectin-1. Since the  glycan d eterm inants  expressed on hum an FVIII are similar in 

structure to  those expressed on V W F, w e  fu r th e r  hypothesised th a t galectins m ay also 

constitute novel binding partners fo r  FVIII. This hypothesis was addressed as a second 

aim o f this study.

V W F  glycosylation is an established regulator of plasma V W F levels. Several in 

vivo studies have shown th a t  variation in V W F glycosylation, including the presence of 

ABO(H) d eterm inants  and sialic acid, directly m odula te  V W F survival. H o w ever the  

biological mechanisms through which glycans regulate V W F circulatory survival rem ain  

elusive. Consequently the  final objective o f this thesis was to define the  role played by 

specific V W F  domains, and VW F glycans in determ in ing  in vivo clearance.
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2 M aterials and M ethods

2.1 Purification of human plasma-derived VWF using fast protein liquid 

chromatography

2.1.1 Purification of VWF from Haemate P®

Plasma-derived (pd-VW F) was purified fro m  the commercial concentra te  

H a e m a te  P®. H aem ate  P® (ZLB Behring, Germ any) is a concentrate  used to  trea t  

patients w ith  von W illebrand disease (VW D ). H a e m a te  P® contains high concentrations  

o f VW F, FVIII, a lbumin as well as a n u m b e r  of excipients. Size exclusion 

chrom atography (gel fi ltration) was used to purify p d -V W F  from  H aem ate  P®.

2.1.2 Gel Filtration

The principle of this technique relies on th e  fact th a t  larger proteins e lu te  from  

th e  column at a faster rate than  smaller proteins. C onsequently  gel f i ltration was used 

to  separate high, in te rm ed ia te  and low m olecular w e ig h t mult im eric  VW F fractions. A 

Sepharose 2B-CL gel f i ltration column (6 0 0 m m  x 2 6 m m , 320m L volum e, A m ersham  

Pharmacia, UK) was pre-equil ibrated  w ith  tw o  colum n volumes o f Tris-Citrate buffer  

(2 0 m M  Tris, lO m M  sodium citrate, pH 7.4). 5 - lO m L  o f  reconstituted H a em ate  P® (or 

blood group specific cryoprecipitate) was applied to  the  column at a f lo w  rate  of  

0 .5 m L /m in  and eluted in the  same buffer at a f low  rate o f Im L /m in  (figure 2.1). 

Fractions w ere  collected and V W F concentration was de te rm in ed  by V W F antigen  

enzym e-linked im m unosorbant assay (ELISA). V W F  m ult im eric  composition was  

d ete rm in ed  by collagen binding assay and m u lt im er  gel analysis and purity assessed by 

silver staining (figure 2.2).
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Figure 2.1 Gel filtration of Haemate P* pd-VWF
High purity, high molecular weight multimeric VWF is eluted in the first peak, followed by 
smaller VWF multimers and contaminating plasma proteins.
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Figure 2.2 SDS-PAGE and silver stain assessment of gel filtered VWF elutes 
Purity of VWF fractions collected after gel filtration chromatography was analysed by SDS- 
PAGE followed by silver staining. The purity of VWF, present at ~250kDa decreases with 
increasing fraction number.

2 .1.3  Purification o f blood-group specific plasm a-derived VWF

Blood group specific VWF (group 0 , group AB and Bombay respectively) w/as

purified from  plasma by cryoprecipitation. Cryoprecipitation results in a subset of

circulating proteins (including VWF) precipitating out of solution at 4°C. Fresh, frozen

plasma (FFP) was obtained from  the Irish Blood Transfusion Service and allowed to

thaw  for 24 hours at 4°C. Two units of blood group specific plasma ('"300mL per unit)

were pooled in a pre-chilled glass beaker at 4°C and slowly stirred. Ethanol (50% v/v)

pre-chilled to 4°C was added drop wise to the stirring plasma to a final concentration

of 8% (v/v). The mixture was left stirring for an additional 30 minutes before being

decanted into pre-chilled 50mL centrifuge tubes on ice. The resulting precipitate was

harvested by centrifugation (3500rpm  for 30 minutes at 4°C). The cryo-supernatant

was decanted off, and the VW F rich pellets were then resuspended in 12mL of Tris-

Citrate buffer and centrifuged at 3500rpm  for 30 minutes at room tem perature. The

VW F-containing supernatant was removed and VWF was further purified by gel
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filtra tio n  chrom atography. VW F concen tra tion  was subsequently d e term in ed  by VW F  

antigen ELISA and purity  assessed by silver staining (figure 2 .3).

Figure 2.3 SDS-PAGE and Coomassie assessment of blood group specific VWF 
Purity of blood group-AB fractions A l, A2, A3 and blood group-0 fractions A l, A2, A3 
collected after cryoprecipitation and gel filtration were assessed by SDS-PAGE and 
Coomassie staining. VWF is visible as a band at ~250kDa.

2.2 Purification of human platelet-derived VWF

Platelets surplus to  req u irem en t w e re  obta ined  from  the  Irish Blood 

Transfusion Service (St James's Hospital, D ublin). Tw o units o f leukocyte-dep le ted  

pooled p late le ts  w e re  decanted  into  50m L tubes and centrifuged at ISOOg fo r 10  

m inutes at room  te m p e ra tu re . The plasma su pernatan t was discarded and th e  p la te le t 

p elle t w ashed by gentle  resuspension in b u ffe r A (1 3 0 m M  NaCI, 9 m M  NaHCOs, 6 m M  

dextrose, lO m M  trisodium  c itra te , 0 .9 m M  M gC l2, 3 m M  KCI, lO m M  Tris pH 7 .4 ) 

contain ing  protease inhib itors (P rotease In h ib ito r Cocktail I, Calbiochem , M erck, UK).
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This protease inhibitor cocktail contains selective inhibitors of serine-, cysteine- and 

metallo-proteases (AEBSF (500|iM) and Aprotinin (ISOnM); E-64 ( l| iM )  and Leupeptin 

(lu M ); and EDTA (0.5mM) respectively). Following resuspension, platelets were 

centrifuged at lOOOg for 10 min. The supernatant was discarded and the platelet wash 

step was repeated a further three times.

2.2.1 Platelet lysis by snap freeze-thawing

Platelet pellets were resuspended in buffer A and platelet lysis was carried out 

by repeated snap freeze-thaw cycles. Platelets were rapidly frozen in liquid nitrogen 

followed by rapid defrosting at 37°C in a water bath. The platelet mixture was then 

vortexed on a bench top mixer (Vortex Genie* 2, Scientific Industries Inc, USA) at a 

speed of approximately 2500rpm for 3 minutes. Freeze-thaw cycles were repeated a 

further 3 times. Finally, the platelet mixture was then centrifuged at 10,000g fo r 30 

minutes twice and the resulting platelet lysate was stored at -80°C.

2.2.2 Purification of platelet-VWF by immunoaffinity chromatography

Immunoaffinity chromatography was carried out in collaboration w ith  Dr. Jan 

Voorberg and Dr. Maartje van den Biggelaar (Department of Plasma Proteins, Sanquin 

Research, Amsterdam, The Netherlands). VWF was purified from platelet lysate by 

immunoaffinity chromatography using the monoclonal antibody CLB-RAg20 coupled to 

CNBr sepharose 4B (Amersham Biosciences, UK). Platelet VWF was eluted using 50mM 

HEPES, O.IM NaCI and IM  KSCN pH 7.4. VWF containing fractions were dialyzed 

against 20mM Tris, pH 7.4 and stored at -80°C. VWF concentration was subsequently 

determined by VWF antigen ELISA.
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2.3 Analysis of VWF

2.3.1 VWF:Ag ELISA

VW F antigen (VW F:Ag) was m easured by ELISA. M axisorp plates (Nunc, 

D enm ark) w ere  coated  w ith  rabb it polyclonal an ti-hum an  VW F antibody (Dako, 

D enm ark) in 5 0 m M  carbonate  b u ffe r (pH 9.6), overn ight at 4°C. W ells w ere  washed  

th re e  tim es w ith  PBS-T (PBS, 0 .05%  v /v  T w een -20 ) and then  blocked fo r non-specific  

binding w ith  PBS-T contain ing 3% bovine serum album in (BSA; S igm a-Aldrich, Ireland) 

fo r 1 hour at room  te m p e ra tu re . W ells w ere  again washed th re e  tim es w ith  PBS-T 

b efo re  test samples at ap prop ria te  dilutions w ere  added. Reference plasma  

(Technoclone, Austria) was used to  generate  a standard curve. All sam ples w ere  

incubated  on th e  p late fo r 2 hours at 37°C wells a fte r which th e  plates w ere  washed  

th re e  tim es w ith  PBS-T. Follow ing washing, lOOnl of anti-VW F-H R P (DAKO, D enm ark) 

d ilu ted  1 :1000  in PBS-T was added and incubated fo r 1 hour at 37°C. Following an o th er  

th re e  PBS-T washes, 100 |il o f horseradish peroxidase (HRP) substrate 3 ,3 ',5 ,5 '-  

T etram eth y lb enzid in e  (TM B; Substrate Reagent Pack, R&D Systems, UK) was added to  

th e  wells. The reaction was stopped w ith  SO îL I M  H2 SO4  and absorbance read at 

4 5 0 n M  using a VERSAmax m icrop la te  reader (M o lecu la r Devices, UK).

ELISA sam ples w ere  tes ted  in trip licate, using tw o  replicate wells fo r each set o f 

tes t conditions. The intra-assay and inter-assay coefficients o f varia tion  w ere  both less 

than  10%. A standard curve was generated  by p lo tting  VW F concentration  (|ig /m L ) on 

th e  x-axis against optical density (absorbance @  450n m ) on th e  y-axis. The curve was 

linearized by perform ing  a logarithm ic transform ation  and th e  equation  of th e  line and  

r  ̂values w ere  calculated using M icrosoft Excel.
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2.3.2 VWF collagen binding assay

Collagen binding activity (VWF:CBA) can provide a sensitive measure of V W F  

m ultim eric  composition and functional activity. High molecular w eight V W F m ult im ers  

bind to  collagen w ith  significantly g reater  affinity than  low m olecular w eight forms.  

VWF:CBA of V W F  was d e te rm in ed  using an ELISA based collagen binding assay. 

Maxisorp  plates (Nunc, D enm ark) w ere  coated w ith  recom binant hum an collagen III 

(BioVision, CA, USA) at a final concentration o f 5 | ig /m L  in carbonate buffer (5 0 m M  

NaaCOs, pH 9 .6) overnight at 4°C. Wells w ere  washed th ree  times in PBS-T and blocked  

w ith  3% BSA in PBS-T fo r  1 hour at room te m p e ra tu re .  After washing th ree  times w ith  

PBS-T, test samples w ere  added to the  plate. Reference plasma (Technoclone, Austria) 

was again used to generate  a standard curve. Samples and reference plasma w e re  

incubated on the  plate for 2 hours at 37°C. Following washing, polyclonal rabbit an t i ­

hum an VW F-HR P (Dako, Denm ark) diluted 1 /1 0 0 0  in PBS-T was added to  the wells and  

incubated for 1 hour at 37°C. Wells w e re  washed and colour was developed as 

described b efore  (section 2.3.1). A standard curve and log-log plot w ere  constructed as 

fo r  VW F:Ag ELISA and VWF:CBA for each of the  test samples was de te rm in ed  in |ig /m L.  

Collagen binding activity was then  expressed as a ratio relative to VWF:Ag levels.

2.3.3 BCA Protein Assay

For truncated  V W F variants, to ta l protein  was quantified fo llowing purification  

using th e  T herm o  Scientific™ Pierce™ BCA Protein Assay Kit. The BCA (bicinchoninic  

acid) assay is a colourimetric means by which to quantify total protein concentration  

and is based on the reduction of Cu^^ ions to  Cu"̂  by the peptides bonds of proteins. 

The a m o u n t  of Cu^* reduced is proportional to  th e  am o u n t o f protein present in the
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solution. Two molecules of BCA then chelate w ith each Cu"'ion, forming a purple- 

coloured product that absorbs at 562 nm.

Each protein sample was serially diluted and 25|iL of each dilution was added 

to a 96 well plate in duplicate. To construct a standard curve, BSA was diluted over a 

range of 20-2000|ig /m L and 25|iL of each BSA dilution was also added to the plate in 

duplicate. The working reagent (WR) was prepared by mixing 50 parts of BCA Reagent 

A w ith 1 part of BCA Reagent B (50:1, Reagent A;B). 200|iL of WR was then added to  

each well and mixed thoroughly. The plate was incubated for 30 minutes at 37°C and 

absorbance at 562nm  was read. A standard curve was prepared by plotting the 

average blank-corrected 562nm  m easurem ent for each BSA standard against 

concentration (ng/mL). Sample concentrations were extrapolated from  the curve via 

linear regression analysis using GraphPad Prism software (GraphPad Prism version 5.0 

for W indows; GraphPad Software, CA, USA).

2.3.4 VWF multimer gel

The multimeric pattern of VWF can be visualised by electrophoresis of VWF

using non-reducing agarose gels. VWF m ultim er analysis was perform ed using using a

Bio-Rad mini gel casting system (Fannin LTD, UK). Biorad glass plates were cleaned

thoroughly with m ethanol before pre-heating at 37°C. 1.8% agarose gels (1.5m m

diam eter) were prepared by dissolving 0.36g SeaKem* HGT(P) Agarose, Lonza, ME, USA

in 20mL of separating buffer (200m M  Tris, lOOmM glycine and 0.1% SDS, pH 9.0). The

agarose was dissolved by extensive heating '"80°C before pouring BmL per/gel into the

pre-heated plates. To facilitate gel setting, the gels were cooled at 4°C for 10 minutes.

Stacking gels (0.75%  agarose) were prepared by heating 0.15g SeaKem* HGT(P)

Agarose in 20mL of stacking buffer (70m M  Tris, 5m M  EDTA, 0.1% SDS pH 6.7). Once
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dissolved, 4mL of stacking gel were poured on top of the cooled separating gels in the  

casting unit. A 10 well comb (1.5m m  diam eter) was inserted im m ediately before  

incubating the gels at 4°C to allow them  to set.

VWF samples containing ~2ng VWF mixed with NuPAGE® LDS Sample Buffer 

(4X; Life Technologies, UK) and incubated at 70°C for 10 minutes before loading onto  

the gels. The gels were run using Bio-Rad mini-gel electrophoresis tank. The outer 

cham ber of the tank was filled with running buffer (50m M  Tris, 75m M  glycine) while  

the inner chamber was filled with (lOOm M Tris, 150m M  glycine 0.1% SDS). The gels 

were electrophorised for 150 minutes at 50 volts.

2.3.5 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Pre-cast gradient gels (4-12%  NuPAGE® Bis-Tris Gels; and 3-8% NuPAGE® Tris- 

acetate Gels Life Technologies, UK) were used for analysis of VW F following  

purification. Samples containing ~50ng VWF (for western blot) or ~ l-2 iig  (for 

Coomassie Blue staining) w ere mixed with NuPAGE® LDS Sample Buffer (4X; Life 

Technologies, UK) and incubated at 70°C for 10 minutes before loading onto the pre­

cast gels. For reducing conditions, samples w ere mixed with NuPAGE® LDS Sample 

Buffer as well as NuPAGE® Sample Reducing Agent (lOX; Life Technologies, UK) and 

were heated to 70°C for 5 minutes. A pre-stained high molecular w eight m arker 

(PageRuler Prestained Protein Ladder; ThermoScientific, UK) was run in parallel w ith all 

test samples for protein identification based on size. Electrophoresis was carried out at 

175V for approximately 45 minutes in NuPAGE® MOPS SDS running buffer fo r the Bis- 

Tris gels and NuPAGE® Tris-Acetate buffer for the Tris-acetate gels (Life Technologies, 

UK). Detection of proteins was perform ed by both coomassie blue staining and 

western blotting.
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2.3.6 Coomassie Staining

Coomassie* (Coom assie* B rilliant Blue, Sigm a-Aldrich, Ireland) blue staining was 

used fo r th e  non-specific de tec tio n  of proteins. A fte r SDS-PAGE, gels w ere  washed w ith  

dH 20 and incubated in Coom assie blue staining solution (0 .1%  (w /v ) brilliant blue  

(S igm a-Aldrich, Ire land), 20%  (v /v ) m ethano l, 10% (v /v ) acetic acid) fo r 40  m inutes. 

Gels w ere  th en  rinsed in d H 20  and incubated in destain (50%  (v /v ) m ethano l, 10%  (v /v ) 

acetic acid) fo r 1 hour w ith  gentle  ag itation .

2.4 W estern blotting

Following electrophoresis , proteins w ere  transferred  to  a PVDF m em brane  

(Im m obilon -P ; M illip o re , Ire land ) using an e lec tro b lo t system (Trans-Blot 

Electrophoretic  T ransfer Cell, Bio-Rad, Fannin LTD, UK). The PVDF m em brane  was p re ­

activated  by im m ersion in m ethan o l. Transfer was p erfo rm ed  at lOOV for 1 hour in 

transfer b u ffe r (2 5 m M  Tris, 1 9 2 m M  glycine, 0 .2%  SDS and 20%  (v /v ) m ethano l). 

Follow ing pro te in  transfer, th e  m em brane  was blocked fo r non-specific binding w ith  

3%  solution BSA in PBS-T at room  te m p e ra tu re . The m em brane  was w ashed w ith  PBS- 

T, and then  incubated  w ith  rab b it polyclonal an ti-hu m an  VW F-HRP (Dako, D enm ark) 

dilu ted  1 :2 0 ,0 0 0  in PBS-T fo r 1 hour at room  te m p e ra tu re  w ith  gentle  ag itation . A fte r  

thorough  washing, bound an tib o d y  was detected  using th e  SuperSignal* W est Pico 

C hem ilum inescent Substrate kit (Therm o Scientific, Ire land) according to  the  

m an ufactu rer's  instructions. The m em brane was th en  exposed to  au torad iography (x- 

ray) film  (Fujifilm ; Fisher Scientific, Ireland) and th e  film s w ere  developed  using the  

AGFA CPIOOO au to m atic  film -deve lo p in g  system (AGFA, G erm any).
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2.5 Glycosidase Digestions

M odification of pd-VWF and FVIII glycan structures was perform ed using a 

series of specific exoglycosidase enzymes. Table 2.1 summarises the properties of the  

different glycosidases Digestions w ere carried out overnight under non-denaturing  

conditions at 37°C. Glycan changes in VWF and FVIII following glycosidase digestion 

were assessed by lectin ELISA and compared to untreated controls.

Peptide N Glycosidase F 

(Flavobacterium  m eningosepticum )
N-glycans 3 1 2 U /|ig  protein

N ew  England 

Biolabs, UK

0-glycosidase 

(S. pneum oniae)
0-glycans 0 .5m U /|ig  protein

Sigma-Aldrich,

Ireland

a2,3,6,8,9 neuraminidase 

{A rthrobacter ureafaciens)

Total sialic 

acid
1.25m U /ng  protein

Calbiochem, 

Merck, UK

a2-3 neuraminidase 

(Streptococcus pneum onia)

a2-3  sialic 

acid
0 .6m U /|ig  protein

Sigma-Aldrich,

Ireland

p i-4  galactosidase p i-4
0 .5m U /^ g  protein

Calbiochem,

(Streptococcus pneum onia) galactose Merck, UK

Endoglycosidase H High mannose
50 0 U / |ig protein

New England

(Streptom yces picatus) glycans Biolabs, UK

Tab le  2 .1  Exoglycosiadase enzym es

2.5.1 Lectin ELISA

Control untreated pd-VWF (or FVIII) and glycan modified VWF (or FVIII) were

serially diluted in PBS and immobilised onto a 96-well MaxiSorb plate (Nunc, UK) at

37°C for 2 hours. The plate was washed w ith PBS-T (phosphate buffered saline with

containing 0.05%  Tween, pH 7.4) and appropriate biotinylated lectins (Table 2.2;

Vector Laboratories, UK) diluted to a final concentration of Ip g /m L  in PBS were

incubated on the plate for 1 hour at 37°C. The plate was again washed w ith PBS-T and

then incubated with streptavidin-HRP (R&D Systems, UK), diluted 1:200 in PBS-T for 1

hour at 37°C. A fter further washing in PBS-T, lOOpI horseradish peroxidise (HRP)
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substrate 3,3',5 ,5'-Tetram ethylbenzidine (TMB; R&D Systems,UK) was added to the  

plate for colour developm ent. The reaction was stopped with IM  H 2 SO4 , and 

absorbance at 450nm  was measured using the VERSAmax microplate reader 

(M olecular Devices, UK). Levels of specific glycan expression pre- and post- glycosidase 

treatm ent were expressed as a percentage of the untreated controls.

Concanavalin A (Con A) N-glycans

Jacalin O-glycans

Sambucus nigra
Terminal a2-6 and to a lesser 

degree a2-3 linked sialic acid

M aack ia  amurensis  II a2-3 sialic acid

Ricinus communis agglutinin (RCA) D galactose

Galanthus Nivalis High mannose glycans

Table 2.2 Biotinylated Lectins

2.6  FVIII m ateria ls

A num ber of commercially available purified recombinant FVIII preparations 

were used including full-length FVIII expressed in Chinese Hamster Ovary (rFVIII-CHO) 

cell line (Advate-Baxter Biosciences); full-length FVIII expressed in Baby Hamster 

Kidney cells (rFVIII-BHK), (Helixate-Bayer); and B domain deleted FVIII (BDD-FVIII) 

m anufactured in CHO cell lines (Refacto-W yeth).

2.7  Galectin expression

pET-Galectin-1 E. coli expression plasmid was constructed by inserting the  

galectin-1 cDNA (Origene, MD, USA) into the pET 303/CT-His expression vector
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(Invitrogen, UK). This vector contains a C-terminal polyhistidine tag to facilitate 

galectin purification.

2.7.1 pET 303/CT-His® bacterial expression vector

pET 303/CT-His commercial vector from Invitrogen utilises a l i l a c  prom oter for 

high expression in E. col cells. This vector encodes a multiple cloning site at the N- 

terminus of the histidine-tag to enable simple cloning of the digested galectin-1 

sequence. The vector also includes an ampicillin resistance gene for selection in 

bacterial cells. The plasmid contains a pBR322 origin of replication for low copy 

number replication and maintenance of the plasmid in E. coli cells.

2.7.2 Amplification of galectin-1 cDNA

The galectin-1 cDNA was amplified utilising primers (Table 2.3) which contained 

the recognition sequence fo r restriction enzymes Xbal and Xhol to allow the galectin-1 

sequence to be subsequently ligated into the m ultiple cloning site of the pET303 

expression vector. The product was amplified using Bio-taq polymerase^", as per 

manufacturers guidelines, (Bioline, UK). This polymerase possesses 5 '-3 ' exonucleaase 

activity and thus results in an "A" nucleotide overhang on the PCR product. The 

overhangs allows for ease of hybridization of the PCR product into TA cloning vectors, 

which possess a complementary 3' T overhang. pGEM®-T Easy (Promega, UK) is 

linearized vector w ith a single 3'-term inal T nucleotide at both ends thus the galectin-1 

PCR product was ligated into this vector w ithout the need fo r restriction enzymes.
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Primer Primer sequence (5 '->3 ')

Forward Xbal Gal-1 AGTTTACACACCGGAAACTGGAGCTCGTGGTG

Reverse Xhol Gal-1 GCTGGTCTGGTGTTCGGTAAGATCTGGAGGA

Table 2.3 PCR primers designed for galectin-1 amplification
Highlighted in red are the sequences corresponding to the restriction enzyme site.

Reactions were perform ed using the MJ Research PTC 200 Thermo Cycler w ith  heated 

lid (GMI, MN, USA). The PCR protocol is ou tlined in table 2.4 below.

Step Temperature Time
95°C 2 m inutes

Denaturation 95°C 20 seconds

Annealing 53°C 10 seconds

Extension 70°C 15 seconds/kb 30 cycles

Table 2.4 PCR program for galectin-1 amplification w ith  BioTaq ™  polymerase

2.7.3 Agarose gel purification

PCR am plification product was purified via agarose gel e lectrophoresis fo llow ed 

by gel extraction. 0.7% agarose (w /v) was dissolved in Tris Borate EDTA (TBE) buffer 

(90m M  Tris, 90mM Boric acid, 2mM EDTA, pH 8.3) by heating. The gels were poured 

in to  a horizontal gel electrophoresis tank (BRL 58 Horizontal Gel Electrophoresis 

Apparatus m initank; Gibco, UK). Ethidium  brom ide which intercalates w ith in  the DNA 

base-pairs was used to  visualise the  DNA bands by exposure to  u ltrav io le t light. DNA 

samples were prepared w ith  lOx Loading Dye 4g sucrose, 25mg Orange G; Sigma- 

Aldrich, Ireland, in 10 mLs dH20). The samples were run in parallel w ith  Ik b  DNA 

ladder (New England BioLabs, UK) at lOOV fo r approxim ately 45 m inutes. The gel was 

visualised under UV light in a UVP BioSpectrum GelDoc Imaging system.
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Galectin-1
cDNA~600bp

Figure 2.4 Agarose gel electrophoresis of amplified galectin-1 cDNA 
L a n e lr lk b  ladder (NEB, UK)
Lane 2: Purified galectin-1 cDNA

2.7.4 Gel extraction

A scalpel was used to excise, the band of interest which was subsequently 

purified using the QIAquick Gel Extraction Kit (QIAGEN, UK). This kit utilizes spin- 

column technology to purify DNA on a silica membrane. DNA adsorbs to the 

membrane under high salt conditions, while contaminants pass through the column. 

After a series of wash steps DNA is then eluted from  the membrane using a low salt 

buffer. The kit was used according to the manufacturer's instructions.

2.7.5 Ligation of the galectin-1 into pGEM-T shuttle vector

A fter gel purifying the galectin-1 PCR product, the DNA concentration was 

measured using Nanodrop 2000 microvolume spectrophotometer (Thermo Scientific, 

UK). Galectin-1 PCR product was ligated into shuttle vector pGEM-T using TA cloning. A
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vector to  insert ra tio  o f 1:1 was used w ith  50ng o f vector in keeping w ith  

m anufacturer's recom m endations.

2.7.6 Transformation of competent cells

50(il o f NEB 10-beta com petent E.coli cells (New England Biolabs, UK) were 

thawed on ice. 2|iL o f the  pGEM-T ligation reaction was added to  the cells, and 

incubated on ice fo r 30 m inutes. Cells were heat shocked at 42°C fo r 30 seconds and 

then placed on ice fo r 2 m inutes. 80|iL pre-heated SOC m edium  (super optim al broth 

w ith  ca tabolite  repression; Promega, UK) was then added to  the cells and incubated at 

37°C fo r 40 m inutes w ith  vigorous shaking (~150rpm). The m ixture was subsequently 

inoculated on to  a LB-ampicillin agar plate which had been previously seeded w ith  

IPTG (lOOmM) and X-Gal (Im g ) and incubated at 37°C overn ight. Potential 

transform ants were picked and used to  inoculate 5mL cultures in LB bro th  w ith  

am picillin (Fisher Scientific, Ireland). 5mL cultures were grown at 37°C overn ight w ith  

vigorous shaking (~150rpm).

2.7.7 Purification of plasmid DNA and confirmation of PCR insert

In order to  isolate plasmid DNA fo r subsequent cloning in to  the  expression 

vector GeneJet Plasmid M in iprep Kit (Thermo Scientific, UK) was em ployed. This kit 

procedure was fo llow ed according to  m anufacturer's guidelines. The presence o f the 

galectin-1 insert was confirm ed in itia lly  by a sh ift in size o f the plasmid. The pGEM-T 

Easy® is a linearized vector consisting o f 3015bp. Insertion o f the  galectin-1 cDNA 

(~600bp) via TA cloning creates an expression plasmid o f ~3615bp in length creating a 

visible sh ift in m igration upon agarose gel e lectrophoresis.
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2.7.8 Subcloning of galectin-1 Xbal-Xhol fragment into pET303/CT-His vector

In o rder to  introduce the galectin-1 fragm ent into the pET303/CT-His 

expression vector, subcloning o f the Xbal-Xhol fragm ent, containing galectin-1 insert, 

from  pGEM-T to  pET303/CT-His was carried out. The Xbal-Xhol fragm ent was released 

via restric tion  digest w ith  Xbal and Xhol I enzymes. pGEM-T-Gal-1 (~ l|ig ) was digested 

using restric tion  enzymes Xbal and Xhol in NEBCut Smart™ buffer (New England 

Biolabs, UK) fo r  1 hour at 37°C. The sample was run out on a 0.7% agarose gel. This 

digest liberated the ~600bp galectin-1 fragm ent which was then gel purified.

In add ition , a Xbal-Xhol restriction digest was carried ou t on pET303/CT-His 

expression vector in parallel to facilita te  insertion o f the galectin-1 fragm ent. 

Im portan tly  Heat Inactivated Alkaline Phosphatase (Invitrogen, UK), which targets 5' 

phosphates fo r  rem oval, was included to  prevent self-ligation o f the vector. This Xbal- 

Xhol fragm ent o f pET303/CT-His vector was then gel purified quantified.

2.7.9 Ligation of galectin-1 Xbal-Xhol fragment into pET303/CT-His vector

Ligation o f the  Xbal-Xhol fragm ent conta in ing galectin-1 was ligated in to  the 

pET303/CT-His vecto r using the LigaFast™ Rapid DNA Ligation System (Promega, Wl, 

USA). Ligation reactions were used to  transform  com petent E.coli ceils on LB agar 

plates w ith  am picillin  overn ight at 37°C. The resulting colonies were used to  inoculate 

5mL cultures in LB bro th  w ith  am picillin. Cultures were grown overnight at 37°C w ith  

shaking. Plasmid DNA was isolated and screened fo r the presence o f the  Xbal-Xhol 

fragm ent using restric tion  enzymes (Figure 2.5). Correct insertion o f the  galectin-1 

fragm ent was confirm ed by sequencing.
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Ikb

500bp

Figure 2.5 Agarose gel electrophoresis of pET-Galectin-1
Lane 1: Ikb  ladder (NEB, UK),
lane 2: Purified pET-Galectin-1 uncut,
lane 3: pET-Galectin-1 cut with Xbal-Xhol restriction enzyme, resulting in the release of the 
galectin-1 subcloned fragment at ~600bp.

2.8 Expression of recombinant galectin-1

E .co li BL21 (DEB) expression cells (Invitrogen, UK) were transformed with 

pET303-galectin 1 and grown overnight at 37°C on LB agar with annpicillin. Two 

colonies were selected and inoculated into separate two 5mL LB ampicillin cultures 

and grown overnight at 37° with shaking. These cultures were then used to inoculate a 

200mL culture of commercial Overnight Express™ Instant TB Medium (Novagen, UK) 

which was incubated at 37°C with shaking. Bacterial cells were harvested by 

centrifugation at 4000rpm for 25 minutes. The cell pellet was resuspended in binding 

buffer (20mM Tris, 500mM NaCI, 20mM Imidazole, 0.5mM DTT, pH 7.4) in a final 

volume of 20mL. The cell suspension was aliquoted into 15mL tubes (4mL maximum 

each) and sonicated (Soniprep 150, MSE, UK) on ice at amplitude 10 microns for 30 

seconds following by 30 seconds rest. This cycle was repeated 3 times for each tube. 

The solution was then centrifuged for 20 minutes at 20,000g twice and the resulting

1 - *

1 2  3
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supernatant was fi ltered through syringe driven fi lter units (0 .2 2 n m  pore, M ill ipore ,  

Ireland). R ecom binant galectin-1 was purified fro m  the  f i ltra te  via nickel aff in ity  

chrom atography (figure 2.6).
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Figure 2.6 Nickel affinity chromatography of galectin-1

2.9 Purification of recombinant galectin-1

A 1 mL HiTrap Chelating Column (GE Healthcare, UK) th a t  was charged w ith  

O . IM  NiCl2 . The galectin f i ltra te  (~20m l)  from  section 2.8  was loaded onto  th e  column  

at a f low  rate of 0 .5 m L /m in  in binding buffer  (2 0 m M  Tris, SOOmM NaCI, 2 0 m M  

Imidazole, O .Sm M DTT, pH 7.4). A fte r  loading, th e  colum n was washed w ith  binding  

buffer at a f low  rate o f Im L /m in .  Galectin-1  protein  was e lu ted  in e lu tion  buffer  

( 2 0 m M  Tris, SOOmM NaCI, SOOmM Imidazole, O .Sm M DTT, pH 7 .4 ) at a f low  rate  of
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0 .5 m L /m in  (Figure 2.6). The galectin containing fraction was then dialyzed against 

2 0 m M  Tris containing 0 .5 m M  DTT overn ight at 4°C. Purity was assessed by 

Coomassie® Blue staining (Figure 2.7) and galectin was quantified  by BCA (section 

2 .3 .3).

*  2 3  4

70kDa'

35kDa;

^HI
<--------dim er

25kDa| m

ISkDa , a ______ _

Figure 2.7 Galectin-1 elute was assessed for purity using Coomassie*’ blue staining 
Lane 1: PageRuler Ladder
Lane 2: flow-through from HiTrap Chelating Column 
Lane 3: the wash fraction from the column
Lane 4: reduced galectin-1 bands represented at ~15kDa (monomer) and ~30kDa (dimer).
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2.10 VWF expression vectors

2.10.1.1 pcDNA VWF expression vector

The VWF expression vector pcDNA VWF was a kind gift from  Dr. McKinnon 

(Imperial College London, UK) and was previously described in (McKinnon e t a l, 2008). 

This vector encodes an ampicillin resistance gene to  allow for selection in bacterial 

cells and a PUC origin to drive high-copy num ber replication in E.coli. For expression in 

mammalian cells the vector contains a cytomegalovirus (CMV) im m ediate-early  

prom oter to ensure high-level gene expression. Additionally, this vector encodes a 

neomycin resistance gene facilitates selection in m am m alian cells and a SV40 origin 

gene to drive episomal replication in cells expressing the SV40 large T antigen.

2.10.1.2 pEXPR A1A2A3 VWF

The pEXPR-IBA-AlA2A3 VWF expression vector was designed and constructed 

by Dr. Alain Chion. The pEXPER-IBA 42 (IBA, Germany) vector encodes a CMV  

prom oter, to ensure high level expression in m am m alian cells, a polyhistidine tag for 

fusion at the C-terminal end of the inserted recom binant protein, an ampicillin gene 

for selection in E.coli cells and neomycin for selection in m am m alian cells. A1A2A3 

VWF coding region spans amino acid residues 1260-1874 and after expression using 

the pEXPER-IBA vector the protein carries a C-term inal polyhistidine tag. This tag is 

used for purification and detection purposes.

2.11 Recombinant VWF variants

A num ber of full-length (table 2.5) and truncated (table 2.6) VWF mutants used 

in this study have been previously developed in our laboratory by Dr. Alain Chion and 

Dr. Orla Rawley (Haemostasis Research Group).
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VWF construct Details

pcDNA VWF R1450E VWD type 2B mimic mutation

pcDNA VWF N1515Q
Removal of the N-glycan at 1515 

(cDNA a kind gift from Dr. McKinnon)

pcDNA VWF N1574Q
Removal of the N-glycan at 1574 

(cDNA a kind gift from Dr. McKinnon)

pcDNA VWF Cysteine Clamp
Structurally constraint A2 

(N1493Cand C1670S)

pcDNA VWF Cysteine Clamp N1515Q
Structurally constraint A2 with the N-glycan 

at 1515 removed

pcDNA AA2 VWF A2 domain deletion (residues 1464-1670)

Table 2.5 Outline of various full length VWF constructs used in this study

pEXPR A1A2A3 VWF A1A2A3 domains (residues 1260-1874)

pEXPR A1A2A3 VWF N1515Q Removal of the glycan at 1515 in A1A2A3

pcDNA D'A3 VWF D'A3 domains (residues 786-1874)

pcDNAAlCK VWF Al-CK domains (residues 1260-2813)

pEXPR A1A2A3 VWF Cysteine Clamp
Structurally constraint A2 (N1493C and 

C1670S) within A1A2A3

pEXPR A1A2A3 VWF Cysteine Clamp Structurally constraint A2 with the N-glycan

N1515Q at 1515 removed

Table 2.6 Outline of various truncated VWF constructs used in this study
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2.12 Cell culture

All recom binant VW F variants were produced via transient transfection in 

Human Embryonic Kidney (HEK 293T) cells (ATCC, LGC Standards UK). HEK 293T were  

maintained in M inim al Essential Media alpha (M E M a; Bio-Sciences, Ireland) 

supplem ented w ith lU /m L  penicillin, O .lm g/m L streptom ycin (Bio-Sciences, Ireland), 

2m M  L-glutamine (Bio-Sciences, Ireland), and 10% Foetal Calf Serum (FCS; Bio- 

Sciences, Ireland). Cells w ere routinely cultured in T-175 flasks (Nunc, UK) and 

passaged at ~80%  confluence.

2.12.1 Transient transfection of HEK 293T cells

Transient transfection of HEK 293T cells was perform ed in serum free medium. 

T-175 flasks w ere seeded with HEK 293T and grown in supplem ented M E M a  until 

'"90% confluent. Before transfecting, cells w ere washed w ith sterile PBS and 18mL 

serum free O pti-M E M  (Bio-Sciences, Ireland) was added to  each flask. Branched 

polyethylenim ine (bPEI; Sigma-Aldrich, Ireland) was em ployed as a transfection  

reagent. A ratio of bPEI to DNA 2:1 was used. Plasmid DNA was diluted to a final 

concentration of 2ng/m L in ISO m M  NaCI and bPEI was diluted to  a final concentration  

of l|ig /m L  in IS O m M  NaCI. The bPEI was then added to the diluted plasmid DNA in a 

drop-wise m anner and incubated for 20 minutes at room tem perature  to allow  

complex form ation. Subsequently 2mL of the bPEIiDNA complex was added to each 

flask. Flasks w ere incubated for 72 hours before conditioned media was harvested. The 

media was centrifugation at 4,000rpm  for 30 minutes and stored at -80°C for 

purification.

67



2.13 Concentration and purification of recombinant VWF

2.13.1 Anion exchange chromatography

Condition medium containing full length recombinant VWF protein was 

concentrated using anion-exchange chromatography. Conditioned medium was loaded 

onto a HiTrap Q HP column (packed w ith Q Sepharose™ High Performance; GE 

Healthcare, UK) in 20mM Tris, pH 7.4 at a flow  rate of 1.5mL/min. The column was 

washed w ith low salt buffer, 20mM Tris, lOOmM NaCI, pH 7.4, at a flow  rate of 

2mL/min. VWF was then eluted in high salt buffer, 20mM Tris, SOOmM NaCI, pH 7.4, at 

a flow  rate of 0.5mL/min (Figure 2.8). The VWF containing fraction (~5mL) was dialyzed 

against 20mM Tris, pH 7.4 at 4°C overnight with at least 2 buffer changes.
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Figure 2.8 Anion exchange chromatography of recombinant VWF

68



2.13.2 Spin column concentration

Full-length recom binant V W F  variants w e re  fu r th e r  concentra ted  to  final 

vo lum e o f  ~ l m L  via centrifugation at 4 ,000g  using Am icon U ltra-15 lOOK M W C O  

devices (M il l ipore , Ireland). V W F  was th en  quantif ied  by ELISA (section 2 .3 .1 )  and  

analysed by w estern  blotting.

2.13.3 Purification via metal affinity chromatography

T ru ncated  A 1A 2A 3-V W F, constructs w ere  expressed w ith  polyhistidine tags to  

allow fo r  fu r th e r  purification. These variants w e re  concentra ted  via anion exchange  

c h rom atog rap hy  (section 2 .13 .1 ) ,  and then  purified via m eta l ion aff in ity  

chrom atography. A Im L  HiTrap Chelating Column (GE Healthcare , UK) was charged  

w ith  O . IM  NiCl2. The dialyzed anion exchange e lu te  was loaded onto  th e  co lum n at a 

f lo w  rate o f 0 .5 m L /m in  in 2 0 m M  Tris, IS O m M  NaCI, 5 m M  Imidazole, pH 7.4. The  

column was washed at a f lo w  rate o f Im L /m in .  R ecom binant truncated  V W F  was  

e luted  fro m  th e  column w ith  2 0 m M  Tris, 1 5 0 m M  NaCI, 3 0 0 m M  Imidazole, pH 7.4. The  

~ l m L  e lu te  fraction was dialyzed against 2 0 m M  Tris, pH 7 .4  at 4°C overnight and V W F  

concentra tion  was then  quantif ied  by BCA (section 2 .3 .3). V W F  purity was analysed by 

Coomassie® Blue staining and w estern  b lotting (section 2 .3 .6  and 2.4).

2.14 In vitro binding assays

2.14.1 THP-1 cell culture

THP-1  cells are a hum an  m onocytic  suspension cell line derived from  a patien t  

w ith  acute  monocytic leukaem ia. These cells w e re  m ainta in ed  in g ro w th  media  

consisting o f RPMI 1640  (Bio-Sciences, Ire land) supp lem en ted  w ith  lO O U /m L penicillin,

69



100|ig/m L streptomycin, O.OSmM p-m ercaptoethanol; (Biosciences, Ireland) and 5% 

Foetal Calf Serum (FCS; Bio-Sciences, Ireland). For experimental use, cells w ere seeded 

on Nunc™ microwell plates w ith Nunclon™ Delta surface (Fisher Scientific, Ireland) at a 

density of 5x10® cells/mL in growth medium supplemented with 20ng/m L phorbol 12- 

myristate 13-acetate (PMA; Sigma-Aldrich, Ireland) which prom ote differentiation and 

adherence of the cells so that they adopt a macrophage-like phenotype. A fter 3 days 

growth in the presence of PMA, fresh growth medium was added to the cells, which 

were then rested for an additional 4 days before use. Im portantly this THP-1 protocol 

has been shown to produce cells which closely resemble the phenotype of primary 

human monocyte-derived macrophages (Daigneault et al, 2010).

2.14.2 THP-1 binding assay

Before binding assays were perform ed, THP-1 macrophages w ere serum  

starved in serum free growth medium for 30 minutes at 37°C. The plate of cells were  

then cooled on an ice bath and all further steps were perform ed with the cells 

maintained at 4°C to prevent endocytosis. Recombinant VWF variants were diluted in 

ice-cold serum free growth medium in the presence of Im M  M nCb and Im g /m L  

ristocetin and incubated with the cells for 1 hour on ice. THP-1 macrophages were  

then washed with ISO^L ice cold PBS twice and fixed with 4% paraform aldehyde  

(Sigma-Aldrich, Ireland) in PBS. The nuclei were stained with Hoechst 33342 (Thermo  

Fisher, Ireland) and bound VWF was detected using polyclonal rabbit anti- human VWF 

(Dako, Denmark) followed by Alexa Fluor* 488 donkey anti-rabbit IgG (Life 

Technologies, UK) for full length VWF variants. Truncated A1A2A3-VW F variants were  

detected by Penta-His Alexa Fluor 488 conjugate (QIAGEN, UK).



2.14.3 Image acquisition

Binding o f  V W F  to th e  surface o f THP-1 cells was im aged using th e  IN Cell 

Analyzer 1 0 0 0  (GE Healthcare , UK) w ith  appropria te  fi lter selection (D /F /TR ) as well as 

a bright-field v iew . Eight fields of v iew  w ere  im aged per well at a magnification of 20x, 

equating to  the  analysis of approx im ate ly  10 0 0  cells/well.

2.14.4 Image analysis

Following im age acquisition, image analysis was carried out using IN Cell 1000  

Image Analysis S oftw are  (GE Healthcare, UK). The M u lt i-Targe t Analysis protocol was  

used for quantif ication  of FITC-labelled VW F. Nuclei w ere  identified  on th e  basis of  

Hoechst staining using the  Top Hat segm entation  m ethod. FITC-labelled V W F was  

quantif ied  and rep o rted  as to ta l area in association w ith  cells (figure 2.9). Data w ere  

graphed as percen tag e  fluorescent area /ce ll relative to W T -V W F  binding (m ean ± 

SEM).

Nucleus

Cell membrane 
assignment

Figure 2.9 A representative images from the IN Cell image analysis
THP-1 nuclei are depicted with a blue outline. The software assigns a cell membrane (green) 
and the cell bound VWF, labelled with a FITC antibody (yellow), is quantified.
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2.15 VWF-galectin-l in vitro binding assays

An ELISA was used to exam ine galectin-VW F interaction. Galectin-1, 330nM , 

was imm obilized onto a 96-w ell m icrotiter Maxisorb plate (Nunc, UK), in 50m M  sodium 

carbonate buffer (pH 9.6) overnight at 4°C. The plate was washed in triplicate in PBS-T 

and blocked using Protein-Free Blocking Solution (Therm o Fisher Scientific, Belgium) 

for 1 hour at room tem perature. A fter washing, lOOpil of VWF (plasma-derived, 

recom binant or glycan-modified) from  0 to 20nM  was incubated on the plate for 2 

hours at 37°C. Bound VWF was subsequently detected using lOOpL of rabbit polyclonal 

anti-VW F-HRP (DAKO, Denmark) diluted 1:500 in PBS-T incubated for 1 hour at 37°C. 

After washing, HRP-activity was measured by addition of 190(il of o-phenylenediam ine  

substrate (Sigma-Aldrich, Ireland) and stopped with 100|il of IM  H2SO4. Binding of 

galectin-1 to  glycan-modified pd-VWF was expressed as a percentage of untreated pd- 

VWF at 2 .5nM  (non-saturating section of the binding curve) while binding to  

recom binant VWF variants was expressed as a percentage of recom binant w ild-type  

VWF at 5nM . All binding assays w ere perform ed in triplicate.

2.16 FVIII-galectin in vitro binding assays

M odified ELISA assays w ere used to determ ine FVIII-galectin interactions. FVIII 

(plasma-derived, recom binant or glycan-m odified) were imm obilized onto a 96-well 

PolySorb m icrotiter plate (Nunc, UK), at concentrations of 2nM  - O .lSnM  in 50m M  

sodium carbonate buffer (pH 9.6) overnight at 4°C. The wells w ere washed three times  

in PBS-T and blocked using 0.5%  (w /v ) Polyvinylpyrrolidone (PVP) solution in PBS-T. 

Galectin-1 (160nM ) or galectin-3 (500n M ) w ere incubated on the plate for 2 hours at 

37°C. Bound g a lec tin -l/-3  w ere detected using specific mouse monoclonal antibodies.
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a n t i -g a le c t in -1  (S an ta  Cruz B io te ch n o lo g y ,  USA) an d  a n t i -g a le c t in -3  (R & D  S ys tem s, M N ,  

USA) a n d  g o a t  a n t i -m o u s e  H R P -c o n ju g a te d  a n t ib o d y  (S anta  Cruz B io te c h n o lo g y ,  USA). 

A f t e r  w a s h in g  H R P -a c t iv ity  w a s  m e a s u r e d  by a d d it io n  o f  1 9 0 n l  o f  o -p h e n y le n e d ia m in e  

s u b s tra te  (S ig m a-A ld r ich ,  I re la n d )  a n d  s to p p e d  w ith  1 0 0 | i l  o f  I M  H 2S O 4. B ind ing  o f  

g a le c t in -1  a n d  -3  t o  g ly c a n -m o d if ie d  rFVIII  w as  ex p res se d  as a p e rc e n ta g e  o f  u n t r e a t e d  

rFVIII a t  O .S n M  (n o n -s a tu r a t in g  sec t io n  o f  t h e  b in d in g  c u rv e ) .  B inding  o f  g a le c t in -1  and  

-3  w i th  e q u i - m o la r  c o n c e n tra t io n s  o f  c o m m e rc ia l  FVIII p ro d u c ts  w as  e x p re s s e d  as a 

p e rc e n ta g e  o f  rP V i l l -C H O  a t  O .S n M .  All b in d in g  assays w e r e  p e r f o r m e d  in t r ip l ic a te .

2.17 Surface Plasmon Resonance (SPR)

SPR is a p h e n o m e n o n  t h a t  occurs in th in  c o n d u c t in g  f i lm s  at  an  in te r fa c e  

b e t w e e n  m e d ia  o f  d if fe r in g  re f ra c t iv e  index . W ith in  t h e  Biacore™  system , th e s e  m e d ia  

a re  th e  glass s u rfa ce  o f  t h e  sen s o r  chip an d  th e  s a m p le  so lu t io n .  C hanges in so lu te  

c o n c e n t ra t io n  a t  t h e  su rfa ce  o f  t h e  senso r chip resu lts  in chan g es  in t h e  re f ra c t iv e  

ind ex  o f  t h e  so lu t io n  w h ic h  is m e a s u r e d  as an SPR re ad in g .  Binding k inet ics  o f  FVIII  

w ith  g a le c t in -1  a n d  -3  w e r e  d e t e r m in e d  using SPR analysis on a B IAcore 3 0 0 0 ^ “ system  

(GE H e a l th c a r e ,  UK). This sy s te m  e m p lo y s  glass su rface  sensor chips c o v e re d  w i th  a 

th in  gold  la y e r  c re a t in g  o p t im a l  co n d it io n s  fo r  g e n e ra t in g  an SPR signal. T h e  gold  

surface  is f u r t h e r  m o d if ie d  w i th  a m o n o la y e r  o f  c a rb o x y lm e th y l  d e x t ra n  to  a l lo w  

b io m o le c u le  a t t a c h m e n t .  T h e  sy s te m  consists o f  a series o f  m ic ro f lu id ic  c h a n n e ls  to  

d e l iv e r  a c o n t in u o u s  f lo w  o f  b u f f e r  a n d  s a m p le  u p o n  in jec t io n .  Each chip c o n ta in s  t w o  

f lo w  cell su rfaces  f o r  s a m p le  im m o b i l is a t io n  an d  analysis. F lo w  cell 1 is used  as th e  

r e fe r e n c e  cell w h i le  f lo w  cell 2 co n ta in s  th e  m o le c u le  o f  in te re s t .
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2.17.1 rFVIII immobilisation on sensor chip surface

In our studies rFVIII was covalently immobilized onto flow cell 2 of a CMS 

sensor chip using an Amine Coupling Kit (GE Healthcare, UK). Amine coupling 

chemistry employs a mixture o f 400mM ethyl-N'-(3'dimethylaminopropyl)- 

carbodiimide hydrochloride (EDC) lOOmM NHS to activate carboxyl groups on the chip 

surface. rFVIII was the covalently coupled at a fixed density of 1000 RU in lOmM 

sodium acetate buffer pH S.O (Figure 2.10). This corresponds to a concentration of 

Ing/m m ^ of protein on the chip surface. Un-reacted succinimide esters were 

subsequently deactivated by capping w ith IM  ethanolamine (pH 8.S). Flow cell one 

was activated with the EDC/NHS mixture as previous and capped using ethanolamine 

and used a reference cell.

Surface deactivation 
(ethanolamine)

Pre-concentration

Surface activation 
(EDC/NHS) Ligand Injection 

(rFVIII)

Wash

Figure 2.10 Sensorgram of rFVIII immobilisation at targeted RU 1000 level
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2.17.2 Regeneration optimisation

To optimise conditions for regeneration of the chip surface after galectin 

binding, regeneration scouting was perform ed. The goal of regeneration is to remove  

bound galectin protein whilst leaving the rFVIII coated surface undamaged. Three 

standard regeneration conditions were examined, lO m M  glycine pH 3.0, lO m M  glycine 

pH 2.0 and lO m M  NaOH pH 12. Galectin-1 was injected over the surface in trip let and 

each regeneration condition tested (figure 2.11). W e observed that lO m M  NaOH was 

optim al, w ith stable baseline measurem ents (blue line) and reproducible sample 

binding response (cycle 8, 9 ,1 0 ).

-A- Sample Response

lO m M  Glycine pH 3 .0  . lO m M  Glycine pH 2.0 . lO m M  NaOH pH 12RU RU

200 r 24700

•24600100 -

-24500
0 -

- 24400

5  . 1 0 0 -

-24300 5

-200 -

-24200

-300 - -24100

-400 24000

Cycle

Figure 2.11 Regeneration optimisation
Baseline and sample response (galectin-1 binding) was measured in triplicate for each 
regeneration condition.

2.17.3 Galectin binding

For binding analysis, increasing concentrations of purified galectin-1 /3  were

passed over the surface of the chip at a flow  rate of 30 |aL/min in HEPES buffer (lO m M
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HEPES, 3m M  EDTA, ISO m M  NaCI and 0.005%  (v/v) Tween 20, pH 7.4 with a contact 

tim e of 120 seconds. Dissociation was allowed for 10 minutes and the chip surface was 

regenerated with lO m M  NAOH. The resulting sensorgrams were fit globally to a 

heterogeneous ligand model using BIAevalution software (GE Healthcare, UK).

2.18 In vitro pull-down assay

Briefly, 100 pg of purified His-tagged recombinant galectin-1 or galectin-3 were 

incubated with 200pl of cobalt chelate beads (Talon, Clontech, France) in binding 

buffer (50m M  Sodium phosphate, 300m M  sodium chloride and 20 m M  imidazole pH 

8.0) for 1 hour at room tem perature. Subsequently the beads were washed thoroughly 

in PBS-T, separating the beads from  the supernatant each tim e by centrifugation at 

4000rpm  for 1 minute. Following this, 20pl of washed galectin-coated beads were  

incubated with O.SmL of plasma from VWF '̂ ' mice for 1 hour at room tem perature. 

Following incubation, the beads were separated from plasma by centrifugation as 

before and washed in triplicate with PBS-T. One final wash step was perform ed in 

reduced-tween PBS-T (0.01%  v/v tw een-20). The samples were analysed by SDS-PAGE 

imm unoblotting (section 2.3.5) using rabbit polyclonal anti-FVIII heavy chain antibody 

at 0.4pg/m L (Santa Cruz Biotechnology, USA), and rabbit polyclonal anti-galectin-1 at 

0.25|ig /m L (Zymed, Invitrogen, USA) or rabbit polyclonal anti-galectin-3 at 0 .7|ig /m L  

(Abeam Cambridge, UK). All antibodies were diluted in 3% BSA in PBS-T and incubated 

for 1 hour at 37°C. Blots w ere washed thoroughly in PBS-T before applying secondary 

HRP-conjugated antibody (goat anti-rabbit IgG-HRP; Santa Cruz Biotechnology, USA).
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2.19 FVIII Activity

FVIII a c t iv i ty  w/as d e t e r m i n e d  using a o n e -s ta g e  c lo t t in g  assay. G a le c t in -1  o r  

g a le c t in -3  w e r e  in c u b a te d ,  a t  increasing  c o n c e n tra t io n s ,  w i th  I n M  rFVIII.  T h e s e  

s a m p le s  w e r e  s u b s e q u e n t ly  m ix e d  w i th  F V I I I -d e f ic ie n t  p la sm a  (L an ganb ach ,  I re la n d )  

a n d  p h o s p h o l ip id s  a lo n g  w i th  a n e g a t iv e ly  c h a rg e d  s u rfa ce  a c t iv a to r  (kao lin ,  ceph a lin ;  

C.K. Prest. S tago , Beijing, C h ina )  w e r e  a d d e d  an d  in c u b a te d  a t  37 °C  fo r  3 m in u te s .  This  

resu lts  in a c t iv a t io n  o f  th e  c o n ta c t  fac to rs  an d  leads  to  t h e  g e n e ra t io n  o f  FXIa. U p o n  

a d d i t io n  o f  0 . 2 m M  CaCl2, FIX is ac t iv a te d  by FXIa a n d  FXa is t h e n  g e n e r a te d  by th e  

t e n a s e  c o m p le x ,  in w h ic h  FVIII serves as a c o fa c to r ,  th u s  th is  s tep  is d e p e n d e n t  o n  FVIII  

ac t iv i ty .  T h e  t i m e  fo r  f ib r in  c lo t  f o r m a t io n  w as  re c o rd e d  using A m e lu n g  KC4 M ic r o  

Clinical C o a g u la t io n  A n a ly z e r  (A m e lu n g ,  T r in i ty  B io tech ,  I re la n d ) .  A s ta n d a rd  c u rv e  w as  

c o n s t ru c te d  using re fe r e n c e  p la s m a  an d  t h e  resu lts  w e r e  ex p ressed  in a lo g a r i th m ic -  

l in e a r  p lo t  w i th  log fa c to r  V I II  ac t iv i ty  vs l in e a r  c lo t t in g  t im e .  T h e  fa c to r  V I I I  ac t iv i t ie s  o f  

s a m p le s  in t h e  p re s e n c e  o r  a b s e n c e  o f  g a le c t in -1  an d  -3  w e r e  e x t ra p o la te d  f r o m  this  

c u rv e .

A d d it io n a l ly ,  FVIII a c t iv i ty  w as  also m e a s u r e d  f o l lo w in g  th e  co n vers io n  o f  FX to  

FXa using a c o m m e r c ia l  C h ro m o g e n ix ™  assay ( In s t r u m e n t a t io n  L ab o ra to ry ,  M A ,  USA)  

as p e r  m a n u fa c tu r e r 's  ins tru c t ion s .  This assay uses p u r i f ie d  b o v in e  FIXa an d  FX ra th e r  

t h a n  p la sm a . FX is a c t iv a te d  to  FXa by FIXa in t h e  p re s e n c e  o f  ca lc ium  ions and  

p h o s p h o l ip id s .  This  re a c t io n  is d e p e n d e n t  o n  FVII Ia.  T h e  assays uses o p t im a l  a m o u n ts  

o f  ca lc iu m  ions, p h o sp h o l ip id s  a n d  FIXa t o g e t h e r  w i th  an excess o f  FX, th u s  th e  ra te  o f  

FX a c t iv a t io n  is l in ea r ly  re la te d  to  th e  FVIII ac t iv i ty  in t h e  s a m p le .  T h e  a m o u n t  o f  FXa 

g e n e r a t e d  is d e t e r m i n e d  by t h e  hydrolysis o f  a s y n th e t ic  c h ro m o g e n ic  su b s tra te .  T h e  

c o lo u r  in te n s ity  is re ad  s p e c t ro p h o to m e t r ic a l ly  a t  4 0 5  n m . Increas ing  c o n c e n tra t io n s  o f
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galectin-1 (l-10 |iM ) were preincubated w ith InM  rFVIII and FXa generation was 

measured as per kit protocol. A standard curve was constructed using known FVIII 

concentrations allowing extrapolation of FVIII activity in test samples.

2.20 In vivo clearance studies

2.20.1 Animal husbandry

Male and female VWF'^‘ mice were used between 6-10 weeks of age. Mice 

were housed in individually ventilated and filtered cages under positive pressure 

(Techniplast, UK). Food and water were supplied ad libitum. All animal experiments 

were performed in compliance w ith Irish Medicines Board regulations and w ith ethical 

approval from Trinity College Dublin ethics board.

2.20.2 VWF  ̂ mouse model

VWF ''’ mice were developed by targeted disruption of exons 4 and 5 of the 

VWF gene and were bred on a C57BI background (Denis et al, 1998). Homozygous 

VWF'^ mice are viable, fertile  and appear normal at birth though they have no 

detectable plasma, platelet, endothelial VWF or VWF propeptide. These mice are also 

characterized by significantly reduced levels of circulating FVIII (~20% of wild-type). 

VWF‘ ‘̂ have prolonged bleeding times and approximately 10% of neonates exhibit 

spontaneous bleeding episodes. The haemostatic deficiencies of VWF^ mice make 

them suitable for use as a model of type 3 VWD.

2.20.3 Mouse Genotyping

Heterozygote VWF"^ '̂ mice on a C57BI/6J background (Jackson Labs) were bred 

and the offspring assessed fo r VWF'^' homozygosity by PCR. Ear clippings were taken
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from  all o ffspring at wean age (three weeks o f age). Ear samples were digested in 

ISOnl DirectPCR Mouse Ear Lysis Reagent (Viagen Biotech, USA), and 0.2m g/m L 

proteinase K (Sigma-Aldrich, Ireland) at 55°C fo r 4-5 hours w ith  shaking. Proteinase K 

was inactivated by heating samples to  85°C fo r 45 m inutes. PCR was carried ou t on l | i l  

ta il lysate w ith  PrimeSTAR™ HS DNA Polymerase (Takara, Clontech, USA) according to  

m anufacturer's specifications (Tabe 2.7).

5x PrimeSTAR Buffer lOpI
dNTPs 0.2mM
Forward primer 0.2pM
Reverse primer 0.2|iM
Tem plate lOOng
PrimeSTAR HS DNA Polymerase O.Snl
Sterilised dH20 up to SOpI

Table 2.7 PCR protocol for mouse genotyping using PrimeSTAR DNA polymerase

A m ultip lex reaction was set up using the prim ers outlined in table (2.8) and the PCR 
conditions detailed in table (2.9).

VWF/GT-s GAGGCTGGGTACTATAAGCTC
VWF/GT-as7 G CCATCTTG AACTTG G ATG G

VW F/GT-aslO ATGGAAGGATTGGAGCTACG

Table 2.8 Primers designed for genotyping VWF'^' mice

Hotstart 95°C 2 mins
Denature 95°C 30 seconds
Annealing 56°C 30 seconds
Extension 72°C 1 m in/kb

30 cycles

Table 2.9 PCR program used for genotyping VWF'^' mice
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1.8% agarose (w /v) was dissolved in Tris Borate EDTA (TBE) buffer (90m M  Tris, 

90m M  Boric acid, 2m M  EDTA, pH 8.3) by heating. The gels were poured into a 

horizontal gel electrophoresis tank (BRL 58 Horizontal Gel Electrophoresis Apparatus 

minitank; Gibco, UK). Ethidium bromide was used to visualise the DNA bands by 

exposure to ultraviolet light. DNA samples were prepared with lOx Loading Dye (4g 

sucrose, 25mg Orange G; Sigma Aldrich, Ireland, in 10 m l d H 20). The samples were  

run in parallel with 50bp DNA ladder (New England BioLabs, UK). The gels were run at 

70V for 45 minutes and a further 10 minutes at 90V and visualised under UV light in a 

UVP BioSpectrum GelDoc Imaging system. Expectant bands for heterozygous mice are 

730bp and 570bp, while w ild-type and homozygous mice have only a single band at 

730bp and 570bp, respectively (Figure 2.12).

750bp  

550bp

300bp  

50bp

Figure 2.12 Mouse Genotyping 
Lane 1: 50bp ladder (NEB, UK),
Lane 2: negative control 
Lane 3 and 4; homozygous mice with a band size of 570bp,
Lane 5: wild-type mice display a band size of 730bp. Heterozygous mice express both bands.
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2.20.4 VWF clearance studies 

2.20.4.1 Administration of VWF intravenously

In keeping w ith  previous biodistribution studies with human VWF in this mouse 

model a VWF dosage of 37.5U/kg was chosen (Lenting et al, 2004; Shi et at, 2012). This 

equates to approximately 0.75U o f VWF fo r a typical 20g mouse. Normal pooled 

human reference plasma contains lU  or 10|ig/mL VWF thus the dosage chosen for 

human VWF in study is physiologically relevant. However other pharmacokinetic 

studies w ith murine VWF in this mouse model have administered up to 200U/kg (Pruss 

et al, 2011) suggesting that markedly high plasma VWF levels are required before 

saturation is reached. VWF'^' mice were immobilised in a restraint unit. Gentle heat 

was applied to the tail to encourage vasodilation. The tail veins, which run the length 

of both lateral aspects of the tail, were inspected fo r quality and a suitable site was 

chosen. The tail was stabilized between the thumb and forefinger. Digital pressure 

served as a tourn iquet. 30nM of rVWF or variants thereof was administered in sterile 

PBS in a volume of 100|il via lateral tail vein injection. A fter removal of the needle, 

pressure was applied to the site fo r up to 1 minute.

2.20.4.2 Anaesthetic selection and preparation

For non-recovery blood collection procedures tribrom oethanol (TBE) was 

selected as a suitable anaesthetic. This particular compound has several advantages 

over other common inhalation agents. TBE has a rapid induction (2-3 minutes) of 

short-term surgical anaesthesia lasting approximately 20 minutes w ithout significant 

cardiac depression as seen with inhalation agents. Consequently this allows for 

sufficient blood volume collection in our studies. TBE has a good margin of safety with
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low m ortality rates of 1% (Papaioannou & Fox, 1993). TBE is administered by a single 

intraperitoneal injection and thus is simpler to use than inhalation agents which 

require equipment for induction and maintenance of anaesthesia and pose a higher 

occupation risk due to the ir volatile nature. The stock solution of anaesthetic was 

prepared by dissolving 2,2,2 tribromoethanol (Sigma-Aldrich, Ireland) in T-amyl alcohol 

(Sigma-Aldrich, Ireland) to a final concentration of 1.6g/mL. The solution is protected 

from light and kept at room temperature. A working stock, of 2.5% (v/v) in sterile 

saline (150mM Nad) was prepared for injection. The dose used was 0.02mL/g of body 

weight.

2.20.4.3 Intraperitoneal anaesthetic delivery

At the appropriate time points post injection, mice were anaesthetised with an 

intraperitoneal injection of 2.5% tribromoethanol (0.2mL per lOg of body weight). 

Once the righting and pedal reflexes were lost, mice were placed the prone position, 

the forelimb stretched and a deep incision made in the axilla close to the thorax. The 

subclavian or axillary artery was severed and blood collected into heparin-coated 

microcontainers (BD Unitech, Ireland). Three to eight mice per time point were used.

2.20.4.4 Plasma collection and analysis

Blood samples were centrifuged at 2,500g for 15 minutes at room temperature 

and plasma was removed. Plasma VWF:Ag levels were subsequently measured by 

ELISA (section 2.3.1). Human reference plasma was used as a standard for quantifying 

full length VWF constructs analysed while a purified A1A2A3 VWF standard was used 

to determine the clearance rates for these truncated VWF constructs. Residual VWF 

value was expressed at a percentage of the amount injected which was corrected for
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th e  dilution fac to r  o f to ta l mouse blood vo lum e. Clearance values w ere  graphed as 

residual V W F  (%) re lative  to  th e  a m o u n t injected against t im e  (minutes). The in tra ­

assay coefficients o f varia tion  fo r  each recom binant V W F  variant injected was less than  

20%  at each t im e  point m easured.

Data w e re  f i t ted  to  m onoexp on entia l  equations, based on analysis o f the  

Akaike In fo rm atio n  Criterion (AlC). The slope and in te rcept of the  equation of th e  line 

w ere  used to  solve fo r  th e  pharm acokinetic  p aram eters  M e a n  Residence T im e  (M RT),  

and half-life ( t i / 2 ). M o n o e x p o n e n t ia l  clearance data w e re  f itted  to  th e  equation;

Y=(YO -P la teau)*e (-K *X)+P la teau

W h e re  Y refers to  th e  a m o u n t  of residual V W F antigen in plasma relative to the  

am o u nt in jected, X = tim e , K=rate constant, P lateau=0 and SEM =standard e rror o f  the  

m ean and In2=natura l log o f 2.

The equat ion  fo r  m on oexp o n ent ia l M R T  was given as:

M RT= 1 /K ± S E M  

M o n o e x p o n e n t ia l  half- life was given as:

t i / 2  = In2 /K  ± SEM

2.20.5 In vivo macrophage depletion

C lodronate  is a b isphosphonate drug which is m etabo lised  to  a toxic analog of

ATP. C onsequently  its accum ulation  intracellularly inhibits m itochrondria l oxygen

consum ption  resulting in cell death . Free c lodronate  does not pass easily across cell

m em bran es  and only has a half-life o f approx im ate ly  15 minutes. Thus c lodronate  is
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encapsulated in a lipid bilayer of liposomes, which specifically targets it to phagocytic 

cells such as macrophages (van Rooijen et al, 1996). Administration of clodronate 

liposomes intravenously primarily targets macrophages localised in the liver and 

spleen (van Rooijen & Hendrikx, 2010). Clodronate liposomes are significantly 

advantageous over other chemical agents used to deplete macrophages as clodronate 

has a very specific mode of action w/ith lim ited unwanted side effects. Liver and splenic 

macrophage cells begin to repopulate approximately a week after administration (van 

Rooijen et al, 1989).

2.20.5.1 Clodronate liposomes preparation and administration

Clodronate liposomes were used to transiently deplete macrophage populations 

in vivo. Clodronate liposomes were administered via intravenous injection to 

selectively target splenic and hepatic macrophage populations including Kupffer cells 

and red pulp macrophages. These populations have been previously demonstrated to 

regulate VWF clearance. Liposome-encapsulated clodronate was a kind gift from Dr. 

Nico van Rooijen (Clodronate Liposome Foundation, Vrije University, Amsterdam). 

Phosphatidylcholine and cholesterol liposomes were prepared as previously described 

and clodronate was encapsulated at a final concentration of approximately 5mg/mL 

solution (Van Rooijen and Sanders 1994). Mice were intravenously injected with 

clodronate liposomes (100|iL/10g body weight) 24 hours prior to the injection of VWF.

2.20.5.2 Flow cytometry assessment of macrophages depletion

To confirm depletion of macrophage populations, spleens were harvested from 

mice who received clodronate liposomes and control PBS liposomes. Flow cytometry 

analysis of F4/80+/CD11B+ splenic cell populations was performed (carried out by Dr.
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Hendrik Nel, Inflam m ation and Im m unity Research Group, Trinity College Dublin). In 

the  red pulp and marginal zone of splenic tissues, monocytes and macrophages 

express the macrophage markers C D llb  and F4/80. Cells w ere co-labelled with APC 

anti-F 4 /80  (BM 8) and PE a n ti-C D llb  (M l /7 0 )  (eBiosciences). The presence of these cell 

surface markers was assessed by flow  cytom etry with data collection on a CyAn 

(Beckman Coulter). Appropriate isotype control antibodies w ere used and data w ere  

plotted on logarithmic scale dot-plots.

2.21 Data analysis and statistics

Experiments w ere perform ed in triplicate and data are presented as mean ± 

SEM. To assess statistical differences in the galectin binding studies the data was 

analysed with Student's unpaired 2-tailed t test. P>0.05 = non-significance, * P<0.05, 

* *  P<0.01, * * *  P<0.001. For mouse clearance studies, a one way ANOVA with post-hoc 

Dunnett's test for m ultiple comparisons was used. All data analysis was perform ed  

using GraphPad Prism software (GraphPad Prism version 5 .0 for W indows; GraphPad 

Software, CA, USA).
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3 Defining the molecular basis underlying the physiological interaction 

between von Willebrand factor and galectin-1 in plasma

3.1 Galectins

Galectins, historically term ed soluble-type or S-type lectins, are a fam ily of highly 

conserved carbohydrate binding proteins characterised by their affinity for 3- 

galactoside containing glycans, w ith significant sequence homologies in their 

carbohydrate recognition domains (CRD). Each CRD comprises approxim ately 135 

amino acids folded into 5 or 6 3-sheet structures. Currently fifteen m am m alian  

galectins have been identified. These have been sub-grouped into three main types on 

the basis of the spatial arrangem ent of their CRD. Group 1 are the proto-type galectins, 

and consist of a single CRD, (e.g. galectin-1). Group 2 are chimeric type galectins. These 

contain a C-terminal CRD, and an N -term inal non-lectin binding domain, (galectin-3 is 

the sole m em ber of this fam ily). Finally, Group 3 include the tandem -repeat galectins 

which possess tw o  distinct CRDs, (e.g. galectin-8).

Galectins are expressed in many human tissues, including endothelial cells, 

platelets and macrophages (Lotan et al, 1994; Herrmann et at, 2002; Thijssen et al, 

2008; Van Den Brule et al, 2004; Romaniuk et al, 2010). Even though galectin genes do 

not encode a classical secretory signal many galectins have also been identified in the  

extracellular com partm ent. Galectins have been implicated in m ediating diverse array 

of both physiological and pathological functions, including cell adhesion, im m une  

modulation and inflam m ation (Stowell et al, 2010; Toscano et al, 2007; Hughes, 2001;
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Rabinovich & Toscano, 2009; Romaniuk et al, 2010). Lectin arrays and frontal affinity  

chrom atography have been used to elucidate the sugar binding specificities for several 

m em bers of the galectin family. The CRD of galectins typically recognise the  basic 

disaccharide ligand G aipi-4GlcNAc, or its linkage isomer Gaipi-3G lcNAc (N- 

acetyllactosam ine or LacNAc). M oreover, w ithin this glycan structure, three specific 

hydroxyl groups have been shown to be of particular im portance in regulating galectin 

interactions (4-OH and 6-OH of the galactose m oiety and position 3-OH of the N- 

acetlyglucosamine (GlcNAc) (Hirabayashi et al, 2002). Consequently substitution or 

m odification of these critical sites in the LacNAc ligand disrupts galectin affinity. 

Interestingly however the positions 2-OH and 3-OH of the term inal galactose can be 

m odified and thus galectin binding specificities can be further diversified, allowing  

recognition of a vast array of heterogeneous glycan structures. For example, addition  

of blood group antigens to the basic LacNAc ligand significantly enhances binding for 

several m em bers of the galectin family, including galectin-1, galectin-3 and galectin-8  

(Stowell et al, 2008; Hirabayashi et al, 2002). Furtherm ore galectin-1 affinity is 

enhanced w ith  increased branching of complex N-glycan chains. In contrast galectin-3  

affinity is unaffected by the level of branching but rather its affinity is enhanced by the  

presence of repeating LacNAc units (Hirabayashi et al, 2002).

Extensive literature exists proposing galectins as inflam m atory m ediators, 

regulating both adaptive and innate im m une responses (Rabinovich et al, 2004). W hile  

some m em bers act as negative regulators of im m une responses and m odulate T-cell 

homeostasis (e.g. galectin-1), others serve to propagate pro-inflam m atory responses 

prom oting T-cell proliferation (e.g. galectin-3) (Yang et al, 1996). D ifferential 

repertoires of glycans expressed on T h l versus Th2 cells results in distinct galectin
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binding. For exam ple T h l cells fail to express the protective a2 -6  sialic acid residues 

found in Th2 glycans. Thus galectin-1 adheres to T h l cells inducing cell death (Toscano 

et ol, 2007). Consequently galectin-1 promotes a polarised Th2 response and thus 

imm une suppression. In keeping with these data, galectin-1 deficient mice display 

enhanced susceptibility to experim entally induced autoim m une disorders including 

encephalom yelitis and arthritis (Rabinovich et al, 1999; Offner et al, 1990). In addition  

to its role in T cell modulation, galectin-1 also modulates autoantibody-m ediated  

inflam m ation. Adm inistration of galectin-1 prevented the developm ent of 

experim ental myasthenia gravis in rabbits and reduced functionality of inhibitory 

antibodies (Levi et al, 1983).

Galectins are not lim ited to binding host glycan structures, but can also recognise 

3-galactoside containing glycans present on microorganisms. In this manner, galectins 

have been dem onstrated to act as defence lectins, recognising pathogenic glycan 

motifs on bacteria and inducing cell death (Stowell et al, 2010).

3.1.1 Galectins in haemostasis

In recent years, novel roles for galectins have been highlighted in thrombosis and

haemostasis (Romaniuk et al, 2010, 2012; Saint-Lu e t al, 2012; Zappelli et al, 2012; Diaz

et al, 2013). Galectin-1 and -8 have both been shown to m odulate platelet physiology.

Galectin-1 triggers p latelet activation in a carbohydrate-dependent manner, m ediated

through aiibps p late let receptor (Romaniuk et al, 2011). In this context, galectin-1 acts

as a non-classical p latelet agonist, triggering platelet activation through outside-in

signalling via direct binding to allbps integrin. It has also been proposed that galectin-1

has the ability to  form  m ultivalent lattice structures which may induce a llb33 integrin
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clustering and thereby m ediate platelet activation. Upon galectin-1 stim ulation, 

platelets undergo morphological changes and display increased surface expression of 

P-selectin as well as GPIIb-llla activation (Pacienza et al, 2008). Consequently, galectin- 

1 deficient mice dem onstrate impaired platelet GPIIb-llla p latelet signalling, reduced 

platelet adhesion to imm obilised fibrinogen, and exhibit a bleeding phenotype  

(Romaniuk et al, 2012). Interestingly, the addition of exogenous galectin-1 failed to 

restore normal platelet activation in these mice, leading the authors to hypothesise 

that endogenous platelet-derived galectin-1, may be critical in an autocrine signalling 

pathway for m odulating normal platelet physiology. Galectin-8 also promotes platelet 

activation. However this effect is m odulated through the GPIba p latelet glycoprotein 

(Romaniuk et al, 2010). Im portantly, galectin-8 was found to trigger both dense and 

alpha granule release. Additionally, mem bers of the galectin family have been 

reported to directly interact w ith  cofactors in the coagulation cascade. For example, 

galectin-8 expressed on megakaryocytes mediates coagulation Factor V endocytosis 

(Zappelli et al, 2012).

Plasma galectin levels have been studied in patients with throm botic  

complications. Plasma galectin-3 levels w ere significantly elevated, over 4-fold, in 

patients with venous throm bosis (DeRoo et al, 2014). M oreover, in contrast to  finding 

by Saint-Lu et al, galectin-3 deficient mice exhibited a 34% reduction in throm bus  

weight compared to controls in an inferior vena cava stasis model (DeRoo et al, 2014). 

Additionally w ild-type mice displayed a statistically significant increase in plasma 

galectin-3 within 48 hours of inferior cava ligation and histology revealed galectin-3 to 

colocalise at the leukocyte/endothelial interface. These findings highlight a role for 

galectin-3 in promoting venous thrombosis (Diaz et al, 2013; DeRoo et al, 2014).
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3.1.2 Galectins and VWF

Interestingly, Saint-lu et al recently reported that galectin-1 and galectin-3, both 

colocalise with VWF within EC. In addition coprecipitation studies dem onstrated that 

both galectins remained associated with VWF in normal plasma following secretion 

into the peripheral circulation. M oreover, significantly decreased plasma 

concentrations of galectin-1 and -3 w ere dem onstrated in VW F-deficient mice, 

correctable upon VWF gene transfer. Finally, and most critically, these galectins were  

found to directly m odulate VWF functional activity. VWF string form ation on 

endothelial cell surface was enhanced in galectin -l/ga lectin -3  double deficient mice, 

resulting in enhanced throm bus form ation following ferric chloride-induced injury 

compared to w ild-type controls (Saint-Lu et al, 2012).

Given this novel description of galectin-1 and -3 as binding partners of human 

VWF, and regulators of VW F functional activity, we sought to define the molecular 

basis underlying the physiological interaction between VWF and galectin. On the basis 

that the galectin-1, but not galectin-3, knockout mouse model exhibits altered  

haemostasis upon tail clip challenge (Romaniuk et al, 2012) we focused our study on 

examining the interaction betw een galectin-1 and VWF. M oreover, galectin-1 binding 

affinity, in contrast to  galectin-3, is dramatically enhanced with increased branching of 

glycan chains (Hirabayashi et al, 2002) making VWF a highly suited ligand for galectin- 

1.

90



3.2 VWF binds galectin-1 in a dose-dependent and glycan-dependent

manner

Recent data suggest that VWF circulates in normal plasma bound to  

carbohydrate-binding proteins galectin-1 and galectin-3. In order characterise this 

physiological interaction, plasma-derived VWF (pd-VW F) was purified from  com mercial 

concentrate Haem ate P® and its glycosylation profile modified using specific 

exoglycosidases. VW F-galectin binding interactions w ere then studied using 

recom binant human galectin-1 expressed in E. coli cells and modified im m unosorbant 

assays with human pd-VWF, platelet-derived (pIt-VW F) and recom binant VWF (rVW F).

Purified pd-VWF bound to galectin-1 (figure 3.1A) in a dose-dependent and 

saturable manner. The affinity, (as measured by the  Kd apparent), was calculated as 

13.9 ± 2.5 nM . This affinity is unusually high for a lectin-glycoprotein interaction. 

Interestingly however, Saint-lu et al also reported a galectin-VW F affinity in the range 

of 20-80nM  (Saint-Lu et al, 2012). The high affinity nature of this interaction may be 

attributable to the clustering of glycan chains on pd-VW F. This glycan clustering results 

in increased local density of galectin ligands which has previously been shown to  

significantly increase galectin affinity in a synergistically m anner (Dam & Brewer, 

2008).

To assess the role of specific VWF glycan populations in m odulating interaction  

w ith galectin 1, pd-VWF was subjected to enzym atic digestion w ith specific 

exoglycosidases to modify its glycan profile. M odification of the VW F glycosylation 

profile via treatm ent with PNGase F, to com pletely rem ove N-linked carbohydrate  

structures (PNG-VWF), markedly attenuated binding to  galectin-1 (13.1 ± 1%, p<0.001, 

figure 3 .IB ). To determ ine the contribution of VWF 0-linked  glycans, VW F was
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incubated  w ith  both PNGase F and 0-glycosidase to  rem ove both th e  N- and 0 -lin ked  

glycans (PNG-Ogly VW F). C om bined rem oval o f both  N- and 0 -lin ked  did not serve to 

fu rth e r  reduce galectin -1 binding com pared to  PNG -VW F alone (15 .5  ± 2% versus 13.1  

± 1%, respectively, p > 0 .0 5 ). Cum ulatively, these data establish th a t the N -linked  

glycans of VW F are the critical m ediators o f its in teraction  w ith  galectin -1. This is not 

surprising given th a t th e  m ajority  o f VW F N -linked  glycans have been rep o rted  as 

com plex-type  glycans expressing LacNAc sequences (Canis e t al, 2012). A dditionally, 

V W F N -linked glycans are highly branched, (ranging from  bi-, tri- and te tra -a n te n n a ry  

structures), and are thus particularly suited fo r galectin -1  binding. The T -antigen , 

sialylated Gal((31-3)GalNAc, represents th e  p redom inan t 0 -g lycan  chain fo r VW F. 

Structural analysis o f galectin -1  CRD has revealed  th a t a pentad am ino acid m otif 

resides w ith  its CRD w hich confers significant steric hindrance fo r galectin -1 binding to  

T-an tigen . Consequently galectin -1 displays no a ffin ity  fo r T-antigen  structures (Bian et 

al, 2 0 1 1 ). O ur data are th e re fo re  in keeping w ith  these findings and explain w hy  

rem oval o f the  O-linked glycans on VW F does not serve to  influence galectin -1  binding.
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Figure 3.1 Galectin-1 binds to VWF in a dose dependent and N-linked glycan-specific manner 
(A) Galectin-1 displays dose-dependent and glycan-dependent binding for pd-VWF, (B) 
Modification of the glycan profile of pd-VWF demonstrated a key role for the N-llnked 
glycans in mediating galectin-1 binding. Galectin binding is expressed as a percentage of pd- 
VWF at 2.5nM.

93



3.3 Terminal glycan modifications critically regulate the VWF/galectin

interaction

3.3.1 Effect of VWF terminal sialic acid expression on galectin-1 binding

The N-linked glycans of pd-VWF have previously been dem onstrated to carry a 

significant am ount of term inal sialic acid (Canis et al, 2012). In fact, HPLC analysis has 

revealed that 80% of total sialic acid of VWF is present on its N-linked glycan chains, 

w/here it is predominantly a2-6-linked  to penultim ate galactose residues. In contrast, 

0-linked sialic acid, constitutes only 20% of the total sialic acid expression on pd-VWF 

and may be a2-3 or a2-6  linked (McGrath et al, 2010). The sialylation status of VWF 

directly influences its functional activity and circulatory half-life. For example, terminal 

sialic acid on VWF significantly enhances its susceptibility to proteolysis by ADAMTS13 

(McGrath et al, 2010). Additionally, sialic acid influences the interaction of VWF with 

the hepatic asialoglycoprotein clearance receptor (Grev^/al et al, 2008). To investigate 

the role of specific term inal glycan determinants, including sialic acid, in mediating the  

interaction of VWF with galectin-1, the VWF glycosylation profile was modified to 

generate a num ber of glycan variants. Complete removal of VWF term inal sialic acid 

via a 2 -3 ,6,8,9 neuraminidase (Neu-VWF) digestion exposes the sub-terminal galectin 

ligand, (LacNAc) and resulted in markedly enhanced galectin-1 binding (230.8 ± 5%, 

p<0.0001, figure. 3.2). Sialylation, (or indeed any modification, at position 6 of the 

galactose within LacNAc sequence), disrupts a critically conserved galectin binding 

residue (Hirabayashi et al, 2002). This is consistent with the observation that enzymatic 

removal of a2-6  term inal sialic acid enhanced galectin binding. Conversely, specific
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removal of VWF 0-linked sialic acid via treatm ent w ith a2-3 neuraminidase had no 

effect on galectin-1 binding. Galectins are more permissive to modification of position 

3 on the sub-terminal galactose compared to position 6 and thus specific removal of 

VWF a2-3 linked sialic does not serve to expose shielded galectin binding sites. 

Additionally this population of sialic acid is largely lim ited to the terminus of the 0 - 

linked glycans on VWF, which we have established as having a negligible contribution 

to  the galectin-l/VW F interaction.

To assess the contribution of sub-terminal galactose in modulating galectin-1 

binding, pd-VWF was exposed to sequential a2-3,6,8,9 neuraminidase and 

galactosidase digestions to remove both term inal sialic acid and sub-terminal galactose 

residues (NeuGal-VWF). In contrast to the enhanced binding of galectin-1 w ith Neu- 

VWF, binding of galectin-1 w ith NeuGal-VWF was significantly reduced (51.2 ± 4% 

compared to pdVWF; p<0.005; figure 3.2).
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Figure 3.2 Terminal sialic acid and sub-terminal galactose on VWF N-linked glycans modulate 
galectin-1 binding. Galectin binding to glycan-modified pd-VWF is expressed as a percentage 
of untreated pd-VWF at 2.5nM, non-saturating conditions.
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3.3.2 Effect of terminal ABO(H) determinants of galectin-1 binding

In addition to sialic acid residues, ABO(H) blood group antigens are term inally  

expressed on 10% of the N-linked glycans of pd-VW F (M atsui et al, 1992). Interestingly, 

they are also present on a small proportion of VW F O-linked glycans (Canis et al, 2010). 

M oreover, ABO(H) determ inants influence pd-VW F susceptibility to ADAMTS13 

proteolysis (Bowen, 2003). Furtherm ore, blood group antigens also significantly 

modulate the plasma half-life of VWF in humans (Gallinaro et al, 2008; O'Donnell et al, 

2005). Im portantly however, the exact m olecular mechanisms through which these  

single sugar modifications serve to influence VW F biology remains poorly defined. To 

investigate w h eth er ABO(H) antigen expression on VWF influences its interaction w ith  

galectin-1, VW F was purified from  blood group specific plasma (Group AB, 0  and 

Bombay) using cryoprecipitation and gel filtration. Interestingly, a significant effect of 

ABO blood group on galectin-1 binding was observed (figure 3.3). VW F from  group AB 

individuals bound to galectin-1 (figure, 3.3B) significantly better than group 0  VWF  

(272.6  ± 10% vs 142.2 ± 14% p<0.05). Conversely, no significant difference in binding 

was observed betw een  group 0  and Bombay VW F (142.2 ± 14% vs 100.0 ± 8.8%, 

respectively, p>0.05). M em bers of the  galectin fam ily have previously been 

dem onstrated to  display increased affinity for A and B blood group containing glycans 

on both m icro-array and affin ity chrom atography analysis (Stowell et al, 2008; 

Hirabayashi et al, 2002). M oreover, galectin-4 and galectin-8 have been shown to  

adhere to and induce apoptosis in blood group antigen expression E. coli cells (Stowell 

et al, 2010).
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Figure 3.3 Terminal ABO(H) VWF glycan determinants regulate galectin-1 binding
(A) Galectin-1 binding with blood group-specific pd-VWF, (B) Galectin-1 binding with lOnM
blood group-specific pd-VWF.
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3.4 Cellular origin of VWF modulates galectin-1 binding

W ithin normal plasma, the m ajority of circulating VWF is derived from  

endothelial cells. However significant proportion of circulating VWF is present within  

platelets (Zucker et ol, 1979). Im portantly, the post-translational m odification of VWF 

synthesized w ithin megakaryocytes differs significantly to  that of VWF produced within  

endothelial cells (figure 3.4A). In particular, total sialic acid and galactose expression 

are reduced 2-fold on pIt-VW F (W illiam s et al, 1994). In addition, pIt-VW F fails to  

express term inal ABO(H) blood group antigens and is also enriched in ultra-large  

m ultim ers (Brown et al, 2002). Interestingly pIt-VW F has been characterised as 

functionally distinct from  endothelial VW F. These differences are likely to be in part 

due to its differential glycosylation profile. To characterize galectin affin ity for this 

distinct glycoform of VWF, pIt-VW F was isolated and purified by platelet snap freeze- 

thaw ing followed by im m uno-affin ity chrom atography. PIt-VW F bound significantly 

less to galectin-1 com pared to pd-VWF (72.1 ± 5% p<0.05, figure 3 .48). The 

glycosylation profile of recom binant VW F (rVWF), produced in HEK293T cells, also 

differs significantly to that of pd-VW F. In addition, m ultim er composition is d ifferent 

and term inal ABO(H) blood group antigens are not expressed (figure 3.4A). In keeping 

with this, the binding of rVWF expressed in HEK293T cells to  galectin-1 was 

significantly reduced (45.0  ± 3% p<0 .0001) com pared to e ither pd-VWF or pIt-VW F  

respectively. Cumulatively these data indicate that VW F from  different cellular origins, 

with differential glycosylation and m ultim eric profiles, exhibit distinct binding 

interactions with galectin-1.
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Figure 3.4 Cellular origins influence galectin-1 binding
(A) A table highlighting differential glycosylation and multimerisation patterns between VWF 
of different cellular origins, (B) Galectin-1 binding was expressed as a percentage of pdVWF 
at 2.5nM. Galectin-1 displays distinct binding preferences for pd-VWF, pIt-VWF and rVWF.
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3.5 VWF multimeric composition regulates galectin-1 binding

VW F m ultim erisation is a critical determ inant of functional activity. Upon release 

from  endothelial cells, pd-VWF exists as elongated strings of ultra-large VWF (UL-VWF) 

m ultim ers. These haemostatically active form s of the protein are then cleaved by the  

zinc m etalloprotease ADAMTS13. This proteolysis results in a heterogeneous  

population of high molecular weight m ultim ers (H M W M ) and low molecular weight 

m ultim ers (LM W M ) of VWF within circulation, (ranging from  500 -20,000  kDa in size).

To investigate w hether multim eric structure influences the ability of VWF to 

interact w ith galectin-1, HMW-VV\/F and LM W -VW F were isolated from  group AB and 

group 0  plasmas by cryoprecipitation and gel filtration chrom atography. The level of 

VW F m ultim erisation was assessed by determ ining the ratio of VWF antigen to 

collagen binding activity. Additionally VWF m ultim er analysis was visualised using 

agarose gel electrophoresis. Binding studies utilising size-fractionated, blood group 

specific VWF dem onstrated that galectin-1 preferentially  bound to H M W M  com pared  

to L M W M  of the same blood group. Galectin-1 binding was reduced to  43.6 ± 5% for 

LM W M  AB-VWF com pared to H M W M  AB-VWF, (p<0.0001, figure 3.5). Similarly the  

binding of galectin-1 w ith 0 -V W F  LM W M  was decreased by 37.7 ± 5% com pared to  

H M W M  of the same blood group, (p<0.0001). Cumulatively, these novel data 

dem onstrate tha t VWF post-translational modifications, including glycosylation and 

m ultim erisation, are crucial regulators of VW F/galectin -1  interaction.
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Figure 3.5 Post translational glycosylation and multimerisation of VWF are important 
regulators of its interaction with galectin-1
Galectin-1 binding was assessed for equi-molar concentrations of HM W M  and LMW M of 
blood-group specific VWF and expressed as a percentage of maximal binding.
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3.6 The VWF A domains play an important role in modulating the interaction 

with galectin-1

A series of truncated VWF domain fragments were constructed to assess the 

contribution of individual VWF regions to galectin binding. These VWF fragments were 

recombinantly expressed in HEK293T cells and included N and/or C-terminal 

truncations of VWF; Al-CK, D'-A3 and A1-A3 (figure 3.6). The fragments expressed 

included a poly-histidine tag to facilitate purification.
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Figure 3.6 An illustration of the specific VWF domain fragments utilised and their associated 
glycan sites

103



The m o n o m e r i c  t r i - d o m a in  A1A2A3 f r a g m e n t ,  (which c o n t a i n s  only t w o  N-glycan 

ligands;  N1515 a n d  N1574) b o u n d  to  ga lec t in -1  (28.1 ± 2% binding  c o m p a r e d  to  full 

l ength  m u l t i m e r  rVWF, f igure  3.7). The addi t ion a l  of  t h e  C- te rmina l  d o m a i n s  to  t h e  A 

d o m a i n  f r a g m e n t  (Al-CK) s e r v e d  t o  f u r t h e r  e n h a n c e  ga lec t in -1  b inding.  This is 

unsurpr i s ing  cons id er in g  t h a t  t h e  C- te rmina l  tail of  VWF c o n t a i n s  a n  addi t io n  7 N- 

l inked glycan sites.  Paradoxically,  t h e  addi t ion  of  t h e  N- te rmi na l  D'DB d o m a i n s  t o  t h e  

A1A2A3 f r a g m e n t  significantly d e c r e a s e d  ga lec t in -1  b inding  c o m p a r e d  t o  A1A2A3 

a lone .  T h e s e  d a t a  su g g es t  t h a t  t h e  N- te rmina l  D d o m a i n s  nega t ive ly  r egul a te  t h e  

i n te ra c t io n  of  VWF wi th  ga lec t in-1 .  T aken  t o g e t h e r  t h e s e  f ind ings  n e v e r t h e l e s s  s u g g e s t  

t h a t  t h e  A d o m a i n s  of  VWF a re  involved in regula t ing  ga lec t i n -1  binding.
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Figure 3.7 VWF domain specific binding of galectin-1
Galectin-1 binding was assessed for equi-molar concentrations various domain truncations 
of VWF and expressed as a percentage of full length rVWF at 5nM.
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3.7 Structural conformation of VWF A domains is a key regulator of the VWF-

galectin-1 interaction

Upon vessel damage, VWF w ith in the circulation is subject to increased shear 

stress. Shear forces of approximately SOOOs’  ̂ promote a conformational transition in 

VWF (Schneider et al, 2007; Siedlecki et al, 1996). VWF multimers adopt an elongated 

structure, exposing the GPIba binding site w ithin A l. This conformationally active VWF 

is perfectly suited to anchor flow ing platelets and thereby enable primary haemostasis. 

Moreover, the tensile stress o f attached platelets subsequently assists ADAMTS13 

proteolysis of VWF multimers, likely associated w ith exposure of the cryptic 

ADAMTS13 cleavage site w ith in  A2 domain (Shim et al, 2008). This serves to  lim it the 

haemostatic activity of VWF and prevent excessive throm bi formation.

To further investigate the role of the VWF A domains conformation in 

modulating galectin-1 interaction, pd-VWF was incubated w ith ristocetin. Incubation 

w ith ristocetin induces allosteric changes in the VWF A domains promoting GPIba 

binding (Dong et al, 2001) and exposing the cryptic ADAMTS13 cleavage site mimicking 

the effects of shear in vitro  (Chen et al, 2012). Interestingly, incubation w ith increasing 

concentrations of ristocetin dramatically enhanced binding of pd-VWF to galectin-1 

(914 ± 50%, p<0.05; figure 3.8A). Further evidence fo r the critical contribution o f the 

VWF A domains conformation was observed in binding studies utilizing VWD type 2B 

mimic mutation, R1450E. This substitution has previously been shown to disrupt 

electrostatic interactions w ith the residue D1269 in the A l domain reorienting this 

domain into a permissive alignment for GPIba binding (Yago et al, 2008). In keeping 

w ith the increased galectin-1 binding observed follow ing VWF treatm ent w ith 

ristocetin, galectins-1 also exhibited enhanced affin ity fo r VWF R1450E (164.6 ± 9%
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p< 0.05 ,  f igure 3.8B). Collect ively t h e s e  f indings su g g es t  t h a t  t h e  s t ruc tu ra l  

c o n f o r m a t i o n  of  t h e  VWF A d o m a i n s  m o d u l a t e s  t h e  V W F /g a le c t i n - l  in te rac t i on .
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Figure 3.8 Structural conformation of VWF A domains critically influence galectin-1 binding 
(A) Ristocetin promotes galectin-1 binding to pd-VWF in a dose-dependent manner (B) VWF 
A1 mutation, R14S0E, enhances galectin-1 binding. Galectin-1 binding was assessed at non­
saturating 5nM rVWF.
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3.8 VWF A2 domain N-linked glycans contribute to galectin-1 binding

Given that the VWF A domains and their conformation regulate galectin-1 

binding, the specific contribution of glycans within the A domains was further 

assessed. In contrast to the multiple glycans featured in other VWF domains, there are 

only two N-linked glycan sites within VWF A domains (figure 3.9), residing at position 

N1515 and N1574 within A2 (Canis et al, 2012). Importantly, the glycan at position 

N1574 has previously been demonstrated to directly modulate VWF proteolysis. This 

glycan lies adjacent to the ADAMTS13 cleavage site in the VWF A2 domain and its 

removal, by site directed mutagenesis, results in enhanced ADAMTS13 proteolysis 

(McKinnon et al, 2008).
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Figure 3.9 Diagrammatic representations of VWF A domain glycan structures

110



To investigate the contribution of A2 domain N-linked glycans in mediating 

galectin-1 binding, targeted removal of individual glycans located at N1515 and N1574 

was carried out via site-directed mutagenesis. These two glycan variants of VWF, 

N1515Q and N1574Q, have been previously shown to display normal collagen binding 

and a full range of multimers, indicating that the overall global conformation is not 

significantly altered (McKinnon et al, 2008). Targeted removal of the glycans at 

position N1515 and N1574 significantly reduced binding to galectin-1, 67.6 ± 3% and 

67.6 ± 3%, respectively, compared to rVWF (figure 3.10; p<0.05). Taken together, these 

data suggest that specific glycan sites within VWF A2 domain contribute significantly in 

mediating the VWF/galectin-1 interaction.
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Figure 3.10 Specific N-glycan sites within VWF A2 dom ain  m ed ia te  galectin-1 binding 
Galectin-1 binding with glycan m u tan ts ,  N1S15Q and N1574Q, w as assessed  and expressed  
as a percen tage  of 5nM rVWF.
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3.9 Galectin-1 constitutes a novel binding partner for ADAMTS13

In nornnal plasma VWF m ultim er distribution is critically regulated by the action 

of m etalloprotease ADAMTS13. ADAMTS13 specifically cleaves VWF at the T y r l6 0 5 -  

M e t l6 0 6  peptide bond within the A2 domain to lim it the am ount of circulating 

haemostatically active UL-VWF. The critical physiological role of ADAMTS13 is 

highlighted in patients with an inherited or acquired deficiency in ADAMTS13 which 

manifests as throm bocytopenia purpura (TTP). This life threatening condition is 

characterised by excess widespread deposition of UL-VWF and subsequent form ation  

of p latelet rich throm bi in the microvasculature (Levy et al, 2001).

ADAMTS13 is heavily glycosylated w ith 10 potential N-linked glycosylation sites 

identified using glycan mapping tools. These are clustered within the m etalloprotease, 

spacer and CUB domains (Zhou & Tsai, 2009). M oreover, ADAMTS13 has been shown 

to express six 0-linked fucosylated glycans, localised w ithin the throm bospondin type  

1 repeats (TSR) (Ricketts et al, 2007). Both the N-linked and 0-linked glycans are of 

direct functional significance for ADAMTS13. The N-linked glycans have been shown to 

be essential for ADAMTS13 expression. In addition, specific N-linked sites are reported  

to enhance its ability to cleave VWF (Zhou & Tsai, 2009). Additionally, ADAMTS13 

unique 0-fucosylation oligosaccharides are critical for efficient secretion of the 

glycoprotein (Ricketts et al, 2007). Given the putative role for galectin-1 in modulating  

VW F string form ation at the endothelial cell surface, we further investigated w hether 

galectin-1 might also interact with ADAMTS13.

Firstly a modified ELISA assay was em ployed, coating the wells with various 

concentrations (0 -20nM ) of recom binant ADAMTS13 produced via stable transfection  

of HEK293T cells and purified by affinity chrom atography. Interestingly, galectin-1
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bou nd  to  ADAMTS13 in a d o s e - d e p e n d e n t  m a n n e r  and with a s trong affinity, within 

th e  physiological concent ra t ion range of ADAMTS13, 3-5nM, (figure 3.11A). Moreover  

this novel d o s e - d e p e n d e n t  interact ion was  conf irmed using SPR analysis (figure 3.11B). 

ADAMTS13 requires  conformat ional  changes  in VWF to  permit  cleavage in the  A2 

domain.  However  co- immunoprecipi ta t ion  s tudies  in normal  hum an  plasma have 

show n tha t  3% of p lasma ADAMTS13 circulates in complex with VWF (Feys e t  al, 2009).  

Work by Zanardelli has  sh ow n  th a t  th e  D4 domain of VWF contains a consti tutively 

exposed site mediat ing ADAMTS13 binding (Zanardelli e t  al, 2009).

To assess  g lycan- depend ent  binding of galectin-1, ADAMTS13 was  subjected  to 

PNGase F t r e a t m e n t  to  enzymatically remove  t h e  N-linked glycans. The digest was  

conf irmed by examining th e  chang e in molecular  weight  as seen by th e  shift in 

migrat ion on a SDS-PAGE gel (figure 3.12A). Surprisingly galectin-1 did not  display 

reduced affinity for PNG-ADAMTS13 co m p ar ed  to  unmodified ADAMTS13 (figure 

3.12B), indicating th a t  t h e  N-linked glycans of ADAMTS13 do not m ed ia t e  galectin-1 

binding. Further s tudies  will be  required to  def ine t h e  regions of ADAMTS13 involved 

in regulating galectin-1 binding.
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Figure 3.11 Galectin-1 represents a novel binding partner for ADAMTS13
Galectin-1 binds to recombinant ADAMTS13 in a dose-dependent manner as assessed by
immunosorbant assays (A) and SPR analysis (B).
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Figure 3.12 The N-linked glycans of ADAMTS13 do not mediate galectin-1 binding
(A) ADAMTS13 SDS-PAGE electrophoresis.
Lane 1; Ladder, Lane 2; ADAMTS13 control undigested (~190kDa), Lane 3; PNG-ADAMTS13 
(~170kDa)
(B) Galectin-1 binding to ADAMTS13 is unaffected by removal of its N-linked glycans. 
Galectin-1 binding was assessed at 4nM  ADAMTS13.
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3.10 Discussion

M o re  th an  half o f all known m am m alian  proteins express glycans structures. 

V W F  is heavily glycosylated, w ith  glycan structures contributing m o re  than  20%  of its 

to ta l m o n o m eric  mass. M o reo ver ,  V W F  carbohydrate  structures critically influence a 

varie ty  o f  its functional properties, including plasma clearance and susceptibility to  

A D A M T S 13  proteolysis. H o w ever  despite the  prevalence of glycans on VW F, the  

m olecu lar  mechanisms underlying h ow  the  glycan structures m o d ula te  V W F  biology  

rem ains elusive. Interestingly, recent evidence dem onstra tes  th a t  V W F  circulates  

com plexed  w ith  galectin-1 and galectin-3. M o re o v e r ,  these novel binding partners also 

directly m o d u la te  th e  haem ostatic  activity o f VW F.

Saint-Lu e t  a l  reported  th a t  in the  absence of galectins, m o re  V W F  strings w ere  

released fro m  stim ulated HUVECs in an in vitro  perfusion assay. This e ffect was verified  

in vivo, w h e re b y  enhanced V W F -p la te le t  string fo rm atio n  was visible in ferric-chloride-  

t re a te d  m esenteric  vessels in dual galectin-1 and -3 knock-out mice. Consequently  

these mice exhibited m ore  rapid fo rm atio n  o f initial th ro m b i a t sites o f ferric -chloride-  

induced injury. Cum ulatively  these studies suggest th a t  galectin -1  and -3 negatively  

m o d u la te  V W F -d e p e n d a n t  th rom bus fo rm atio n  at the  endothe lia l surface. Critically 

this represents th e  first report  o f hum an V W F  interacting w ith  soluble lectins in norm al  

plasma.

Given the  physiological significance of the  VW F-ga lectin  in teraction, w e  sought  

to  fu r th e r  characterise th e  specific d e term in ants  of V W F  which m ed ia te  galectin-1  

binding. Initially our results d em o nstra ted  th a t  galectin-1 bound to  pd-VW F in a dose 

d ep en d an t,  saturable and g lycan-dependant manner. The N-glycans of V W F  are the  

principal glycan population m ediating the  V W F-ga lec tin -1  in teraction. Interestingly the
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markedly high affinity interaction reported by Saint-Lu was confirmed in our assays. 

Typically, galectin-1 affinity for im m obilized glycans expressing LacNAc is in the 2-4  nM  

range (Leppanen et al, 2005). Notably however, galectin-1 displays m ultivalent 

properties. Secreted as a non-covalently linked hom odim er, galectin-1 possesses tw o  

CRD allowing it to form  galectin-glycan clusters or lattices promoting high affinity  

binding (Rabinovich et al, 2007). Therefore, the m ultim eric nature of both VWF and 

galectin-1 likely facilitate interactions betw een m ultiple galectin-1 CRDs and m ultiple  

VW F glycans to prom ote high-affinity binding.

VW F haem ostatic activity is critically m odulated via regulatory proteolysis by 

ADAMTS13. Limiting the availability of UL-VWF is of direct physiological significance, 

preventing the accumulation of VW F-p latelet throm bi with the vasculature. Specific 

VW F glycan term inal determ inants are known to  critically influence susceptibility to  

proteolysis. W hile a2-6  linked sialic acid protects VWF from  non-specific degradation 

by circulating serine proteases, in contrast this term inal sialic acid specifically targets it 

fo r degradation by ADAMTS13 (M cGrath et al, 2010). Herein we dem onstrate that the  

g a lec tin -l/V W F  interaction is also influenced by VW F sialylation. Removal of the entire  

capping sialic residues, using a2-3 ,6 ,8 ,9  Neuram inidase, resulted in a m arkedly  

enhanced affinity for galectin-1. This likely reflects the fact that the sub-term inal 

galectin ligand, LacNAc (G al3l-3 (4)G lcN A c) on the N-linked glycans becomes accessible 

fo r binding. In keeping w ith the  crucial role of penultim ate galactose, sequential 

digestion w ith neuraminidase and (3-galactosidase resulted in a significant loss in 

galectin-1 binding. Consequently these data highlight a critical role for term inal sialic 

acid in regulating galectin-1 binding to VWF. Im portantly, quantitative charges in N- 

linked VW F sialic acid expression have been reported in some disease states (Grewal et
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al, 2008) and in some patients with VW D (Gralnick et al, 1975; Ellies et al, 2002; van 

Schooten et al, 2007).

VWF is one of only three circulating plasma glycoproteins know to express 

ABO(H) antigen determ inants. These term inal sugar moieties are covalently attached  

to  13% of its N-linked glycans and a further 1% of the 0-linked  glycans. Expression of 

ABO determ inants on VWF are of direct clinical significance critically regulating VWF  

plasma levels, such that the circulatory half-life of VW F is significantly shorter in group 

0  com pared to  non-group 0  individuals (Gallinaro et al, 2008). Additionally, 

ADAM TS13-m ediated proteolysis of VWF has been shown to be ABO dependent with  

preferential cleavage in the order 0>B>A>AB, w ith an additional susceptibility of 

Bombay VWF com pared to group 0  (Bowen, 2003; O'Donnell et al, 2005). The 

significant influence of ABO(H) antigens on VWF biology is striking considering only a 

single sugar difference exists betw een group 0  versus group A and B. However, the  

m olecular mechanisms through which these glycan effects are m ediated remain  

unknown. Interestingly w e have now dem onstrated that ABO blood group phenotype  

influences the interaction of VWF with galectin-1 w ith enhanced affinity for group AB 

VWF com pared to group 0 . These data dem onstrate a role for term inal A (GalNAc) and 

B (Gal) sugar moieties in promoting galectin binding to VWF. In contrast, expression of 

a l -2  fucose residues appears to be of lesser im portance, since galectin-1 binding for 

Bombay VW F was not significantly d ifferent to  group O VWF. These data indicate that 

w ithin normal plasma galectin-1 may interact differentially w ith VW F from  individuals 

of d ifferent blood group. Since ABO(H) expression levels on VWF also differ in different 

vascular beds, and following DDAVP adm inistration, galectin-1 affinity will also vary 

accordingly (Brown et al, 2002).

119



In addition to endothelial cells, alpha granules of platelets also store VWF and 

can contribute to circulatory VW F levels via regulated secretion. PIt-VWF is known to 

differ functionally from  VW F o f endothelial origin. It has a reduced affinity for the  

platelet glycoprotein GPIba and conversely an enhanced affinity for GPIIb-llla (Williams 

et al, 1994). Additionally, pIt-VW F is not found complexed w ith procoagulant FVIII. The 

d ifferent functional properties of pIt-VW F are thought to be in part m ediated by its 

distinctive glycosylation profile. Indeed w ork by M cGrath et al, highlighted that a 

reduction in sialic acid content on pIt-VW F N-linked glycans contributes directly to its 

decreased susceptibility to  ADAM TS13-m ediated proteolysis (M cG rath et al, 2013). 

Galectin-1 displayed significantly reduced affinity for pIt-VWF com pared to pd-VWF. 

This decreased affin ity may be attributed to 50% less sub-term inal galactose 

expression which acts as the preferential ligand for galectin binding.

Interestingly galectin-1 also bound significantly less well to  rVWF compared to  

pd-VWF. Recombinant proteins m anufactured in heterologous cell systems have been 

characterised as having distinct post-translational modifications, including 

glycosylation. In particular, rVWF fails to express ABO(H) blood group antigen  

determ inants on its glycan structures. Additionally, work by Turecek et al. report that 

rVWF, m anufactured in CHO cell line, is characterised by a significant increase in sialic 

acid content (Turecek et al, 2009). Another distinctive characteristic of rVWF is its 

reduced capacity to m ultim erise com pared to pd-VWF. By isolating specific fractions of 

H M W M  and LM W M  of pd-VW F, it was shown that galectin-1 displays a significantly 

enhanced affinity for haem ostatically-active H M W M  over LM W M  of the same blood 

group. Local aspects of glycan presentation, such as multivalency, are known to  

regulate the avidity of lectin binding. Clustering of glycan chains into spatial proximity,
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as would occur in highly m ultim erised pd-VWF, results in increased local density of 

ligands suited for galectin binding. This "cluster glycoside" effect is of particular 

significance for galectin-1, which exists as a hom odim er. Given that the variation in 

VWF glycosylation and m ultim erisation profile regulates its ability to interact 

differentially w ith this lectin this may represent a mechanism by which glycan 

structures m odulate VW F functional activity in vivo.

Using a series of specific truncated VW F domains, an im portant role for VW F A 

domains has been identified in regulating galectin-1 binding. In keeping w ith  the  

relative abundance of glycans, A l-C K  retained 45.3 ± 1%, of binding for galectin-1, 

com pared to full length VWF. Almost 30%, of this binding appears to be supplied by 

the A1A2A3 domains. This region of VW F possesses only tw o N-glycan sites, N1515 and 

N1574 as potential galectin ligands. The incorporation of the N-term inal region, D'-D3 

significantly reduced galectin-1 binding com pared to A1A2A3 alone. This finding is 

surprising unusual given that it contains an additional three N-glycan sites. 

Cumulatively these results indicate an im portant role for VWF glycan sites w ithin the A 

domains in mediating the interaction with galectin-1. Furtherm ore galectin-1 affinity  

can be significantly influenced by the addition of the C-term inal domains and their 

associated glycans. Recently, accumulating evidence points to  a m odulatory role for D'- 

D3 in limiting A domain function, in particular reducing GPIba binding (Ulrichts et al, 

2006) and extended circulatory clearance (Lenting et al, 2004). Furtherm ore, Tischer 

and colleagues have recently elucidated that in fact it is the amino acid linker betw een  

D3 and A l, (Q 1238-E1260) which contributes to the conform ational balance that 

maintains quaternary A domain structure in the inactive state of VW F negatively  

regulating platelet GPIba interactions (Tischer et al, 2013). The D '-D3 domains and
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linker region may act to  restrict conformat ional  f r eedom  of th e  polypept ide  backbone 

of the  t ri -domain f r agm en t  and in turn  negatively regula te access for galect in-1 to 

critical binding sites with the  A domains .  VWF A domains  regula te a n u m b e r  of the  

multifunctional aspects  of VWF including platelet  GPIba binding, ADAMTS13 cleavage 

and collagen binding. Given th e  localisation of crucial functional mot ifs within th e  A 

domains ,  fur ther  s tudies  will be required to  def ine th e  relevance of galectin-1 binding 

within th ese  critical domains.

Galectin-1 appe a rs  to  be particularly susceptible to  r is tocet in-induced 

conformat ional  changes  within VWF, enhancing binding nearly 10-fold, which is likely 

to  be a t t r ibuted to  improved access to neighbour ing IM-glycans sites within A2. 

Similarly, a gain of function m utat ion of VWF, R1450E, which consti tutively d is rupts A 

domain conformat ion significantly en ha nced  galectin-1 binding. Collectively, these  

data  indicate th a t  galectin-1 may preferentially bind “active" or unw o u n d  VWF.

Given th a t  th e  A domains  of VWF can cont r ibute  to  galectin-1 binding, th e  role of 

specific A domain glycans was  assessed.  Only tw o  N-linked glycan sites are  located 

within A1A2A3 at  position N1515 and N1574. Site-di rected mutagenesis  was  used to 

m u ta t e  the  respect ive asparagine  res idues  a t  position 1515 or  1574 to  g lu tamine 

within the  VWF A2 domain to  c rea te  th e  two  glycan variants N1515Q and N1574Q 

within full length rVWF. Mass s pec t r om e t ry  of pd-VWF, has revealed  t h e s e  tw o  N- 

linked sites to  have g re at er  densi ty of complex type  bi- to t e t r a -an t en n a ry  glycan 

chains with multiple fucosyla ted species (Canis e t  al, 2012). These fe a tu re s  make th e m  

ideally suited as galectin ligands in vivo.

Specific muta t ion  of e i ther  of t h e s e  single individual N-linked glycans, within a 

full length re combinan t  VWF const ruct ,  reduced  galectin-1 affinity for VWF by ~30%.
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This effect is striking considering that only a single glycan site out of a possible 12 has 

been removed. Interestingly, these specific glycans have previously been 

dem onstrated to influence VWF biology. Removal of the glycan structure at N1574  

enhances ADAMTS13 affinity for VWF 2-fold and consequently increases VWF 

susceptibility to ADAMTS13 m ediated proteolysis (McKinnon et al, 2008). Given that 

galectin-1 and -3 are negative modulators of VWF string form ation at the endothelial 

cell surface, these data may suggest a putative role for these lectins in regulating 

ADAMTS13 proteolysis via the N-glycans adjacent to  the cleavage site. However 

further studies will be w arranted to  investigate this hypothesis.

Further to this, w e sought to exam ine if in fact galectin-1 could interact with  

ADAMTS13 which is also heavily glycosylated. Galectin-1 displayed high affin ity for 

ADAMTS13, within physiological concentration ranges. However, som ewhat 

surprisingly, this interaction occurs independent of the N-linked glycans on 

ADAMTS13. Thus further studies are w arranted to determ ine the possible contribution  

of the 0-fucosylation sites in regulating galectin-1 binding. M oreover, recently  

published data suggest that the TSR domains of ADAMTS13 contain 2 consensus 

sequences for another unique glycosylation feature, C-mannosylation (Sorvillo et al, 

2014). This occurs w hereby a mannose sugar is covalently attached to  the carbon 

backbone of a tryptophan residue. These unique features could represent another 

possible determ inant for galectin binding. Given that galectin-1 may bind to 

ADAMTS13 in normal plasma, in addition to circulating complexed with VW F, these 

findings have implications for fully understanding how galectins may influence VWF 

m ultim er assembly along the endothelial cell surface.
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These novel data define the m olecular determ inants responsible for mediating  

the interaction betw een VWF and galectin-1. The findings dem onstrate that the N- 

linked oligosaccharide structures of VW F are involved in m ediating galectin-1 binding. 

In particular, expression of term inal AB blood group antigens, and expression of sub­

term inal galactose moieties, following loss of capping sialic acid, both markedly  

enhance galectin-1 binding affinity. The extent of VWF m ultim erisation and 

conform ational freedom  of the A domains further regulate galectin-1 binding. 

Cumulatively the VW F/galectin interaction may provide insight into the  mechanisms 

through which glycan expression may m odulate VWF function in vivo.
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4 Identification of galectin-1 and galectin-3 as novel binding partners 

for human FVIII

Plasma glycoprotein , factor VIII (FVIII) plays a crucial role in th e  coagulation  

p a th w a y  acting as a cofactor fo r  Factor Xa (FXa) genera tion  by Factor IXa (FIXa). The  

physiological im po rtance  of FVIII is illustrated in patients  w ith  q uan tita t ive  or 

qualita tive  defects  in FVIII which manifests as th e  bleeding disorder haem ophilia  A. 

Conversely, e leva ted  plasma FVIII is an established in d ep end en t risk factor fo r venous  

and arteria l throm bosis , and stroke (Koster et al, 1995; O 'Donnell &  Laffan, 2001;  

Folsom et al, 1999 ).

Recent studies suggest tha t plasma FVIII is prim arily  derived from  liver 

sinusoidal en doth e lia l  cells (Shahani e t  al, 2014 ; Fahs e t al, 2014 ) .  FVIII fo rm s a high 

aff in ity  non-cova lent com plex w ith  VW F. V W F  serves as a m olecular chaperone for  

procoagulant FVIII, binding approx im ate ly  95%  of to ta l plasma FVIII via th e  FVIII light 

chain. This in teraction  w ith  V W F  significantly prolongs th e  half-life of plasma FVIII and  

protects  it f ro m  p re m a tu re  proteolytic degradation . The dissociation constant (Kd) for  

th e  VW F-FV II I  in teraction  is approx im ate ly  0 .4 n M  (Saenko &  Scandella, 1995).  

H ow ever, fo llow ing  vascular dam age and initiation o f coagulation, plasma FVIII is 

cleaved at positions Arg 372, Arg 7 4 0  and Arg 168 9  by th ro m b in . This cleavage  

significantly a t tenu a tes  th e  aff in ity o f FVIII fo r  V W F. Consequently  free  activated FVIII 

(FVIIIa) is re leased. Activation of FVIII results in exposure of critical in teractive  sites for  

anionic phospholipids, FIXa and substrate FX th e reb y  p rom oting  FVIII activity as a non- 

enzym atic  co factor in th e  tenase complex.

125



During biosynthesis, FVIII undergoes extensive post-translational modifications 

including significant glycosylation (figure 4.1). The native heterodim er protein has 21 

N-glycosylation sites, including 17 sites in its B domain. FVIII glycans are heterogeneous  

in nature including com plex-type bi- to te tra-antennary  core fucosylated 

oligosaccharides. Additionally, high mannose structures have also been reported in the  

A1 and C l domains (Hironaka et at, 1992). Interestingly, FVIII has been reported to 

express ABO(H) blood group antigen structures on up to  10% of its N-linked glycans 

(Hironaka et al, 1992). Seven 0-linked  glycan sites have been identified, located w ithin  

the  B dom ain. These consist primarily of a sialylated T-antigen structure (M azsaroff et 

al, 1997).
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Figure 4.1 Diagrammatic FVIII structure
(A) Multi-domain structure of heterodermic FVIII and associated glycan sites (B) Structure of 
the most common N- and 0-linked oligosaccharides found on FVIII



FVIII glycans are of physiological significance as th ey  m o d u la te  key aspects o f its 

biology. For exam ple, th e  resident ER ch aperone lectins, calnexin and calreticulin both  

in teract w ith  FVIII B dom ain  glycans to  p ro m o te  optim al prote in  folding. C onsequently  

inhibition of N-glycosylation w ith  tunicamycin  ablates FVIII secretion. These d a ta  serve  

to  em phasize  the  im portance  o f FVIII glycan structures in regulating its intracellular  

trafficking (Pipe e t a l, 1998).

W ith in  th e  circulation, FVIII can in teract w ith  a n u m b e r  of lectins including the  

asialoglycoprotein recep to r  (ASGPR) and th e  mannose recep to r CD206. Bovenschen et 

a l have d em o nstra ted  th a t  th e  glycan-rich B dom ain  o f FVIII binds to  ASGPR. 

M o re o v e r ,  in vivo studies show ed th a t  FVIII plasma half-life was significantly pro longed  

in the  presence of an ASGPR antagonist (Bovenschen e t al, 2005 ).  It is well established  

th a t  com m ercia l FVIII concentra tes  devoid of th e  heavily glycosylated B dom ain  display  

similar circulatory half-lives as full length FVIII products. C onsequently  it has been  

proposed th a t  the  role o f  ASGPR m ay be primarily in regulating quality contro l of  

incom p le te ly  glycosylated FVIII.

ABO(H) b lood groups sugars have been shown to  d irectly  influence th e  plasma  

levels o f  both  V W F  and FVIII in vivo (Orstavik e t al, 1985). Consequently  b lood group  0  

individuals have appro x im ate ly  25%  less circulating V W F  and FVIII co m p ared  to  n o n -0  

individuals. W h ile  th e  blood group  e ffect on FVIII levels is m ed ia ted  prim arily  th rough  

alterations in plasma V W F  levels, a n u m b e r  o f studies report  a small but significant 

effect fo r  FVIII ind ep end en t o f V W F  (M o ra n g e  e t al, 2005 ; T irado e t al, 2005 ; Souto e t  

al, 2 0 0 0 ) .  The  significant e ffect o f  blood group in regulating circulating FVIII levels is 

surprising, given th a t  the  ABO(H) d e te rm in an ts  only d iffer w ith  respect to  a single
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t e r m in a l  s u g a r  res idue .  H o w e v e r  t h e  m a n n e r  in which  ABO(H) su ga r s  c o n t r i b u t e  

i n d e p e n d e n t l y  in regula t ing  FVIII p l a s m a  levels r e m a i n s  u nde f in ed .

Cumulat ively,  c u r r e n t  d a t a  highl ights  t h e  critical i m p o r t a n c e  of  FVIII 

c a r b o h y d r a t e s  in n o rm a l  physiology.  H o w e v e r  t h e  m o lecu la r  m e c h a n i s m s  t h r o u g h  

which  FVIII glycan d e t e r m i n a n t s  m o d u l a t e  th e i r  e f fec t s  r em a in  poor ly  u n d e r s t o o d .  In 

C h a p t e r  3 w e  ou t l i ne d  t h e  m o le c u la r  d e t e r m i n a n t s  m o d u la t i n g  t h e  ga lect in -VWF 

in te r ac t io n .  On t h e  basis  of  t h e  fact  t h a t  FVIII a n d  VWF s h a r e  similar  glycan profi les w e  

f u r t h e r  s o u g h t  to  inves t iga te  if ga lec t ins  migh t  also c o n s t i t u t e  nove l  b ind ing  p a r t n e r s  

fo r  FVIII, a n d  m o r e o v e r  m o d u l a t e  FVIII func t ion .
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4.1 Galectin-1 and -3 bind rFVIII with high affinity in a glycan-dependant

manner

Glycans constitute a significant proportion of the mass of FVIII (figure 4.1A) and 

influence a various aspects of its biology. Given the high affinity of galectins for VWF, 

we assessed their ability to interact w ith FVIII. Firstly im m unosorbant assays w ere  

em ployed, coating the wells w ith purified rFVIII (Advate). Of im portance, the m ajor 

glycan structures of this rFVIII product expressed in CHO cells has previously been 

reported to  be com parable to that of human plasm a-derived FVIII (pd-FVIII) (Hironaka 

et al, 1992; Medzihradszky et al, 1997). In addition, this rFVIII product does not contain 

any VW F. Both galectin-1 and galectin-3 bound to immobilised rFVIII in a dose- 

dependent and specific m anner (figure 4.2 A and B, respectively). In contrast, neither 

galectin dem onstrated any binding to  the control glycoprotein ovalbum in. Ovalbumin 

was the first protein to provide definitive evidence for the existence of carbohydrates  

structures covalently coupled to  a protein. It is now one of the best characterised  

glycoproteins, expressing sialylated hybrid-type glycans and high mannose structures 

(Harvey et al, 2000). However as the glycans fail to express a term inal galactose 

required for galectin binding ovalbumin served as a negative control glycoprotein in 

our studies. Equilibrium binding constants (Kdgpp) w ere calculated using a non-linear 

regression fit model (0.18 ± 0 .06  nM  and 0.19 ± 0.1 nM  for galectin-1 and galectin-3, 

respectively).
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Figure 4.2 Galectins constitute novel binding partners for rFVIII
(A) Galectin-1 and (B) galectin-3 bind specifically to rFVIII in a dose-dependent and saturable 
manner.
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To f u r t h e r  quan t i f y  t h e  galectin-FVIII in te rac t i on ,  su r f ac e  p la s m o n  r e s o n a n c e  

(SPR) s tu d ie s  w e r e  p e r f o r m e d .  rFVIII w a s  c o u p l e d  t o  a CMS s e n s o r  chip using a m i n e  

coupl ing  c h e m is t r y  as  d e f in e d  by m a n u f a c t u r e r ' s  inst ruc t ions.  rFVIII w a s  su r f a c e  

a t t a c h e d  a t  an  limiting de n s i ty  of  lOOORU, o p t i m a l  for  kinetic analysis  avoiding m a s s  

t r a n s f e r  a n d  s te ric h in d r a n c e  e f fec ts .  R e g e n e r a t i o n  op t im is a t i o n  reve a l ed  lO m M  NaOH 

wi th  a 30  s e c o n d  c o n t a c t  t i m e  t o  be  su itab le ,  m a in ta in in g  a c o n s t a n t  ba se l ine  value  

a n d  reproducib i l i ty  u p o n  a n a ly t e  inject ion.  SPR s tu d i e s  c o n f i r m e d  d o s e - d e p e n d e n t  

b ind ing  of rFVIII t o  b o t h  ga lec t in -1  a n d  ga lec t in -3  (f igure 4.3 a n d  4.4,  respect ive ly) .  The  

ca l cu l a ted  Kon a n d  Koff d a t a  o b t a i n e d  us ing a h e t e r o g e n e o u s  l igand m o d e l  

d e m o n s t r a t e d  half maximal  b ind ing  a t  0 .47 ± 0 .1 1  nM  an d  0 .12  ± 0 .10  nM fo r  gaiec tin-  

1 a n d  -3 re spec t ive ly  (figure 4.3 a n d  4.4). T h e s e  high affini t ies a re  u nu su a l  c o m p a r e d  to  

t h e  prev ious ly  d e s c r ib e d  lec t in -glycopro te in in te rac t io ns .  Interest ingly,  t h e  only o t h e r  

ga lect in  l igand r e p o r t i n g  such  high affinity is ac tua l ly  VWF. T h e s e  d a t a  d e m o n s t r a t e  for 

t h e  first  t i m e  t h a t  ga lec t in -1  a n d  -3 can b o t h  b ind t o  f r e e  h u m a n  rFVIII. M o r e o v e r  t h e  

high affinity va lu es  su g g es t  t h a t  u n d e r  physiological  c o nd i t i on s  f re e  FVIII sh ou ld  be  

c a p a b l e  of  in te rac t ing  wi th  ga lec t in -1  a n d  ga lec t in-3 .
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Figure 4.3 Surface plasm on resonance  analysis of th e  galectin-1 in terac tion  with rFVIII
(A) Galectin-1 sensorgram  reveals d o se -d ep en d en t  and reversible binding to  rFVIII by SPR
analysis, (B) Galectin-1 binding analysis.
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4.2 FVIII N and 0-linked glycans regulate galectin binding

To determ ine the role of specific FVIII glycan determ inants in regulating 

interaction with the galectins, rFVIII glycan profile was modified with a series of 

exoglycosidases. The efficacy of these digestions was confirmed w ith specific lectin 

ELISAs (section 2 .5.1). The N-linked glycans of rFVIII were observed to  be the critical 

m ediators of the FVIII-galectin interaction since the ir removal using PNGase F (PNG- 

FVIII) served to significantly reduce galectin-1 and galectin-3 binding (to 8.6 ± 1% and

30.2 ± 2%, respectively, figure 4.5A and B, respectively, p<0.0001). To further assess 

the possible contribution of FVIII 0 -linked glycans in modulating galectin binding, rFVIII 

was sequentially digested w ith PNGase F and 0-glycosidase (PNG-Ogiy-FVIII) to  remove  

both the N- and 0-linked glycans. This digest significantly further attenuated galectin-3  

binding (16.5 ± 2%; p<0.05). In contrast, 0-glycan removal had no significant effect on 

galectin-1 binding com pared to PNG-FVIII (15.0  ± 0.9%  versus 8.6 ± 1.5%, respectively; 

p>0.05, figure 4.5A). Cumulatively, these data establish the N-linked glycans of rFVIII as 

the principal ligands involved in binding both galectin-1 and galectin-3. However, our 

data also suggest that FVIII 0 -linked glycans may also have a modest additional role in 

contributing to  galectin-3/FVIII interaction.
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Figure 4.5 The N- and 0-linked glycans of FVIII con tr ibu te  to  galectin binding 
Modifying th e  glycan profile of rFVIII revealed  th e  N-linked glycans su ppor t  th e  majority of 
(A) galectin-1 and (B) galectin-3 binding. Galectin binding to  glycan-modified rFVIII was 
expressed  as a percen tage  of u n t re a te d  rFVIII a t  non-sa tu ra ting  0.5nM.
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4.3 Differential FVIII glycosylation critically regulates its interaction with 

galectin-1 and -3

In light of the critical importance of FVIII glycans in regulating its interaction 

with galectins, galectin binding to various commercial recombinant FVIII (rFVIII) 

concentrates was examined. It is well known that non-human cell lines do not replicate 

human post-translational modifications, including glycosylation. Nevertheless 

heterologous cell systems are widely used for biopharmaceutical protein production. 

rFVIII concentrates manufactured in various cell lines are characterised by the 

expression of differential glycosylation profile compared to that of pd-FVIII. In 

particular, a number of FVIII concentrates have been characterised by the presence of 

non-human glyco-epitopes, including the presence of galactose al-3  galactose (Gal-al- 

3Gal) on the N-glycans of BHK derived FVIII (Hironaka et al, 1992), and the expression 

N-glycolylneuraminic acid (NeuGc) on the glycan termini of CHO derived FVIII (Varki, 

2009). Importantly, high levels of antibodies against both NeuGc and Gal-al-3Gal are 

found in normal human plasma (Macher & Galili, 2008; Diaz et al, 2009). In 

immunosorbant assays both galectin-1 and -3 were found to display modestly 

enhanced binding for BHK-rFVIII, (107.3 ± 2% and 128.5 ± 3%, respectively), compared 

to CHO-rFVIII (figure 4.6A and B, respectively, p<0.05). These data are consistent with 

the finding that al-3 galactosylation constitutes a preferential galectin-binding ligand. 

The addition of this extra galactose residue is only permitted onto the 3-OH position of 

the nonreducing terminal galactose as the 4-OH and 6-OH of the galactose moiety are 

essential galectin binding regions (Hirabayashi et al, 2002). This ligand has been 

described to enhance galectin-1, -2, -3 and -8 binding in frontal affinity 

chromatography analysis. Collectively, these findings suggest even subtle changes in
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FVIII glycosylation profiles may significantly influence its ability to interact with  

galectins. Consequently commercial full length rFVIII therapeutics derived, from  

different cellular origins display differential galectin binding affinities.

Early analysis of the structure-function relationship of FVIII revealed that the B 

domain, comprising over 30% of the total molecular mass of FVIII, was com pletely  

dispensable for its cofactor activity (Toole et al, 1986). Thus Pittman et al constructed a 

BDD-variant of rFVIII, (deleting residues 760-1639), and observed the secreted protein  

yield improved by over 30% (Pittm an et al, 1993).

Currently, BDD-rFVIII protein is manufactured for therapeutic use by W yeth  

Pharmaceuticals in CHO cell lines (Refacto). The ability of galectin-1 and -3 to interact 

with this commonly used rFVIII concentrate was examined by immunosorbant assay. In 

keeping with the loss of the majority of its glycans, both galectin-1 and -3 binding were  

significantly attenuated for BDD-rFVIII compared to full length rFVIII m anufactured in 

the same cell line (42.2 ± 1% and 19.6 ± 1%, respectively), figure 4.6A and B, p<0.0001). 

Interestingly, galectin-1 still retained a significant proportion of binding for BDD-FVIII 

even with the loss of approxim ately 80% of its suitable ligands. Cumulatively, these 

data also show that the m ajority of galectin-1 and galectin-3 binding is supported by 

the glycans within the B domain of FVIII. However it appears that glycans residing 

outside the B domain also significantly contribute to regulate galectin-1 binding. Given 

that activated FVIII exists as a B-domainless heterotrim er, these novel findings suggest 

that in addition to binding free full length FVIII, galectin-1, in contrast to  galectin-3, 

may be capable of interacting with FVIIIa. This suggests that galectin-1 binding may 

occur at or near regions im portant for FVIII function.
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Figure 4 .6  G alect in  b ind ing  is d is t inc t  w ith  v a r io u s  th e r a p e u t i c  rFVIII c o n c e n t r a te s  
(A) G alectin -1  an d  (B) ga lec tin -3  b ind ing  w a s  a s s e s s e d  for  rFVIII d e r iv e d  f ro m  CHO an d  BHK 
cells a n d  a  r e c o m b in a n t  B d o m a in  d e l e te d  (BDD) var ian t .  G alectin  b ind ing  e x p re s s e d  a s  a 
p e r c e n ta g e  o f  b ind ing  to  O.SnM CHO-rFVIII.
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4.4 The high-mannose oligosaccharides of rFVIII contribute significantly to 

galectin-1 binding

To further investigate the role of the non-B domain glycans in modulating FVIII- 

galectin-1 interaction additional studies were perform ed. FVIII has 4 non-B domain 

glycans; N41 and N239 in the A1 domain, N1810 in the A3 domain and N2118 in the C l 

domain. Of these, N239 and N2118 have been identified as high mannose-type 

oligosaccharides (Medzihradszky et al, 1997). To further determ ine the potential role 

for these glycan sites in influencing galectin -l/FV III interaction, BDD-FVIII was 

subjected to enzymatic digestion w ith either endoglycosidase H (Endo H BDD-FVIII), 

which selectively removes FVIII high mannose structures, or with PNG F to cleave all 

remaining glycan structures (PNG BDD-FVIII). Im portantly, galectin-1 binding was 

significantly reduced for Endo H BDD-FVIII compared to unmodified BDD-FVIII (figure 

4.7A). M oreover there was further modest reduction in galectin-1 binding with PNG 

BDD-FVIII compared to Endo H BDD-FVIII (24.1 ± 0.6%  versus 35.8 ± 3%, respectively, 

p<0.05 figure 4.7B). These findings suggest that the majority of galectin-1 binding with  

BDD is supported by the high mannose glycans expressed on FVIII.
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Figure 4.7 Removal of the high mannose oligosaccharides outside the B domain of FVIII 
reduced galectin-1 binding
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4.5 Galectin-1 binds to plasma-derived FVIII

On the basis of the high affinity interaction of galectin-l/-3  with rFVIII it was o1 

interest to investigate whether these galectins also interact with plasma derived FVIII 

However, given the previous studies identifying that galectins and VWF circulate as e 

high affinity complex it was difficult to directly study the galectin-FVIII interaction ir 

vivo. Consequently, a pull-down experiment was performed utilising VWF-deficien: 

plasma obtained from VWF knockout mice. These mice are homozygous null for the 

VWF gene and thus have no plasma VWF. Cobalt chelate agarose beads coated with 

recombinant galectin-1 or -3 or control untreated beads were incubated with VWF 

deficient plasma. After sufficient washing, loading dye with reducing agent was added, 

samples were boiled and the supernatants run on a SDS-PAGE gel. The lanes were then 

blotted for FVIII using a specific heavy chain antibody. For control purposes the lanes 

were also blotted for galectin-1 and -3 using specific antibodies. Galectin-1 proteins 

appears as a monomer and dimer at 15 and 30kDa, respectively (figure 4.8, lane 2). h  

contrast galectin-3 protein was present as monomeric and dimeric fragments at 30 and 

60kDa, respectively (lane 3). Galectin-1 coated beads precipitated FVIII from VWF 

deficient plasma samples (figure 4.8 lane 2). Conversely, no FVIII was observed with 

control untreated beads or galectin-3 coated beads. Collectively, these studies confirm 

that galectin-1 can bind free FVIII within the plasma milieu.
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Figure 4.8 Galectin-1 binds to free FVIII in plasma
Galectin-1 coated beads precipitate FVIII, at approximately 280kDa, from plasma in the 
absence of VWF (lane 2). No FVIII is observed from untreated beads (lane 1) or galectin-3 
coated beads (lane 3).
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4.6 Galectin-1 negatively modulates FVIII cofactor activity in vitro

To investigate w hether galectin-1 an d /o r galectin-3 binding may influence FVIII 

function, FVIII activity was assessed using a one stage FVIII clotting assay. However, on 

the basis th a t galectins may bind to num erous different plasma glycoproteins, a FVIII- 

galectin complex was firstly allowed to  form  before incubating this complex into FVIII- 

deficient plasma. In the presence of increasing concentrations of galectin-1 (0-17 piM) 

pre-com plexed w ith full length rFVIII, a significant and dose-dependent prolongation in 

the clotting tim e was observed (58.5  ± 0 .2  seconds in the presence of 17 |iM  of 

galectin-1 com pared to 26.6  ± 3 seconds for control; p<0.001, figure 4.9A). In contrast, 

no effect on FVIII clotting activity was observed following galectin-3 binding (up to  50 

|iM ). The inhibitory effect of galectin-1 was observed as a dose-dependent reduction in 

FVIII cofactor activity (figure 4.9B). As the B dom ain constitutes the m ajor galectin-3  

binding site w ithin FVIII it is perhaps not surprising that this galectin does not influence  

FVIII function. Interestingly, the increase in APTT observed with galectin-1  

preincubation occured in a FVIII dependant m anner, since addition of galectin-1 to  

norm al plasma did not influence clotting activity as measured by APTT (data not 

shown). W h eth er FVIII in complex w ith  its carrier VW F is still a suitable galectin-1  

ligand remains to  be determ ined. Cum ulatively these findings dem onstrate that 

binding of galectin-1 can inhibit the cofactor activity of free FVIII in vitro. In contrast, 

galectin-3 fails to influence FVIIIa activity suggesting that galectin-3 binding to the B 

dom ain of FVIII does not m odulate FVIII function.
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To fu rthe r  characterise the  inhibitory effect of galectin-1 on FVIII activity, 

additional studies w ere  perfo rm ed  in a purified system to elim inate  any confounding  

effects caused by galectin binding to  o th e r  plasma glycoproteins. In this system FVIII 

activity was measured by the  rate of conversion of FX to FXa using a commercial FXa 

generation  assay. Increasing concentrations of galectin-1 and galectin-3 w e re  p re ­

incubated w ith  rFVIII before th e  addition o f reagent and substrate as per kit protocol. 

Galectin-1 again reduced FVIII cofactor activity in a dose-dependent m an n er  w ith  an 

ICsoof 0 .4 0 | iM  (figure 4 .10). In keeping w ith  prior data, galectin-3 has no effect on FXa 

generation  (data not shown). The IC50  value calculated for galectin-1 in this assay 

currently  exceeds w h a t  has been reported  fo r  plasma galectin levels in vivo under  

physiological conditions. Im portantly , galectins are known to circulate in com plex w ith  

V W F and are also expressed in platelets and endothelia l cells (Romaniuk e t at, 2012;  

Thijssen e t al, 2008). Thus it is possible th a t  galectin concentrations at sites o f  vascular 

injury m ay be significant higher than  in norm al plasma. M o re o v e r  recent studies have  

highlighted th a t liver sinusoidal endothelia l cells (LESECs) are the  prim ary FVIII- 

producing cell type in the  hum an liver (Shahani e t al, 2014; Fahs e t al, 2014).  

Additionally, galectin-1 is th e  only galectin found to  be expressed in LESECs (Lotan e t 

al, 1994). This raises th e  question o f  w h e th e r  galectin-1, which lacks a secretory signal 

peptide, m ay be co-secreted w ith  FVIII from  these cells. Further studies will be 

required to  fully understand the  m olecular mechanism by which galectin - 1  inhibits  

FVIII activity.
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Figure 4 .10  G alectin-1  r e d u c e s  FVIII co fa c to r  activity
Increas ing  c o n c e n t ra t io n s  of  galec tin -1  r e d u c e  t h e  FVIII-dependent r a te  o f  co n v e rs io n  of  FX 
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4.7 Discussion

Since t h e  glycosylation profiles of both  VWF and FVIII share  similar s tructures ,  

we  hypothesized th a t  galect ins might re p re sen t  a novel family of lectins capab le  of 

interact ing with hu m an  FVIII. This was  asse ssed using purified prote ins  in 

im m unosorben t  assays and SPR analysis. Both revealed  d o se -d ep en d e n t  and high 

affinity binding of rFVIII with galectin-1 and -3. The high affinity was of particular 

interest .  Since local aspects  of glycan p re sen ta t ion  are  known to  critically regula te  the  

avidity of lectin binding, we  specula te  th a t  this galectin-FVIII affinity is m ed ia t ed  

primarily by th e  dense  clustering of heavily b ra nched  N-linked glycans chains within B 

domain of FVIII. The increasing level of branching significantly p ro m otes  galectin-1 

avidity. Moreover,  t h e  close proximity of  multiple ligands is of re levance for galectin-3 

interact ion,  which oligomerises  upon ligand binding and can form pentamers .

To assess  the  glycan d e t e r m in a n t s  mediat ing galectin binding, th e  glycosylation 

profile of rFVIII was  modified with specific exoglycosidases.  This revealed  t h a t  t h e  N- 

linked glycans of FVIII are  critical in regulat ing galectin-1 and -3 binding. This is not  

un ex pect ed  as the  principal N-linked glycans on FVIII are  remarkably  similar to  thos e  

expressed on VWF. We also obser ved a role for t h e  0-l inked glycans of FVIII in 

mediat ing galectin-3 binding. However  this finding is in keeping with Bian e t  al who 

repor ted  th a t  galectin-3 had a 2-fold h igher  affinity for t h e  T-antigen which const i tu tes  

th e  primary 0-l inked glycan on FVIII (Bian e t  al, 2011).

A n u m b e r  of d ifferent  re com binan t  FVIII concen t ra te s  are used in clinical 

practise.  However  glycosylation is species-specific and tissue-specific Hence rFVIII 

products  m anufact u red in d if ferent  n o n -h u m a n  cell lines display distinct d if ferences  in 

glycosylation. These glycosylation differences  result  in a l tered galectin affinities.
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Interes t ing ly  b o t h  ga lect in -1 a n d  -3 d i sp layed  b inding p r e f e r e n c e s  for  BHK-derived 

rFVIII c o m p a r e d  t o  CHO-der ived  rFVIII. W e  s p e c u l a t e  t h a t  t h e  d o c u m e n t e d  ex p re s s io n  

of  a l - 3  g a la c to s e  on  t h e  s u b - t e r m i n a l  g a l a c to s e  of  t h e  N-linked glycan of  BHK-rFVIII is 

i m p o r t a n t  in c o n t r ib u t in g  to  th i s  e n h a n c e d  ga lec t in binding.

The  d e v e l o p m e n t  of  neu t ra l i s ing  a n t i b o d i e s  aga in s t  rFVIII c o n c e n t r a t e s  

r e p r e s e n t s  a significant  issue in t h e  t r e a t m e n t  of  h a e m o p h i l ia  A pa t i en t s .  S o m e  s tu d ie s  

h a v e  s u g g e s t e d  t h a t  p a t i e n t s  receiving  r e c o m b i n a n t  c o n c e n t r a t e s  m a y  h a v e  an  

in c r e a s e d  r a t e  of  inh ib itor  d e v e l o p m e n t  c o m p a r e d  t o  p a t i e n t s  rece iv ing p la s m a  

de r iv ed  FVIII p r o d u c t s  (Wight & Paisley, 2003) .  The  m o le c u la r  d e t e r m i n a n t s  t h a t  dr ive 

t h e s e  i m m u n e  r e s p o n s e s  r e m a i n  elusive.  Curren t ly  t h e  p r e s e n c e  of  n o n - h u m a n  glyco- 

e p i t o p e s  is n o t  t h o u g h t  t o  be  c a us a t ive  for  t h e  high r a t e  of  inhib i tor  d e v e l o p m e n t  in 

h a e m o p h i l ia  A p a t i e n t s  t r e a t e d  with rFVIII c o n c e n t r a t e s .  N e v e r t h e l e s s  t h e  abil i ty of 

circulat ing ga lec t ins ,  t o  r ecog n is e  a n d  a d h e r e  to  n o n - h u m a n  g ly co- ep i to pe s  m a y  h a v e  

impl ica t ions fo r  u n d e r s t a n d i n g  h o w  a l t e r e d  glycosyla tion prof iles  m ay  c o n t r i b u t e  to  

FVIII im m un og eni c i ty .

BDD-FVIII is a n o t h e r  r e c o m b i n a n t  c o n c e n t r a t e  u s e d  in clinical p rac t i se .  T h e  B 

d o m a i n  is heavily g lycosyla ted  cont a in in g  all o f  FVIII O- linked g lycans  a n d  

a p p r o x i m a t e l y  80% of  its N- linked glycans.  C o n se qu en t ly ,  w e  o b s e r v e d  a significantly 

r e d u c e d  ga lect in -1 a n d  -3 b ind ing  t o  BDD-FVIII. Of in te r e s t ,  ga lec t in -1  b inding 

r e m a i n e d  just  less t h a n  50% fo r  BDD-FVIII c o m p a r e d  t o  full l e ng th  rFVIII, e v e n  wi th  t h e  

loss of  t h e  major i ty  of  its b ind ing  ligands.  This novel  f inding led us to  s p e c u l a t e  t h a t  

ga lec t in - 1  m ay  be  ab le  t o  b ind t o  FVIIIa a n d  poten t ia l ly  m o d u l a t e  FVIII func t ion .  

C o n s e q u e n t l y  it is p r o b a b l e  t h a t  p a t i e n t s  t r e a t e d  wi th  BDD co m m e rc ia l  c o n c e n t r a t e  

m a y  d isplay significantly a l t e r e d  ga lec t in  b ind ing  profi les c o m p a r e d  t o  p a t i e n t s  t r e a t e d
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w ith full length rFVIII products. W hether galectin binding may have physiological 

implications remains to  be determ ined.

To further exam ine the role of glycans residing outside the B domain in 

contributing to galectin-1 interaction, BDD-FVIII was subjected to specific 

exoglycosidase digestion. W e dem onstrated a novel role for FVIII high mannose 

oligosaccharides in m ediating galectin-1 binding. This was unanticipated since there is 

little evidence supporting a role for high mannose structures as galectin-1 ligands. 

Notwithstanding this, Krishnamoorthy et al presented compelling data dem onstrating  

that galectin-1 specifically binds to high mannose carbohydrates expressed on the  

glycoprotein surface of H IV - l virus to  aid its adsorption to CD4"  ̂T cells promoting virus 

infectivity (Krishnamoorthy et al, 2009). Interestingly the mannosylation of FVIII has 

previously been dem onstrated to  be responsible for its uptake into human dendritic 

cells (DC) via interaction w ith  the mannose receptor, CD206 (Repesse et al, 2012). 

M oreover, Dasgupta et al. reported that site-directed mutagenesis of the mannose 

oligosaccharide in the C l dom ain of FVIII com pletely abrogated the uptake of FVIII by 

DC and subsequent activation of human T cells in vitro (Dasgupta et al, 2007). Based 

upon these findings the authors hypothesised that novel FVIII products w ith reduced 

ability to interact w ith  DCs could be developed by targeted removal of critical mannose 

sites. Further studies will be required to determ ine if specific affin ity of galectin-1 for 

these key functional oligosaccharides may influence FVIII DC uptake and potential 

imm unogenicity. Im portantly  galectins are found not only w ithin circulation but also 

expressed on haem atopoetic and im m une-m odulatory cells mediating endocytosis and 

im m une surveillance.
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W e  observed a strong interaction b e tw e e n  rFVIII and galectin-1 and galectin-3  

in v itro  using SPR and im m u n o so rb an t  assays. Thus it was of in terest to  exannine if this 

in teraction  also could occur in vivo. Previous studies have dem o nstra ted  th a t  galectin-  

1 and -3 circulate bound to  V W F. Based on th e  re lationship b e tw e e n  V W F  and FVIII in 

plasma, V W F-de f ic ien t  plasma (obta ined fro m  VWF'^' mice) was used in our assay. 

Using a pu ll-dow n exp erim ent, w e  observed th a t  only galectin -1  was capable of  

precip itating free plasma FVIII. Galectin-3 coated  beads w ere  unable to  bind FVIII in 

plasma. W o rk  by C ederfur e t a! has d em o nstra ted  th a t  galectin-3 binds a significantly  

b roader range of glycoproteins in serum than  galectin-1, including a l  m acroglobulin  

and haptogloblin . This suggests th a t  galectin -3  m ay have a larger n u m b e r  o f com peting  

glycoproteins fo r  binding in our V W F -d e f ic ien t  plasma (Cederfur e t a l, 2008 ).

Finally the  question of w h e th e r  the  galectin /FV III  in teraction could m o dula te  

FVIII function was assessed. Im portan t ly  galectin-1  and -3, w h en  simply ad ded  to  the  

norm al plasma, failed to  e ffect clotting t im e . H o w e v e r  unexpectedly, ga lectin -1  pre- 

com plexed  w ith  rFVIII resulted in a significant reduction  in FVIII procoagulant activity. 

Conversely, galectin-3 failed to  influence FVIII activity in these assays. This is perhaps  

unsurprising given th a t  th e  B dom ain , which represents  th e  m ajor  galectin -3  binding, is 

dispensable fo r  FVIII activity. The ability o f galectin -1  to a t te n u a te  FVIII function  was  

confirm ed  in a purified FXa generation  assay. Once again, galectin -1  reduced FVIII 

cofactor function d ose-dependently .  A lthough galectin -1  displayed an aff in ity  fo r  rFVIII 

in a n ano -m ola r  range, significantly higher concentrations of galectin w e re  required  to  

inhibit FVIII function in v itro . W e  speculate th a t  these high concentrations are likely to  

be in part m ed ia ted  by th e  loss o f th e  heavily glycosylated B dom ain  upon FVIII 

activation. C onsequently  th e  aff in ity  o f galectin-1 for FVIIIa, in these functional assays,
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is expected to be significantly less than full length FVIII. Cumulatively, these findings 

point to  a possible novel role for FVIII glycans, complexed with galectin-1, in 

m odulating its procoagulant activity. The concentration of galectin-1 required to 

inhibit FVIII activity is in excess of that present in normal plasma. However several 

papers have dem onstrated that galectin-1 and galectin-8 are expressed at significant 

levels in platelets (Romaniuk et al, 2010; Pacienza et al, 2008; Romaniuk et al, 2012). 

At sites of vascular injury w ith  platelet activation it is therefore possible that local 

galectin concentration may be significantly increased. Im portantly the effects of 

galectin-1 on platelet aggregation, granule release and adherence to fibrinogen also 

require high local concentrations of galectin-1 (ranging 0 .1 - l | iM )  (Romaniuk et al, 

2012).

In conclusion, these data describe a novel interaction between FVIII and the  

galectin family. In light of the m ajor role played by glycan determ inants in modulating  

aspects of FVIII biology, understanding the biochemical basis underlying FVIII-lectin 

interaction in vivo m ay have significant implications for understanding how FVIII 

glycans m ediate these effects.
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5 Elucidating the molecular mechanisms responsible for VWF 

circulatory clearance in vivo

The biosynthesis and structure-functional properties of VW F have been widely 

studied. However, the molecular mechanisms defining VWF circulatory clearance are 

poorly understood. M oreover, emerging evidence indicates that accelerated plasma 

clearance represents a pathophysiological mechanism in both VW D  type 1 and type 2. 

Cohorts of patients with specific m utations resulting in reduced survival of VWF in vivo 

have been identified. In light of this, understanding VWF clearance is not only of 

scientific interest but also of direct clinical relevance. Consequently, we have 

undertaken a series of studies to elucidate the mechanisms regulating VWF clearance.

Haberichter et al have elegantly dem onstrated that patients w ith accelerated 

VWF clearance (whom  they term ed VW D type 1C) can be identified by measuring 

steady-state plasma VW F propeptide to VWF antigen ratio (VW Fpp/VW F:Ag) 

(Haberichter et al, 2006). Individuals with increased VWF clearance have reduced 

plasma levels of VW F, but normal plasma levels of VWFpp. Consequently, these 

patients have an increased ratio of VW Fpp/VW F:Ag. A ratio greater than 2.3 is 

considered indicative of enhanced VW F clearance (Eikenboom et al, 2013). 

Determ ining plasma VW Fpp/VW F:Ag ratio as a surrogate m arker for VWF clearance is 

im portant since DDAVP treatm ent in these patients may be less clinically useful due to  

the shortened half-life of endogenous VWF. These patients with rapid clearance have 

enabled identification a num ber of key regions w ithin the VW F glycoprotein where  

these mutations appear to cluster. Im portantly, a significant inverse correlation exists
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betw een the increase in VW Fpp/VW F:Ag ratio and the reduction in VW F half-life. For 

example, patients with the  R1205H (Vicenza) m utation, the archetypal fast clearance  

m utation, dem onstrate the most elevated VW Fpp/VW F:Ag ratios (15.8  ± 11.2) and the  

shortest VW F half-life (Casari et al, 2013b). This correlation is also evident in healthy  

subjects. Individuals w ith blood group 0  have low er plasma VWF:Ag levels, and also 

have elevated VW Fpp/VW F:Ag ratios com pared to non-group 0  (1.6  ± 0 .1  versus 1.2 ± 

0.5). These data suggest a reduction in group 0  VW F circulatory half-life (Gallinaro et 

al, 2008).

As part of the European M olecular and Clinical M arkers for the Diagnosis and 

M anagem ent of Type 1 von W illebrand Disease (M C M D M -IV W D ) study, V W F p p / 

VWF:Ag ratios w ere measured. The most m arkedly elevated VW Fpp/VW F:Ag ratios 

were associated w ith m utations in the D3-A1 domains (Goodeve et al, 2007; 

Eikenboom et al, 2013). Collectively, these data suggest an im portant role for these  

VWF domains in regulating VW F clearance. Further evidence for an im portant role of A 

domains in regulating VWF survival in vivo has also been reported by Lenting et al. 

They observed that a truncated recom binant fragm ent of VW F comprising of A1A2A3 

was cleared at a similar rate to that of full-length recom binant VW F (rVW F) (figure 

5.1). Interestingly, addition of D'D3 to the N -term inal end of the A dom ain fragm ent 

served to significantly delay its clearance. In contrast, addition of D4-CK to the C- 

term inal end of the A domains resulted in significantly enhanced clearance. In light of 

the similar clearance rates for full-length VWF and the truncated A dom ain fragm ent, it 

seems likely that a receptor-recognition sites for clearance exists w ithin the A1A2A3  

domains of VW F. M oreover, the  C-term inal end of VW F (D4-CK) may contain additional 

receptor-interactive sites for regulating A dom ain m ediated clearance (Lenting et al,
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2004). To date this work remains the only dom ain-specific investigation of VWF 

clearance. How ever the molecular mechanism and the cell type and receptors involved 

in the clearance of domain-specific regions of VW F remains undeterm ined.

In term s of the cellular basis underlying VW F circulatory clearance, hepatic and 

splenic macrophages have been docum ented to support binding and uptake. Firstly, 

Van Schooten et al dem onstrated that VWF bound to both THP-1 macrophages and 

prim ary m onocyte-derived macrophages in vitro (van Schooten et al, 2008). This 

binding was shown to  result in rapid uptake, internalization and degradation of GFP- 

tagged VW F. A role for macrophages in regulating VWF clearance was further 

investigated using in vivo studies. These dem onstrated that infused radiolabelled VWF 

was targeted to  macrophage-rich regions of both the liver and spleen in VW F  ̂ mice. 

Imm unohistochem ical analysis revealed VWF colocalized w ith CD68+ Kupffer cells in 

the liver, and w ith F4/80  macrophages in the red pulp of the spleen. Furtherm ore, 

chemical depletion of macrophages by gadolinium chloride resulted in a 2-fold 

prolongation in survival of infused VWF, in VW F '̂  mice. Despite this apparent role for 

macrophages in regulating VWF survival in vivo, specific macrophage receptors and 

VWF binding domains have not been fully defined. However, more recent data 

dem onstrate that macrophage LRPl can m odulate VW F plasma levels (Rastegarlari et 

al, 2012).

The endocytic uptake of VWF to primary monocytes in vitro requires the  

presence of ristocetin, suggesting that the VW F-m acrophage interaction may occur in a 

conform ation-dependent m anner requiring unfolding of VWF A domains. In addition, 

VWF binding to  macrophages in vitro is enhanced if VWF is subject to shear stress 

(Castro-Nunez et al, 2012). Accelerated removal of VWF in its active conform ation,
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may be o f physiological relevance, in order to prevent unnecessary form ation of 

platelet rich throm bi within the circulation.

Shear-dependent activation is known to critically regulate a num ber of VW F  

interactions. Platelet tethering at sites of vascular injury requires shear-dependent 

exposure of the GPIba binding site within VW F A1 domain (Li et al, 2004). Similarly, 

proteolytic inactivation of VW F by ADAMTS13 requires shear-dependent exposure of 

the  cryptic T y r l6 0 5 -M e t l6 0 6  cleavage site w ithin the  VWF A2 domain (Dong 2005). 

Previous studies by Auton et al reported tha t the A2 domain of VW F is the least stable 

dom ain, and thus the most susceptible to unfolding. They concluded tha t the A2 

domain is likely to be an im portant regulator or shear-dependent interactions (Auton  

et al, 2010). Given that VW F interacts w ith macrophage LRPl clearance receptor in a 

conform ation-dependent m anner, this interaction may be m ediated via cryptic sites 

located w ith VWF A domains tha t require shear-induced exposure in vivo, or ristocetin  

in vitro to prom ote binding.

These findings collectively support the hypothesis that the A domains of VWF  

may be im portant in regulating macrophage clearance. In this context, we sought to  

investigate the role of VW F A domains in regulating in survival in vivo. To investigate  

the clearance of VW F in vivo, full-length VWF and truncated VW F fragm ents w ere  

recom binantly expressed in HEK293T cells and clearance was studied in VWF mice.
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Figure 5.1 A schematic representation of a monomer of rVWF alongside A1A2A3 VWF 
fragment
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5.1 VWF A domains regulate its clearance in vivo

For in vivo V W F  clearance studies, V W F ‘ ‘̂ mice w ere  intravenously in jected via 

lateral tail vein w ith  3 0 n M /1 0 0 n L  of rVW F or A1A2A3 V W F in sterile PBS. At 

a p p ropria te  t im e  points, mice w ere  anaesthetised  w ith  an intraperitoneal in jection of 

2 .5%  tr ib ro m o e th a n o l and exsanguinated by subclavicle incision. Blood samples w ere  

collected into lithium heparin, centrifuged and plasma was rem oved  and V W FiA g level 

d e te rm in a t io n  by ELISA. Clearance values w e re  expressed as percentage residual V W F  

relative to  th e  a m o u n t injected. Three  to  eight mice per t im e  point w ere  used.

Both rVW F and A1A2A3 V W F  w e re  cleared in a monophasic m an n er. The  

calculated clearance param eters , including percentage recovery at the  earliest t im e  

point o f 3 minutes, plasma half-life ( t i /2) and m ean  residence t im e  (M RT) for rV W F  and  

A 1A 2A 3 V W F  are shown be low  (table 5 .1) and are illustrated in figure 5.3.

% Recovery (mins) TVa (mins) MRT (mins)

rVW F 7 2 .0 1 5 .9 7 .8 1 0 .4 1 1 .2 1 0 .6

A1A2A3 VWF 82.7 ± 7 .0 6 .4 1 0 .3 9 .2 1 0 .5

Table 5.1 Clearance parameters for rVWF and A1A2A3 VWF In VW F-/- mice 
Values expressed as mean ± SEM.
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Figure 5.2 Monomeric A1A2A3 VWF fragment is cleared at a similar rate as full length rVWF 
in VWF'^' mice
Data graphed as the mean ± SEM.
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Figure 5.3 Clearance p a ram e te rs  for A1A2A3 VWF and rVWF
(A) M ean residence  tim e  values for rVWF vs A1A2A3 VWF
(B) Plasma half-life values for rVWF vs A1A2A3 VWF 
Data a re  graphed  as th e  m ean  ± SEM.
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In keeping w ith  a previous report, w e  observed th a t  full length rVW F was cleared  

in a m onophasic  fashion (Pruss e t al, 2011),  w ith  a M R T  of 11.2 ± 0 .6  m inutes and a t i /2  

of 7 .8  ± 0 .4  m inutes (table 5 .1). In terestingly these values are not significantly d if fe ren t  

to  those observed for the  c learance of A1A2A 3 V W F  (M R T  of 9 .2  ± 0 .5  m inutes and t i /2  

of 6 .4  ± 0 .3  m inutes, figures 5.2 and 5.3). Indeed, th e  rates o f clearance for m u lt im er ic  

full length rVW F and m o n om eric  A1A2A 3 V W F  w e re  indistinguishable across th e  t im e  

points m easured. These observations are in ag re e m e n t w ith  findings published by 

Lenting e t al, w h o  also described similar clearance kinetics fo r  full length rV W F and the  

A 1A 2A 3 V W F  fra g m e n t  (Lenting e t a!, 2004 ).  Interestingly, significant differences have  

been repo rted  fo r  th e  rate  o f d if feren t recom binan t V W F preparations in c learance  

studies. The d ifferences in clearance rates likely reflect d if fe ren t V W F  glycosylation  

profiles, which are d e p e n d e n t  on the  cell line used fo r  V W F  expression. All the  

reco m b in an t variants described in this study, and th a t  o f Pruss e t a l (Pruss e t a l, 2 0 1 1 )  

w e re  expressed in HEK293T cells. In contrast, Lenting e t a l em p lo yed  BHK cells to  

express rVW F. In terestingly th e y  reported  a significantly longer t i /2  d if fe ren t half-life  

fo r  th e ir  reco m b in an t variants. Nevertheless, despite th e  d if fe ren t cell line used, our  

data  confirm  th e  findings o f Lenting e t al. in suggesting th a t  th e  A dom ains of V W F  

a p pear  to  be im p o rta n t  in m odula ting  V W F  circulatory survival.

To investigate w h e th e r  th e  infused full length rVW F or A 1A 2A 3 V W F  frag m en t  

m ay be proteolysed ra ther than  cleared fro m  the  circulation, m u rine  plasma samples  

f rom  selected t im e  points w e re  analysed. As il lustrated in f igure 5.4A, th e re  was no 

evidence o f significant in vivo  proteolysis o f  full length rVW F. Similarly, analysis o f the  

m u rine  plasma samples fo llow ing  A1A2A 3 V W F  adm in istration  again dem o n stra ted  no 

evidence of proteolysis (figure 5.4B).
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Figure 5.4 Clearance analysis of rVWF an d  A1A2A3 VWF
(A) VWF m ultim er gel analysis of plasm a clearance sam ples  a t  5, 10, 15 and 30 m inutes  
confirm th e  absence  of proteolytic  deg rada tion  of th e  protein
(B) Reducing SDS-PAGE gel analysis of m urine  plasm a sam ples  from A1A2A3 clearance, intact 
p rotein  is observed  a t  lOOkDa.
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5.2 Macrophages mediate the clearance of VWF via the A domains

Previous w o rk  has highlighted a particular role fo r  hepatic  and splenic 

m acrophages in m ed ia t ing  V W F  clearance. D eple tion  of m acrophages in vivo increase  

V W F  plasma levels 2 .5-fo ld  in w ild -type  mice (van Schooten e t at, 2008 ) .  Given the  

a p p a re n t  im portance of m acrophages in regulating V W F  survival, c lodronate  liposomes  

w e re  em p lo yed  to  assess th e ir  contribution  in this study.

M ice w e re  adm in is tered  c lodronate  liposomes at a dose of lO O ^ I/ lO g  

in travenously via lateral tail vein injection. This was in jected 2 4  hours prior to  V W F  to  

a llow  sufficient t im e  for m acrophage depletion . To confirm  deple tion  of m acrophage  

populations, mouse spleens w e re  harvested and f lo w  cy to m e try  analysis was  

p e rfo rm e d  (section 2 .20 .5 ) .  Splenic macrophage markers C D l l b  and F4 /80  were  used to  

co-label isolated mouse spleen cells. Subsequent flow cytometry analysis demonstrated  

that clodronate liposome trea tm en t resulted in a reduction of F 4 /8 0 + /C D l lb +  

macrophages of over 70% (figure 5.5).
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CDIIb

Figure 5.5 Flow cy tom etry  analysis of C57BI m ouse  spleen m acrophage 
M acrophages w ere  labelled as F4/80+ and  C D llb+  and m easu red  after  t r e a tm e n t  with  PBS 
or c lodrona te  l iposomes (CCL). Image provided by Dr. Hendrik Nel, Inflammation and 
Immunity Research Group, Trinity College Dublin.
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In k e ep in g  wi th prev io us  f indings,  d e p le t i o n  of m a c r o p h a g e s  in vivo  r e s u l t e d  in a 

significant ly p r o lo n g e d  survival  o f  rVWF of  a p p r o x i m a t e l y  1.5-fold.  For e x a m p l e ,  a t  3 

m i n u t e s ,  m a c r o p h a g e  d e p l e t i o n  e n h a n c e d  rVWF recov e ry  f r o m  7 1 . 4  ± 5.9%, t o  10 2 .4  ± 

12%. Similarly, a f t e r  10 m i n u t e s  rVWF survival  w a s  i m p r o v e d  f r o m  37 .9  ± 1.8% in t h e  

a b s e n c e  of  c lo d r o n a te ,  to  70 .0  ± 5.0% u p o n  m a c r o p h a g e  d e p le t i o n  (f igure 5.6,  p<0 .01) .

Interes t ing ly,  c l o d r o n a t e  t r e a t m e n t  a lso  significantly inh ib i ted  A1A2A3 VWF 

c le a r a n c e  (106.8  ± 3.4% a n d  56 . 4  ± 1.2%, a t  3 a n d  10 m in u te s ,  respec t ive ly ,  f igure  5.6,  

p<0 .05) .  Th us  m a c r o p h a g e  d e p le t i o n  led t o  i m p r o v e d  survival o f  b o t h  rVWF a n d  

A3A2A3 VWF to  a simi lar  e x te n t .  T h e s e  nove l  f ind ings sugges t in g  t h a t  m a c r o p h a g e s  

n o t  on ly c o n t r i b u t e  t o  t h e  c le a ra n ce  of  full l eng th  VWF b u t  a lso to  t h e  c l e a r a n ce  of  an 

A d o m a i n  f r a g m e n t  of  VWF.

165



140-

o 120

E* 100

3 mins

■  - Clodronate 

□  + Clodronate

* *

10 mins

Figure 5.6 Macrophage depletion prolongs the survival of both rVWF and A1A2A3 VWF in 
vivo
Data graphed as mean ± SEM.
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5 .3  Binding of rVWF and A1A2A3 VWF to THP-1 macrophages in vitro

5.3.1 The VWF-macrophage interaction in vitro requires manganese cations

To further investigate the role o f specific VWF domains in modulating the 

macrophage interaction, a THP-1 in vitro binding assay was established. Previous 

studies examining VWF-leucocyte interactions in vitro  reported that VWF binding 

required the presence of divalent cations (Koivunen et al, 2001; Pendu et al, 2006). 

Thus we assessed the requirement of divalent cations fo r the VWF-THP-1 macrophage 

interaction. Plasma-derived VWF (pd-VWF) containing increasing concentrations of 

various divalent cations including Mn^* Ca^  ̂ and Mg^^ was incubated with THP-1 

macrophages, seeded on a 96 well plate, on ice (to prevent endocytosis and 

degradation) fo r 1 hour. A fter washing and fixing the cells, bound VWF was detected 

using a fluorescently tagged antibody (section 2.14.2). Fluorescence associated with 

the cell membrane was then quantified using the IN Cell Analyzer 1000 (GE Healthcare, 

UK). Surprisingly, no binding of VWF to THP-1 macrophages was observed in the 

presence of e ither Ca^* or Mg^^. However dose dependent VWF binding was detected 

in the presence of Mn^* (figure 5.7). Taken together these findings highlight a critical 

role fo r Mn^^ in promoting VWF-THP-1 binding. On this basis of this manganese was 

included in subsequent THP-1 binding assays at a concentration of Im M .
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Figure 5.7 VWF binds to THP-1 macrophages in a manganese-dependent manner 
Data are expressed as a percentage of maximum binding (mean ± SEM).
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5.3.2 Ristocetin enhances VWF binding to THP-1 macrophages in vitro

Castro-Nunez et al reported that primary macrophages bound and endocytosed 

VWF in the presence of ristocetin (Castro-Nunez et al, 2012). Thus we examined the 

VWF binding to THP-1 macrophages in the presence and absence of ristocetin. Pd-VWF 

and rVWF were incubated with the cells in the presence of Im g/m L of ristocetin. 

Bound VWF was detected and quantified. The level of VWF binding was expressed as 

percentage of the maximum binding observed. The presence of ristocetin resulted in 

both pd-VWF and r-VWF achieving near maximal binding to THP-1 macrophages (90.6 

± 5.0% and 99.0 ± 4.2%, respectively, figure 5.8; p<0.001). Cumulatively these findings 

suggest that conformational changes induced in VWF by ristocetin promote VWF 

binding to THP-1 macrophages.
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Figure 5.8 VWF binding to THP-1 macrophages is enhanced in the presence of ristocetin 
Data are expressed as a percentage of maximum binding (mean ± SEM).
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5.3.3 The A domains of VWF binds to THP-1 macrophages in vitro

In view of the  in vivo experim ents suggesting that VWF A domains may be 

im portant in regulating m acrophage-m ediated clearance, we assessed the ability of 

the A domains to bind to  THP-1 macrophages in vitro. Both Im M  manganese divalent 

cations and Im g /m L  ristocetin were included as part of the binding conditions. 

A1A2A3 VWF was incubated w ith the THP-1 cells on ice. A fter washing and fixing the  

cells w ere probed w ith  Penta-His antibody labelled w ith FTIC to detect binding of his- 

tagged A1A2A3. W e observed A1A2A3 VWF bound to  THP-1 macrophages in a dose- 

dependent m anner (figure 5.9). These data imply tha t the A domains of VW F may 

contain macrophage interactive sites capable of m ediating VWF binding in vitro. This is 

consistent with our findings tha t macrophages influence the clearance of A1A2A3 VWF 

in vivo also.
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Figure 5.9 A1A2A3 VWF binds to THP-1 macrophages in a dose-dependent manner 
Data are expressed as a percentage of the mean maximum binding ± SEM.
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5.4 N-linked glycans within A2 regulate macrophage binding in vitro

The tri-dom ain A1A2A3 region of VW F is central in regulating a num ber of VWF 

functions including GPIba binding, ADAM TS13-m ediated proteolysis and adherence to  

collagen. Both N and 0-linked glycans expressed w ith in  the A domains of VWF have 

been shown to influence these functions. The 0 -linked  glycans are found as clusters at 

the N- and C-term inal of the A1 domain and have been shown to negatively regulate  

GPIba binding under static and shear flow  conditions (Nowak et al, 2012). Two  

com plex-type N-linked glycans reside w ith in  the A2 domain. These have been 

dem onstrated to stabilise the globular conform ation of VW F and thereby regulate the  

interaction of VWF w ith ADAMTS13 (McKinnon et al, 2008). M oreover, a specific role 

has been dem onstrated for the glycan at position N1574 in negatively modulating  

susceptibility to  ADAMTS13 proteolysis (McKinnon et al, 2008). In this context we  

sought to exam ine a potential role for glycans in mediating macrophage binding. To 

this end, A1A2A3 VWF was subjected to PNGase trea tm en t (PNG-A1A2A3) to remove  

the N-linked glycans in the A2 dom ain. The efficacy of the digest was confirm ed by 

shift in electrophoretic m obility on SDS-PAGE electrophoresis. N-linked glycan removal 

served to markedly enhance A1A2A3 VWF binding to THP-1 macrophages in vitro by 

over 80%  com pared to  untreated A1A2A3 (figure 5 .10 p<0.0001). These novel data 

highlight a putative role for N-linked glycans in the A2 domain in m odulating binding to  

THP-1 macrophages.
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Figure 5.10 Removal of th e  N-linked glycans in A2 enhances binding to  THP-1 macrophages 
Data are  expressed as a percen tage  of th e  m ean maxim um  binding m ean ± SEM.
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On the basis of these observations, we hypothesised that the N-linked glycans in 

A2 may act to  sterically shield critical VW F interactive residues required for 

macrophage binding. A detailed analysis of the crystal structure of the A2 domain w/as 

first published in 2009 by Zhang et al. Further to this, mass spectrom etry analysis of 

hum an pd-VWF has provided extensive inform ation regarding the N-glycome of VWF. 

In particular distinct N-glycan features at specific sites in VW F have been characterised 

(Canis et al, 2012). Utilising this inform ation, a model of the  VW F A2 domain w ith  its 

associated glycans (figure 5.11) was constructed using Glycam Glycoprotein Builder 

software. N1515 and N1574 glycans structures w ere m apped onto the A2 domain  

crystal structure using this glycan modelling tool. This in silico analysis revealed that 

the  complex glycans at N1515 and N1574 w ere both of significant size. They span 

approxim ately 33A and 36A in length, respectively (figure 5 .11). Considering that the  

average d iam eter of the A2 domain is approxim ately 35A, the potential im portance of 

these N-linked glycans in shielding im portant interactive ligand sites and consequently 

m odulating function can be appreciated.
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Figure 5.11 A glycan model to predicting the size contribution of the N-linked glycans to the 
A domains
The crystal structure of the A2 domain of VWF and relative positions of the N-linked glycans 
at 1515 and 1574 and their approximate length in angstroms (A).
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5.5 VWF N-linked glycans modulate in vivo survival

The N-linked glycans of V W F  inhibit b inding to  THP-1  m acrophages in vitro. 

Given th a t  m acrophages m e d ia te  V W F  survival in vivo w e  speculated th a t  this 

enhan ced  aff in ity  o f PNG -A 1A2A 3 fo r  THP-1 m acrophages m ay also influence in vivo 

clearance. To investigate this, rV W F  was tre a te d  w ith  exoglycosidase PNGase F (PNG-  

rVW F) resulting in a 9 0%  reduction  in th e  N -linked glycan populat ion , as assessed by 

specific lectin, concavalin A. The  clearance rate  o f P N G -rV W F  was assessed in V W F   ̂

mice. P N G -rV W F was cleared in a m onophasic fashion. The  calculated clearance  

param eters , including percentage  recovery at th e  earliest t im e  point o f 3 m inutes, t i / 2  

and M R T  fo r  rV W F and PN G -rV W F are shown b e lo w  (tab le  5.2);

% Recovery (mins) t V z (mins) M RT (mins)

rW VF 7 2 .0 1 5 .9 7.8 ±0 .4 11.2 ±0 .6

PNG-rVW F 57.8 ± 1.0 3.2 ±0 .09 4.7 ±0 .1

Table 5.2 Clearance parameters for rVWF and PNG-rVWF in VW F-/- mice 
Values expressed as the mean ± SEM.

Im portan t ly ,  PN G -rV W F was cleared at such an acce lera ted  rate th an  it was no 

longer d e tec tab le  in th e  plasma beyond 20 m inutes  (figure 5 .12) .  Both th e  t i / 2  and  

M R T  fo r  PN G -rV W F w e re  significantly reduced co m pared  to  u n trea ted  rVW F (figure  

5.13; p < 0 .0 0 1 ) .  The  asialoglycoprotein recep to r (ASGPR) was th e  first V W F  clearance  

recep to r  identified (G rew al e t al, 2008 ).  ASGPR is a lectin recep to r  binding V W F  glycan 

structures containing 3-l inked galactose or N -acety lgalactosam ine. Both o f  these  

sugars are expressed heavily by th e  N-linked glycans glycan structures on VW F. The
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mechanism for the rapid clearance of PNG-rVWF is not yet clear but it is most likely 

m ediated through ASGPR independent mechanisms. It is possible that removal of the  

N-linked glycans across the length of VW F may result in enhanced exposure of am ino  

acid consensus sequences for non-lectin clearance receptors. Im portantly, previous 

studies have shown that PNG-rVWF still displays a range of m ultim ers com parable to 

undigested rVWF. PNG-rVWF also displays normal ability to bind to collagen (M cG rath  

et al, 2010). This indicates that the overall global structure of VWF is unlikely to  be 

significantly altered. Nevertheless, m odest local conform ation changes in PNG-rVWF  

are possible. Notably, PNG-rVWF has been characterised by increased ADAM TS13- 

m ediated proteolysis in vitro indicating potential local conform ational changes in the  

A2 domain of VW F enhancing access to  the cryptic cleavage site (McKinnon et al, 

2008).
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Figure 5.12 PNG-rVWF is cleared at an accelerated rate compared to untreated rVWF 
Data graphed as the mean ± SEM.
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Figure 5.13 Clearance p a ra m e te rs  for rVWF and  PNG-rVWF 
Data g raphed  as th e  m ean  ± SEM.
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5.6 VWF A2 domain glycans regulate its clearance in vivo

O u r in vitro  findings suggest th a t  th e  N -linked glycan w ith in  A2 m ay have a 

specific role in m od ula t ing  V W F  affin ity fo r  m acrophages. Hence w e  sought to  exam ine  

if th e  N -linked glycans w ith in  A2 m ay be im p o rtan t  in regulating V W F  survival in vivo. 

To this en d , a fra g m e n t  o f V W F  with  th e  A2 dom ain  de le ted  was constructed, (figure  

5 .14 ) .  C onsequently  this V W F  variant (A A2-VW F) fails to  express th e  N-linked glycans 

N 1 5 1 5  and N 1 5 7 4 . These are the  only N-linked glycans th a t  reside w ith in  the  A 

dom ains  o f  V W F. Previous studies have assessed som e of th e  functional characteristics  

of a A A 2 -V W F  variant including FVIII, heparin  and collagen binding (K oppelm an et  al, 

1996; Lankhof e t  al, 1997).  Collectively these studies have not rep orted  any significant 

differences co m pared  to  w i ld -type  V W F. This suggests th a t  despite  the  de le tion  of the  

A2 d om ain , th e  global structural in tegrity  and functional activity of A A 2-V W F  is 

m ain ta in ed . Thus this var ian t was used to fu r th e r  exam ine  the  role o f th e  A2 and its 

glycans in influencing V W F  clearance in V W F   ̂ mice. W e  observed th a t  A A 2-V W F  was  

cleared m onophasic  m an n er. The calculated clearance param eters  fo r  A A 2-V W F  

c o m p ared  w ith  rV W F are shown be low  (table  5.3).

% Recovery (m ins) t V z (mins) M RT (mins)

rVW F 7 2 .0 15 .9 7.8 ±0 .4 11 .2 10 .6

AA2-VW F 83.6 ±4 .9 6.6 ±0 .4 9.6 ±0 .5

Table 5.3 Clearance parameters for rVWF and AA2-VWF in VWF'^' mice 
Values expressed as mean ± SEM.

A A 2-V W F  and rV W F w e re  cleared at similar rates in V W F  mice (f igure 5 .15).  

A A 2-V W F  had a plasma t i /2 o f 6 .6  ± 0 .4  m inutes com p ared  to  7 .8  ± 0 .4  m inutes  for
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rVWF (figure 5.16). These novel findings suggest  th a t  the  VWF A2 domain is not the  

sole regula tor  of VWF circulatory c l ea rance  in this m o u se  model .  Importantly,  Lenting 

e t  al have previously d e m o n s t r a t e d  t h e  addit ion  of t h e  N-terminal D'D3 domains  to th e  

A do m ai ns  of VWF served to re duce  its ra te  of clearance,  while the  addi tion of C- 

terminal  D4-CK domains  accele ra te  th e  c learance  of A1A2A3 (Lenting e t  al, 2004). 

Consequent ly  these  findings es tablish t h a t  VWF domains  outs ide th e  A domains  can 

contr ibute  to  VWF clearance.  Given th a t  AA2-VWF resists ADAMTS13 cleavage 

(Lankhof e t  al, 1997), t h e s e  data  conf irm t h a t  ADAMTS13-mediated proteolysis of 

mul timer ic VWF is not  necessary  for  clearance.  This is also in a g r e e m e n t  with our  

earl ier da t a  (figure 5.4) depict ing t h e  c learance of rVWF without  the  a p p ea ra n ce  of 

proteolyt ic f r agm ent s  in murine  p lasma samples .
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Figure 5.14 A schematic domain diagram of AA2-VWF with its associated glycans
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Figure 5.15 Deletion of th e  A2 dom ain  (AA2-VWF) does no t  influence th e  ra te  of clearance 
com pared  to  full length rVWF 
Data graphed  as th e  m ean  ± SEM.
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Figure 5.16 Clearance p a ram e te rs  for rVWF and AA2-VWF 
Data g raphed  as th e  m ean  ± SEM.
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A A 2-V W F  was subjected to  PNGase F t re a tm e n t  (PNG A A 2-V W F) to  investigate  

th e  role o f  V W F  N-linked glycans outside th e  A2 dom ain  in regulating V W F  survival. 

The efficacy of th e  digestion was conf irm ed  by V W F  m u lt im e r  gel analysis and lectin  

ELISA assessment. PNGase t r e a tm e n t  did not reduce V W F  capacity to m u lt im er ise  

(data  not shown). PNG A A 2-V W F was adm in is tered  to V W F ’ ’̂ mice and c learance  

assessed as previous. PNG A A 2-V W F  was cleared in a m onophasic m a n n e r .  The  

calculated clearance param eters , including percentage recovery, t i / 2  and M R T  fo r  PNG  

A A 2-V W F  co m p ared  w ith  A A 2-V W F  are show n b e lo w  (table 5.4)

% R ecovery  (m ins) T V 2 (m ins) M R T  (m ins)

A A 2-V W F 83.6 ± 4 .9 6.6 ± 0 .4 9.6 ± 0 .5

PNG A A 2-V W F 96.3 ± 7 .0 6.5 ± 0 .5 9.4 ± 0 .8

Table 5.4 Clearance param eters for AA2 and PNG AA2 in VWF mice 
Values expressed as mean ± SEM.

The clearance rate fo r  PNG A A 2-V W F  was striking similar to  th a t  o f  u n tre a te d  

A A 2 -V W F  (figure 5 .17). PNG A A 2-V W F  was cleared w ith  a plasma t i / 2  o f  6 .5  ± 0 .5  

m in u tes  and a M R T  o f 9 .4  ± 0 .8  m inu tes  (figure 5 .18). These values are rem arkab ly  

c o m p arab le  to th e  clearance p aram eters  m easured  for u n trea ted  A A 2-V W F, 6 .6  ±  0 .4  

m inu tes  and 9 .6  ± 0 .5  m inutes  ( t i / 2  and M RT, respectively). In contrast P N G -rV W F  is 

cleared  in a very rapid m a n n e r  fro m  th e  circulation. This suggests a particular ro le  fo r  

V W F  A2 dom ain  glycans in m odula t ing  V W F  clearance since rem oval o f  N -linked  

glycans outs ide th e  A2 d om ain  does not significantly a lter  th e  rate of V W F  c learance.  

Fu rth er  studies w e re  p erfo rm ed  to  systematically investigate th e  tw o  individual N-
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glycan sites w ith in  th e  A2 dom ain  of V W F  to  d e te rm in e  th e ir  contribu tion  to  V W F  

plasma survival. This w ork  is discussed in detail in C hap ter  6.
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Figure 5.17 The N-linked glycans outside VWF A2 domain do not modulate circulatory 
clearance
Data graphed as the mean ± SEM.
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Figure 5.18 Clearance p a ram e te rs  for AA2-VWF, PNG AA2-VWF and  PNG-rVWF 
Data g raphed  as th e  m ean  ± SEM.
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5.7 Discussion

M uch of the recent published data pertaining to VWF clearance is focused on 

delineating the  cellular and receptor basis m ediating its uptake in vivo. W hile this is 

useful in suggesting features of VWF tha t may be im portant (for example VW F glycans 

fo r lectin based receptors) it does not identify regions and /o r specific residues of VWF 

tha t define its plasma half-life. Understanding the  mechanisms involved in regulating 

VW F clearance has the potential to enable developm ent of a long-acting molecule to 

trea t patients w ith VW D. In addition, a long-acting VW F carrier molecule might also 

significantly advance therapy for patients with haem ophilia A by extending FVIII half- 

life. W ith  this in mind, this investigation sought to further characterise the mode of 

VW F clearance and specifically to define the domains and features of the protein that 

are im portant.

5.7.1 VWF A domains modulate VWF clearance via macrophages

A single publication concluded that the A domains of VWF are im portant 

regulators o f in vivo survival in VWF'^' mice. Consequently we focused our initial 

attention  on the A domains of VWF. Clearance studies in VW F’  ̂ mice dem onstrated  

tha t m onom eric A1A2A3 exhibited a similar rate of clearance to full length m ultim eric  

rVWF. The A1A2A3 domains of VWF are central in regulating many VWF interactions. 

Encoded w ith in  this fragm ent are critical regions for binding to  GPIba, collagen type I, 

III, and VI, OPG, PSGPL-1, and ADAMTS13 cleavage. Our data now further suggest that 

A1A2A3 also contains a sequence involved in mediating VW F removal from  the  

circulation.
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Of note, the overall rate of human VW F clearance in VWF'^ mice is markedly  

more rapid than that observed in humans. The reported t i / 2  of rVWF in VWF  ̂ mice 

ranges from  7.8 minutes to 35 minutes up to 3 hours depending on the cell-line used 

for VWF expression and the dosage adm inistered (Pruss et al, 2011; Lenting et al, 

2004). These values stand in marked contrast to the t i / 2  of pd-VWF in humans of 

approxim ately 15 hours (Dobrkovska e t al, 1998). It has been suggested that these 

differences are partly related to  the increased basal metabolic rate of mice. In keeping 

with this human pd-VWF has a half-life of approxim ately 8 hours in canine models 

(Turecek et al, 1997).

Given the m ultim eric nature of VW F, it has been questioned w hether d ifferently  

sized m ultim ers may be cleared at distinct rates, or indeed w hether ADAMTS13- 

m edited proteolysis may contribute to the clearance rate. However, mice on a C57BI 

genetic background express a truncated variant of ADAMTS13 lacking the C-terminal 

TSP-1 and CUB domains. Consequently this variant of ADAMTS13 is not effective in 

cleaving human VW F (Zhou et al, 2007). This confounding factor has made it difficult to  

assess w hether ADAMTS13 contributes to VW F clearance. Notwithstanding these  

issues, a num ber of studies have provided evidence to suggest tha t ADAMTS13- 

m ediated cleavage is not a pre-requisite for VW F clearance. Notably the half-life of 

m urine VW F in ADAMTS13 deficient mice was similar to that of ADAMTS13 sufficient 

mice (Badirou et al, 2010). Nevertheless, o ther candidate proteases are capable of 

cleaving VW F, including lym phocyte derived granzymes, plasmin and leukocyte- 

secreted proteases (De Ceunynck e t al, 2013). To ensure our infused VW F was not 

undergoing proteolysis in vivo plasma samples w ere subjected to western blot analysis. 

No significant evidence of proteolysis was observed.
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Cumulatively, these findings confirm an im portant role for VW F A domains in 

influencing its clearance in VW F‘ ‘̂ mice, which is in keeping w ith Lenting et al. Further 

to  this, w e dem onstrate for the first tim e tha t macrophages contribute to the  

clearance of the A domains of VW F in vivo. Macrophage depletion using clodronate  

liposomes significantly prolonged the survival of rVWF and A1A2A3 VW F in our mouse 

m odel. Emerging data suggests that macrophages may not only be im portant in the  

norm al homeostasis of VW F plasma levels but may additionally m odulate pathological 

clearance of VW D  mutants. Interestingly, clodronate liposomes have been used to 

attenuate  the rapid clearance associated w ith VWF in a mouse model of VW D type 2B 

(Casari et al, 2013a). M oreover, work carried out in our lab has described prolonged 

survival of VW D Vicenza in the presence of clodronate-liposom es in VWF*^ mice 

(Rawley et al, 2015). Collectively, these data therefore define a role for macrophages 

in mediating both physiological and pathophysiogical clearance of VW F in vivo. 

Im portantly further work is needed to identify the macrophage receptors involved in 

this process.

5.7.2 A domain glycosylation regulates binding to THP-1 macrophages

In keeping w ith previous reports, VW F binding to  THP-1 was significantly

enhanced in the presence of ristocetin (Castro-Nunez et ol, 2012). Ristocetin stimulates

VW F-G PIba binding in the absence of shear stress via conform ational changes (Dong et

al, 2001). M oreover, recent data has indicated tha t ristocetin also induced

conform ational changes w ithin A2 and thereby enhanced AD AM TSlB -m ediated

proteolysis via enhanced exposure of the cryptic cleavage site (Chen et al, 2012). The

requirem ent for unwinding of VWF to  facilitate macrophage binding suggests that a
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cryptic site may be im portant in m ediating this interaction. Intuitively, the levels of 

activated unwound VWF, capable of tethering platelets and inducing thrombosis, need 

to be tightly regulated. Consistent w ith this, Chen et al has described that the exposure 

of the VW F GPIba binding site and ADAMTS13 cleavage site are coupled (Chen et al, 

2012). Thus platelet bound VWF is a preferred substrate for ADAMTS13 proteolysis 

(Shim et al, 2008). VW F interacts with the clearance receptor LRPl in a shear- 

dependent m anner, suggesting tha t activated VWF may also be a preferential target 

for clearance (Castro-Nunez et al, 2012; Rastegarlari et al, 2012). Furtherm ore, 

constitutively active VW D  type 2B m utations significantly enhance VWF clearance 

(Casonato et al, 2010).

Interestingly, VW F binding to THP-1 cells in our assays required the presence of 

divalent manganese ions. The explanation for this critical role of this specific cation 

remains unclear. Nevertheless, the requirem ent for manganese is in keeping w ith work  

by Rendu et al who reported THP-1 cells and prim ary polym orphonuclear leukocytes 

bound to  im m obilized VWF in the presence of cell m edium  supplem ented w ith M nC l2 

(Rendu et al, 2006). Additionally they found the presence of a 32 integrin antagonist 

ablated adherence of the cells to  VWF. This observation is also in line w ith data 

published by Koivunen et al, w ho reported VW F interacts with THR-1 cells in a 32- 

integrin dependent m anner requiring the presence of manganese cations (Koivunen et 

al, 2001). Im portantly VW F contains tw o Leucine-Leucine-Glycine (LLG) motifs which 

have been proposed as a consensus integrin binding sequences (Koivunen et al, 2001). 

The A1A2A3 VWF construct used in our study contains one of these LLG am ino acid 

motifs (1482-1484). M oreover, w e observed that soluble A1A2A3 VWF bound in a 

dose-dependent m anner to  THP-1 macrophages in the presence of M nCl2 . W h eth er
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32-integrins are involved in mediating this interaction remains to be determined. 

Cumulatively, these findings indicate that VWF A domains can interact with 

macrophages in vitro and that this interaction may be important in defining VWF 

survival in vivo.

In further examining features of VWF A domains that may influence this 

interaction, we identified a critical role for the N-linked glycans. A2 domain glycans 

constitute key determinants in negatively regulating the interaction between A1A2A3 

VWF and macrophages. It has been previously demonstrated that A2 domain glycans 

of VWF can also influence its interaction with ADAMTS13 via conformational changes 

in VWF (McKinnon et al, 2008). W e hypothesise that removal of the A2 glycans may 

additionally serve to modulate macrophage binding by exposing of critical binding 

regions.

5.7.3 VWF glycosylation influences its plasma half-life

The presence of N-linked glycans on coagulation factor X (FX) has been shown

to be a regulator of its biodistribution in plasma, and a predictor of half-life (Kurdi et al,

2012). Moreover, specific glycan determinants of VWF have been shown to modulate

its clearance. For example, enzymatic removal of terminal sialic acid residues from

VWF glycans markedly reduced plasma half-life when administered in rabbits (Sodetz

et al, 1977). In keeping with the exposure of sub-terminal galactose sugars, the rapid

removal of asialo-VWF was mediated via hepatic lectin receptor ASGPR. The

importance of VWF sialylation in regulating plasma clearance is further demonstrated

by the RIIIS/J inbred mouse strain, where aberrant glycosylation of VWF results in

enhanced clearance (Mohlke et al, 1999). In this context, and given the importance of
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N-linked glycan in modulating macrophage-VWF binding in vitro, the role of VWF 

glycans on in vivo clearance was studied. Strikingly, the absence o f the N-linked glycans 

markedly enhanced VWF clearance. Previous work by Badirou et al have demonstrated 

that removal of specific 0-linked glycan sites in cluster 1 of VWF also served to 

enhance VWF clearance in mice (Badirou et al, 2012). Collectively, these data suggest 

tha t VWF glycosylation can directly modulate its survival via interaction w ith clearance 

lectin receptors including ASGPR. However VWF glycosylation also promotes VWF 

survival by potentially maintaining VWF conformation and/or shielding critical VWF 

protein clearance sites.

5.7.4 N-linked glycans in the A domains modulate VWF survival in vivo

To elucidate a potential role fo r VWF A2 domain in influencing VWF clearance a 

AA2-VWF construct was designed. In spite of the removal of approximately 206 amino 

acids from  the protein backbone, the functional features described for this variant 

remain remarkably intact. Botrocetin induced platelet binding of a AA2 variant is 

normal, as is heparin binding and 32-glycoprotein I binding (Lankhof et al, 1997; 

Hulstein et al, 2007). This suggests that the deletion of A2 domain does not 

significantly affect the function of the adjacent A l domain. Moreover, Lankhof et al, 

(1997) also report comparable collagen type III binding between wild-type VWF and 

AA2-VWF suggesting the flanking A3 domain function is also not significantly altered. 

Consistent w ith the location of the cleavage site in A2, at position Y1605-M1606, AA2- 

VWF was not sensitive to  proteolysis when incubated w ith  normal human plasma 

(Lankhof et al, 1997). Remarkably, our findings demonstrate that removal of the A2

domain of VWF also fails to significantly influence its clearance in VWF’ '̂ mice.
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However it has been shown, by examining the clearance of various domain truncations 

of VWF, that VWF does not possess a simple single clearance site. Various N- and C- 

terminal truncations of VWF are removed from the circulation in VWF mice. This 

redundancy most likely means that even in the absence or mutation of important VWF  

clearance sites, ancillary domains may contribute to regulate VWF plasma levels.

Despite AA2-VWF displaying similar clearance parameters of full length VWF, 

we observed an important role for VWF A2 domain glycans in influencing VWF  

clearance. In stark contrast to rapid clearance observed with PNG-rVWF, PNG AA2- 

rVWF did not display enhanced clearance. These findings suggest that specific glycans 

within the A2 domain may be of specific important in regulating the rapid clearance of 

PNG-rVWF. M oreover the potential role of the glycans in the A2 domain in regulating 

VWF clearance will be further investigated in Chapter 6.

The work presented in this section highlights an important role for the A 

domains in contributing to VWF plasma half-life. Moreover, these data demonstrate  

that the A domains promote macrophage binding both in vitro and in vivo. Finally the  

N-linked glycans, specifically those located within VWF A domains, seemingly protect  

VWF from rapid clearance in plasma. The molecular mechanism through which N- 

glycans elicit this effect will be further investigated in the next section.
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6 Investigating the molecular mechanisms through which VWF 

glycosylation influences in vivo clearance

Accumulating lines of evidence suggest that VWF glycosylation is of direct 

physiological relevance. VWF glycan structures have been demonstrated to influence 

platelet adhesion, susceptibility to ADAMTS13 mediated proteolysis and circulatory 

half-life. Importantly, the molecular mechanisms through which VWF glycans modulate 

these effects remain unclear. Recently two groups have reported a role for the 0 -  

linked glycans of VWF, which are located within cluster 1 at the N-terminal end of the 

A1 domain, in regulating GPIba binding (Nowak et al, 2012; Madabhushi et al, 2014). 

Site-directed mutagenesis to eliminate the four 0-linked glycans in this cluster resulted 

in enhanced ristocetin-mediated GPIba binding to VWF. Additionally, loss of cluster 1 

also increased the ability of VWF to bind to collagen under high shear stress and 

subsequently mediated enhanced platelet capture under flow.

VWF clearance is regulated by expression of ABO(H) blood group antigens on 

VWF. Despite the relatively minor change in carbohydrate structure between different 

blood groups, the presence of ABO(H) structures on VWF glycan has a marked effect 

on plasma VWF levels. Blood group 0  individuals have 25% less circulating VWF 

compared to non-0 individuals (Gill et al, 1987). Accumulating evidence suggests that 

expression of ABO(H) blood group determinants modulate VWF survival (Gallinaro et 

al, 2008). Blood group O individuals have a significantly shorter VWF plasma half-life 

than non-0. In keeping with this group 0  individuals have significantly higher 

VWFpp/VWF:Ag ratios consistent with enhanced plasma clearance.
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The im portance of VWF glycosylation in influencing clearance has also been 

dem onstrated in a num ber of animal models. Studies in VWF'^' mice have 

dem onstrated a role for VW F 0-linked  glycans in protecting VW F circulatory survival 

(Badirou et al, 2012). M oreover, genetic inactivation of specific sialyltransferase 

(ST3Gal-IV) in C57BI mice results in enhanced exposure of sub-term inal galactose and 

thus results in a 2-fold reduction in VWF half-life (Ellies et al, 2002). Further evidence 

supporting the im portance of VWF glycosylation in regulating plasma clearance has 

been highlighted in the RIIIS/J mouse strain. These inbred mice exhibit aberrant 

expression of N-acetylgalactosaminyltransferase in EC, This results in aberrant VW F  

glycosylation, enhanced hepatic clearance and significantly reduced VW F plasma levels 

(M ohlke  et al, 1999). Cum ulatively these data highlight the  major role played by VWF  

carbohydrate structures in modulating its clearance. Im portantly how ever the  

biological mechanisms through which glycans contribute to  influence clearance in vivo 

rem ain poorly defined. The ASGPR remains the only definitive lectin receptor 

m ediating VW F clearance in vivo. However our observations in Chapter 5 dem onstrate  

PNG-rVWF is cleared from  the circulation in a m arkedly rapid m anner in VW F  ̂ mice. 

M oreover, our data furth er suggest that this accelerated clearance is m ediated  

through an ASGPR-independent pathway. Given the key role previously described for 

macrophages in regulating VW F survival in vivo w e sought to further investigate the  

molecular mechanism through which VW F glycans serve to  influence its clearance in 

vivo.
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6.1 Specific N-linked glycan sites can regulate VWF survival in vivo

As previously demonstrated, PNGase trea tm ent of rVWF resulted in enhanced  

clearance in vivo. However PNGase trea tm ent of a AA2-VWF did not result in a 

significantly altered rate of clearance compared to wild-type rVWF. Collectively these 

findings suggest that glycans within the A2 domain may be of specific important in 

regulating the rapid clearance of PNG-VWF. The A2 domain contains two complex-type  

N-linked glycans at position N1515 and N1574. To investigate a potential role for these 

glycans, initially N1515 was targeted for removal by site-directed mutagenesis (VWF- 

N1515Q) and expressed in HEK293T cells. For in vivo  clearance studies, VWF  ̂ mice 

were intravenously infused with 30nM  of V W F -N 1515Q  and at appropriate time points 

mice w ere  anaesthetised and blood collected for ELISA analysis. The calculated 

clearance parameters, including percentage recovery at 3 minutes, plasma half-life 

(ti/z) and mean residence time (MRT) for rVWF and VW F -N 1515Q  are shown below  

(table 6.1)

% Recovery t i / 2 (mins) MRT (mins)

rVWF 7 2 .0 1 5 .9 7 . 8 1 0 . 4 1 1 .2 1 0 .6

VWF-N1515Q 50.4 ± 1.9 3.7 1 0 .1 5 .3 1 0 . 2

Table 6.1 Clearance parameters for rVWF and VWF-N1515Q in VWF'^' mice 
Values are expressed as mean ± SEM.

Strikingly, V W F-N 1515Q  was cleared at an accelerated rate compared to rVWF 

in VWF '̂ mice (figure 6.1). Both the t i /2 and MRT for V W F-N 1515Q  (3.7 ± 0.1 minutes 

and 5.3 ± 0.2 minutes, respectively) were 2-fold reduced compared to rVWF (figure 

6.2, p<0.05). The clearance rate of VW F-N 1515Q  occurs in a similarly rapid manner to
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PNG-rVWF w hich  is surpr i s ing  given t h a t  t h e  N 1 5 1 5 Q  m u t a t i o n  only  r e m o v e s  o n e  N- 

l inked g lycan of  12 t h a t  a r e  e x p r e s s e d  o n  m o n o m e r i c  VWF. T h e s e  d a t a  t h e r e f o r e  

s u g g e s t  a key role for  t h e  glycan chain a t  N1515  wi th in A2 in in f luenc ing VWF 

c l e a r a n c e  in vivo.
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Figure 6.1 VWF-N1515Q accelerates VWF clearance compared to rVWF in VWF  ̂ mice 
Data graphed as the mean ± SEM.
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Figure 6.2 Clearance p a ram e te rs  for VWF-N1515Q and rVWF
(A) M ean residence tim e  values
(B) Plasma half-life values for rVWF and N1515Q 
Data are  g raphed  as th e  m ean  ± SEM.
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6.2 VWF glycosylation can influence macrophage-mediated clearance

To assess the  potential contribution of macrophages in m odulating the enhanced  

clearance of VW F-N 1515Q , clodronate liposomes w ere adm inistered to VWF  ̂ mice. A 

resting tim e of 24 hours was necessary to  allow  sufficient tim e for depletion of hepatic  

and splenic macrophages. V W F-N 1515Q  was infused into the mice and clearance 

assessed as before. The clearance param eters for V W F -N 1515Q  in the presence and 

absence of clodronate liposomes are detailed in table 6.2.

% Recovery ti/2(mins) MRT (mins)

VWF-N1515Q-clodronate 50.4  ± 1.9 3 .7  ± 0 .1 5.3 ± 0 .2

VWF-N1515Q+clodronate 87.5 ± 4.8 15.4 ± 0 .9 22.2 ± 1.3

Table 6.2 Clearance parameters for VWF-N1515Q in the presence and absence of clodronate
liposomes in VWF  ̂ mice
Values are expressed as mean ± SEM.

M acrophage depletion served to significantly enhance the recovery of VW F- 

N 1515Q  by over 30%. M oreover the calculated t i /2 was increased from  3.7 ± 0.1  

m inutes to 15.4 ± 0.9 minutes (figure 6.4). The MRT of V W F -N 1515Q  also reflected a 4- 

fold increase following macrophage depletion. Interestingly we observed that 

macrophage depletion m arkedly reversed the  enhanced clearance of V W F -N 1515Q  so 

that there  was no significant difference in residual VW F levels betw een rVWF and 

V W F-N 1515Q  levels (figure 6.5). Collectively these findings depict an im portant role for 

macrophages in m ediating the rapid clearance observed w ith  glycan variant VW F- 

N 1515Q  in vivo.

202



100

.o 80-

- m -  VW F-N1515Q -C lodronate  

-B - VW F-N1515Q  +Clodronate

—I
25

Time (mins)

Figure 6.3 Macrophage depletion delays the clearance of VWF-N1515Q VWF'^' mice 
Data graphed as the mean ± SEM.
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Figure 6.4 Clearance parameters for VWF-N1515Q in the presence and absence of clodronate 
liposomes
(A) Mean residence time values
(B) Plasma half-life values.
Data are graphed as the mean ± SEM.
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Figure 6.5 Macrophage depletion prolongs the survival of rVWF and VWF-N1515Q to a 
similar extent
Data graphed as the mean ± SEM.
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6.3 Glycosylation of A1A2A3 VWF can m odulate its clearance

W e  have previously d e m o nstra ted  th a t  a trun ca ted  fra g m e n t of V W F  com prised  

of th e  A 1A 2A 3  dom ains is c leared at a similar rate to  full length rV W F (C hapter  5). 

Given th a t  the  glycan a t N 1 5 1 5  resides w ith in  the  A2 dom ain  o f  V W F, w e  fu r the r  

sought to  exam ine  if th e  N 1 5 1 5  glycan could also influence th e  in vivo survival o f an 

A 1A 2A 3  V W F  truncated  frag m en t . To this end site-d irected mutagenesis was used to  

e lim in a te  th e  glycan at N 1 5 1 5  w ith  A 1A 2A 3 V W F  (A 1 A 2 A 3 -N 1 5 1 5 Q ) and clearance  

ex am in ed  in V W F ’ '̂ mice. T he  clearance p aram eters  fo r  A 1A2A3 V W F  and A 1A 2A 3-  

N 1 5 1 5 Q  are outlined  in tab le  6.3.

% Recovery t i /2 (mins) MRT (mins)

A1A2A3 VWF 8 2 .7  ± 7 . 0 6 .4  ± 0 . 3 9.2 ± 0 . 5

A1A2A3-N1515Q 4 8 .8  ± 1.4 3.1  ± 0 .0 5 4 .5  ± 0 . 1

Table 6.3 Clearance parameters for A1A2A3 and A1A2A3-N1515Q in VWF'^ mice 
Values are expressed as mean ± SEM.

In keeping w ith  its e ffect in enhancing  clearance o f  full length V W F, in troduction  

of th e  N 1 5 1 5 Q  glycan m u ta t io n  w ith in  th e  A 1A 2A 3 truncated  fra g m e n t  again resulted  

in significantly enhanced c learance (figure 6.6) . A 1 A 2 A 3 -N 1 5 1 5 Q  served to  reduce  

both  th e  t i /2 and th e  M R T  2-fo ld  co m p ared  w ith  A 1A2A 3 V W F  (figure 6.7). The  ex ten t  

of this accelerated clearance was similar to  th a t  seen w ith  V W F - N 1 5 1 5 Q  in full length  

rVW F. Cum ulatively, these  data  d e m o n s tra te  th a t  th e  enhanced clearance associated  

w ith  loss o f th e  glycan at position 1515  is m o d u la te d  through local effects w ith in  th e  

A 1A 2A 3  region of VW F.
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Figure 6.6 N1515Q accelerates the clearance of A1A2A3 in VWF'^' mice 
Data graphed as the mean ± SEM.
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Figure 6.7 Clearance parameters for A1A2A3 VWF and A1A2A3-N1515Q
(A) Mean residence time values
(B) Plasma half-life values
Data are graphed as the mean ± SEM.
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6.4 Specific glycan sites in A1A2A3 can contribute to macrophage-mediated

clearance

The enhanced clearance of V W F -N 1515Q  is m ediated through a m acrophage- 

dependent m anner. Thus we assessed the contribution of macrophages in regulating  

the  accelerated clearance of an A1A2A3 fragm ent containing N1515Q . C lodronate- 

induced macrophage depletion resulted in a significantly prolonged survival of 

A 1A 2A3-N1515Q . For example, at 10 minutes, macrophage depletion enhanced the  

am ount of residual VW F from  10.3 ± 1.4% to 35.4  ± 4.8%  (figure 6.8). Additionally after 

15 minutes, A 1A 2A3-N1515Q  survival was improved from  4.3 ± 0.6%, in the absence of 

clodronate trea tm ent, to 22.1 ± 1.1% following clodronate adm inistration (figure 6.8, 

p<0.05). Collectively therefore  our data dem onstrate that th e  introduction of the  

N 1515Q  m utation in both full length VWF and the truncated A1A2A3 VWF fragm ent 

result in enhanced clearance through a m acrophage-m ediated mechanism.
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Figure 6.8 Macrophage depletion prolongs the survival of A1A2A3 and A1A2A3-N1515Q VWF 
in VWF'^' mice
Data graphed as the mean ± SEM.
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6.5 Specific glycan sites in A1A2A3 VWF modulate in vitro macrophage

binding

To further exam ine the biological mechanisms m ediating the  enhanced  

clearance of A 1A 2A3-N1515Q  via macrophages we assessed binding to  THP-1 

macrophages in vitro. W e exam ined the binding of A1A2A3 VW F and A 1A 2A 3-N 1515Q  

in the presence or absence of Im g /m L  ristocetin. In the  absence of ristocetin, minimal 

A1A2A3 VWF binding was observed (figure 6.9). In contrast, introduction of the  

N 1515Q  glycan m utation resulted in significant spontaneous binding, even in the  

absence of ristocetin (figure 6.9). The rem oval of this glycan may result in 

conform ational changes that reveal critical regions in A1A2A3 VW F which prom ote  

THP-1 binding. In this context, it is interesting that N 1515Q  enhances VW F-THP-1  

binding to a similar extent to that observed in the presence of ristocetin. M oreover, 

the  binding of A 1A 2A 3-N 1515Q  was only enhanced to  a small degree following  

addition of ristocetin. As dem onstrated in Chapter 5, maximal m acrophage binding of 

A1A2A3 VWF was observed following PNGase treatm ent. In keeping w ith this, PNGase 

trea tm en t of A 1A 2A3-N1515Q  also further increased THP-1 binding (figure 6.9). Taken 

together our results specify a key role for the VWF glycan at N 1515  in regulating in 

vitro macrophage binding but also suggest that the glycan at N 1574  may also be 

im portant in m odulating VWF macrophage binding.
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Figure 6.9 N-linked glycans modulate binding of A1A2A3 VWF to THP-1 macrophages in vitro 
Data are expressed as a percentage of the mean maximum binding ± SEM.
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6.6 Glycosylation of A1A2A3 VWF modulates in vitro macrophage binding

through conformational changes in A2

McKinnon et al have previously dem onstrated that PNGase trea tm en t of VWF A2 

dom ain resulted in enhanced ADAMTS13 m ediated proteolysis. M oreover PNG-rVW F  

facilitates ADAMTS13 cleavage in the absence of urea (McKinnon et al, 2008). They  

concluded that the N-linked glycans v^/ithin the A2 domain may confer stability to the  

globular structure of the molecule. W e sought to  investigate if removal of the glycans 

in the A2 dom ain may induce conform ational changes in VW F prom oting macrophage  

binding.

W ith in  A1A2A3, the A l and A3 domains are restrained by long range intra-chain  

disulphide bonds which results in "“186 am ino acid loops (figure 6 .10). Consequently 

these domains are lim ited in their ability to undergo conform ational changes under 

shear stress. This is thought to  be essential in order to m aintain structural integrity for 

GPIba binding and collagen binding. In contrast the A2 domain in not constrained by a 

disulphide bridge as this dom ain only contains a vicinal disulphide bond (C1669-C1670) 

at the C-term inal end. Thus the A2 domain is considered the least stable VW F domain  

and the most susceptible to  unfolding (Auton et al, 2007). This is physiologically 

relevant as it allows dynamic exposure of the cryptic scissile bond (Y 1605-M 1606)  

regulating ADAMTS13 proteolysis. To structurally constrain the A2 dom ain, in a 

m anner homologous to A l  and A3, w e introduced a long range intra-chain disulphide 

bridge. This was achieved by site-directed mutagenesis of N1493C enabling a 

disulphide bond betw een C1493 and C1669. Additional the free cysteine at C1670 was 

m utated to  serine to allow maxim um  homology to  A l  and A3. W e term ed this variant
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A1A2A3 cysteine clamp (A1A2A3-CC). This VWF m utant has previous been described 

by Baldauf et ai who assessed its role in modulating ADAMTS13 proteolysis (Baldauf et 

al, 2009). They found the presence of the long range disulphide bridge w ith in  A2 

com pleted abolished ADAMTS13 proteolysis as similarly seen w ith a AA2-VWF variant. 

To investigate if a structurally confined A2 could m odulate macrophage binding and 

influence the effect of glycosylation on this binding we firstly generated an A1A2A3 

VW F variant containing the cysteine clamp (A1A2A3-CC). The ability of A1A2A3-CC to 

interact w ith macrophages in vitro was then assessed as before.

W e observed that similar to  w ild-type A1A2A3 VWF, A1A2A3-CC bound to  THP-1 

macrophages in the presence of ristocetin (figure 6.11). Im portantly however, 

although PNGase trea tm ent significantly enhanced the binding of A1A2A3 VWF, 

PNGase digestion of A1A2A3-CC only resulted in a small increase in macrophage 

binding. Consequently these findings suggest that the enhanced binding th a t results 

from  removal of the N-linked glycans in A2 is m ediated via unfolding of the A2 domain. 

Thus, this PNGase effect on macrophage binding is in large negated in the presence of 

a structurally constraint A2 domain m utant.
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C1272-C1458

Figure 6.10 A schematic rep resen ta t ion  of AlA2A3-cysteine clamp variant.
The intra-chain disulphide bridges in A1 and A3 are  highlighted in blue and green  (C1272- 
C1458 and  C1686-C1872). The native A2 dom ain  possesses only a vicinal disulphide bond 
dep ic ted  in red (C1669-C1670)
The low er panel illustrates th e  A1A2A3 cysteine clamp variant with th e  novel disulphide 
bridge a t  C1493-C1669. The variant restricts th e  unfolding of th e  A2 dom ain , preventing 
ADAMTSlS-mediated proteolysis of th e  cryptic cleavage site within A2 (indicated by the  
scissors).
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Figure 6.11 A structurally restrained A2 domain (A1A2A3-CC) attenuates binding of PNG- 
A1A2A3 to macrophages
Data are expressed as a percentage of the mean maximum binding ± SEM.
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6.7 The clearance of A1A2A3 is regulated by N-linked glycan sites inducing

unfolding of A2

Since restricting A2 domain unfolding limits the effect of glycosylation on 

macrophage binding, we further investigated the importance of A2 domain 

conformation upon macrophage-mediated clearance in vivo. As previously 

demonstrated, A1A2A3-N1515Q is cleared rapidly in VWF '' mice. The cysteine clamp 

mutation was therefore introduced into this construct to create A1A2A3-CC-N1515Q. 

The clearance of A1A2A3-CC-N1515Q was examined alongside A1A2A3-N1515Q and 

A1A2A3 as controls. The clearance parameters for these variants are outlined in table 

6.4.

% Recovery t i / 2 (mins) M RT (mins)

A1A2A3 VWF 82.7 ± 7 .0 6.4 ± 0 .3 9.2 ± 0 .5

A1A2A3-N1515Q 48.8 ± 1.4 3.1 ±0 .05 4.5 ± 0 .1

A1A2A3-CC-N1515Q 85.5 ± 8 .8 7.8 ± 0 .65 11.3 ± 0 .9

Table 6.4 Clearance parameters for A1A2A3 and A1A2A3-N1515Q with and with a cysteine 
clamp mutation (CC) in VWF  ̂ mice 
Values are expressed as mean ± SEM.

In keeping with our THP-1 in v itro  binding results, the introduction of the 

cysteine clamp into A1A2A3 did not significantly influence its rate of clearance in vivo  

compared to wild-type A1A2A3. In contrast, the presence of the cysteine clamp in the 

A2 domain served to ablate the rapid clearance associated with A1A2A3-N1515Q  

(figure 6.12). As described in section 6.3, the N1515Q substitution resulted in a 2-fold 

decrease in the MRT and t i /2 of A1A2A3 VWF. In contrast introduction of the cysteine
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clam p led to full correction of the M R T and t i / 2  o f A 1 A 2 A 3 -N 1 5 1 5 Q  V W F  to  levels 

com parable  w ith  w ild -type  A1A2A3 (11 .3  ± 0 .9  m inutes  for M R T  and 7.8  ± 0 .65  

minutes for t i / 2  fo r  A 1A 2A 3-C C -N 1515Q , figure 6 .13). Cum ulatively these data confirm  

our in vitro  findings and suggest th a t  the  glycans w ith in  the  A2 dom ain (specifically  

N 1 5 1 5 )  influence V W F survival through conform ational changes in the  A2 dom ain .
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Figure 6.12 A structurally constrained A2 construct (A1A2A3-CC) inhibits the rapid clearance 
of A1A2A3-N1515Q in VWF"' mice
Data graphed as the mean ± SEM, in some cases the error bars are too small to be seen.
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Figure 6.13 Clearance parameters for A1A2A3 VWF, A1A2A3-N1515Q and A1A2A3-CC- 
N1515Q
(A) Mean residence time values
(B) Plasma half-life values. Data are graphed as the mean ± SEM.
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6.8 N-linked glycosylation and A2 domain conformation influence clearance 

of full length VWF

To further examine a potential role for the A2 domain conformation in 

modulating clearance of full length VWF, the cysteine clamp mutation was also 

inserted into our full length rVWF construct (rVWF-CC) and clearance assessed in 

VWF'^' mice. The clearance parameters are outlined in table 6.5.

% Recovery ti/2(m ins) MRT (mins)

rVWF 72.0  ± 5 .9 7.8 ± 0 .4 11.2 ± 0 .6

rVWF-CC 101.6 ± 3.6 6.5 ± 0 .4 9.4 ± 0 .5

Table 6.5 Clearance parameters for rVWF and rVWF with the cysteine clamp mutation in A2
(rVWF-CC) in VWF'^‘ mice
Values are expressed as mean ± SEM.

The presence of the cysteine clamp mutation in the A2 domain of full length 

rVWF did not significantly alter the rate of clearance compared to wild-type rVV\/F 

(figure 6 .14 and 6.15). However the percentage recovery of rVWF-CC at 3 minutes was 

significantly increased compared to rVWF (101.6 ± 3.6% vs 72.0  ± 5.9%, respectively 

p<0.01). The reason for this enhanced recovery remains unclear, but raises the  

possibility that A2 domain conformation may be particularly important in regulating 

the initial phase of VWF clearance in vivo. Collectively these results demonstrate that  

preventing the unfolding of the A2 domain does not influence its rate of clearance in 

this mouse model.
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Figure 6.14 A structurally restricted A2 domain does not significantly alter the rate of 
clearance of full length rVWF in VWF'^' mice 
Data graphed as the mean ± SEM.
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Figure 6.15 Clearance parameters for rVWF compared with rVWF-CC
(A) Mean residence time values
(B) Plasma half-life values
Data are graphed as the mean ± SEM.
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Interestingly, the introduction of the cysteine clamp mutation into full length 

VW F-N1515Q (VWF-N1515Q-CC) served to significantly prolong survival (figure 6.16). 

The calculated clearance parameters for VW F-N1515Q with and without the cysteine 

clamp mutation are shown in table 6.6.

% Recovery t i /2 (mins) MRT (mins)

VWF-N1515Q 50.4 ± 1.9 3.7 ± 0 .1 5.3 ± 0 .2

VWF-N1515Q-CC 100.4 ± 6.4 6.5 ± 0 .4 9.3 ± 0 .7

Table 6.6 Clearance parameters for N1515Q and CC-N1515 in VWF'^' mice 
Values are expressed as mean ± SEM.

The presence of the cysteine clamp within the A2 domain resulted in an 

approximately 2-fold increase in t i / 2  from 3.7 ± 0.1 minutes to 6.5 ± 0.4 minutes. 

Similarly the MRT for VW F-N1515Q was also enhanced 2-fold (5.3 ± 0.2 minutes to 9.3 

± 0.7 minutes) (figure 6.17). These values are comparable with the t i / 2  and MRT for 

rVWF. This suggests that restricting the unfolding of the A2 domain completely 

reverses the accelerated clearance observed with N1515Q in both full length VWF and 

truncated A1A2A3 VWF. We hypothesise that removal of the glycan at N1515 induces 

conformational changes in A2 resulting, and thereby leads to enhanced binding to 

macrophages and reduced circulatory survival in vivo.
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Figure 6.16 Cysteine clamp within A2 inhibits the rapid clearance of VWF-N1515Q in VWF'^ 
mice
Data graphed as the mean ± SEM.
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Figure 6.17 Clearance parameters for VWF-N1515Q compared with VWF-N1515Q-CC
(A) Mean residence tim e values
(B) Plasma half-life values
Data are graphed as the mean ± SEM.
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6.9 Discussion

Our novel findings in Chapter 5 demonstrated that VWF glycosylation is essential 

in protecting VWF against accelerated clearance in vivo. Understanding the mechanism 

o f how VWF glycosylation mediates this effect is im portant since enhanced plasma 

clearance of VWF has been shown to play a role in the etiology of both type 1 and type 

2 VWD. Further to this, only 50% of VWD type 1 patients w ith  plasma levels 30-50% of 

normal have mutations in the VWF gene. Linkage analysis has demonstrated that 

causative factors fo r reduced plasma VWF levels in this cohort lies outside the VWF 

locus (James et al, 2006; Eikenboom et al, 2006). Alterations in VWF glycosylation, 

and/or variation in plasma VWF clearance, constitute potential mechanisms through 

which these reduced plasma VWF levels could be explained. In humans, this is 

exemplified by the ABO locus, regulating the clearance of VWF by directly altering its 

glycosylation.

6.9.1 VWF glYcosylation regulates its macrophage-mediated clearance

VWF clearance is markedly accelerated in the absence of the giycan at N1515 

w ith in  the A2 domain. Mass spectrometry analysis o f this giycan site in human pd-VWF 

has revealed it is occupied by complex type heavily branched (bi- up to tetra- 

antennary) giycan structures (Canis et al, 2012). M oreover N1515 has been shown to 

carry fucosylated species. Consequently this site is likely to  feature ABO(H) antigen 

determ inants in human plasma. Given that the giycan at N1515 protects VWF from  

rapid clearance in vivo, we speculate tha t ABO(H) determ inants expressed at this site 

in pd-VWF may potentially contribute to  regulate ABO-dependent VWF clearance. The
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increased branching of the glycan chains due to the presence of ABH antigens may 

increase the potential shielding effects of the glycan chain, sterically hindering 

interactive clearance sites in VWF. In support of this, the absence of ABH structures as 

seen in blood group Bombay VWF results in significantly reduced plasma levels 

(O'Donnell et al, 2005). Moreover Bombay VWF displays enhanced, conformational- 

dependent, susceptibility to ADAMTS13 proteolysis, suggesting that the absence of 

ABH antigens allows VWF to adopt a more permissive conformation for cleavage. This 

may also result in a conformation which facilitates enhanced clearance.

We observed that the rapid clearance of VW F-N1515Q glycan variant was 

mediated via macrophages. Moreover its effect was localised within the A1A2A3 

domains of VWF, since the presence of N1515Q mutation within a truncated A1A2A3 

VWF fragment served to enhance its clearance to a similar extent to that of full length 

rVWF-N1515Q. VWF glycan sites are highly conserved across species suggesting 

possible functional roles. No patient mutations have been described that result from  

the direct loss of VWF N-linked glycan sites. Of note Haberichter et al have reported a 

novel patient mutation N1231S, which is a potential IM-linked glycan site for VWF. The 

elevated VWFpp/VWF:Ag ratio associated with this mutation resulted in it being 

classified as VWD typelC  (Haberichter et al, 2013). However conflicting reports exist 

on whether the consensus N-linked glycan sequence at position N1231 is occupied 

(Carew et al, 1990; Canis et al, 2012). In contrast Haberichter et al have described a 

patient homozygous for N528S which predicts the introduction of an additional N- 

linked glycan site within the D2 domain of VWF (Haberichter et al, 2010). That patient 

was classified as type 2A VWD. Importantly, two patients have been described with the 

mutation S1517R (Castaman et al, 2013). This mutation is of particular interest as it
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disrupts the consensus sequence for N-linked glycosylation at 1515. Both patients are 

heterozygous fo r S1517R substitution but were reported to have plasma VWF:Ag levels 

as low as 15% of normal.

In addition qualitative changes in VWF glycosylation have also been reported in a 

cohort o f individuals w ith abnormally low plasma VWF:Ag levels. Lectin analyses have 

demonstrated tha t these patients have significant increases in galactose or N- 

acetylgalactosamine expression on VWF glycans. The increased exposure o f these 

carbohydrates may result in accelerated clearance via lectin receptor ASGPR (Ellies et 

al, 2002). Taken together these findings confirm the importance of both quantitative 

and qualitative changes to VWF glycosylation in vivo and may be of direct clinical 

significance.

6.9.2 VWF A domain glycosylation influences in vivo survival via altered  

macrophage binding

Macrophages represent the critical mediators underlying the accelerated

clearance phenotype of N1515Q in vivo. Moreover the effect o f this glycan can be

localised to  the A1A2A3 domains of VWF. Thus, loss of the N1515 glycan significantly

enhances VWF binding to  macrophages in vitro which can occur in the absence of

ristocetin. In fact the extent of A1A2A3-N1515Q binding was equivalent to that

observed w ith  w ild-type A1A2A3 in the presence o f ristocetin, suggesting tha t the

N1515Q m utation converts VWF into a conformation more permissive fo r macrophage

interaction. We therefore hypothesise that the N1515 glycan functions to maintain

VWF in its globular configuration shielding macrophage interactive sites w ith in  VWF. In

keeping w ith  this, Mckinnon et al described that the removal of the neighbouring
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glycan in A2 (N 1574Q ) prom oted conform ational changes in A2 and rendered VW F  

m ore susceptible to  ADAMTS13 proteolysis (McKinnon et al, 2008).

Ristocetin is known to induce G P Ib a-V W F -d epen d en t p late let aggregation by 

exposing the cryptic A l  dom ain in VW F, and serves to mimic the effect of shear stress. 

Ristocetin has tw o described binding sites flanking the  p latelet-b inding A l  domain at 

C y s l2 3 7 -P ro l2 5 1  and G lu l4 6 3 -A s p l4 7 2  (Girm a et al, 1990). Recently it has been 

dem onstrated that the effect of ristocetin is not lim ited to the A l  dom ain. Chen et al 

described a role for ristocetin inducing conform ation changes w ithin the adjacent A2 

dom ain, exposing buried m ethionine residues fo r oxidation and additionally enhancing 

ADAM TS13 cleavage (Chen et al, 2012). They reported ristocetin also changed the  

conform ation of the A l  dom ain, but the extent of m ethionine oxidation in A l was 

much less than tha t observed in the A2 dom ain. This is consistent w ith  the  concept 

that the A2 dom ain can undergo extensive unravelling.

A num ber of putative m acrophage receptors for VW F have been described 

including lectin and non-lectin receptors. For exam ple, LRPl, 32 integrins, ASGPR and 

Siglec 5 have been highlighted as candidate m acrophage receptors. The relative  

physiological contribution of these candidate receptors in regulating VW F clearance  

remains unclear. For exam ple, genetic inactivation of both ASGPR and LRPl in mice 

results in only a 1.5-fold increase in plasma VW F levels (Grewal e t al, 2008; 

Bovenschen et al, 2003). Consequently VW F clearance is likely to be m ediated by a 

num ber of receptors. The rate of V W F -N 1515Q  clearance is rem arkably similar to  tha t  

of PNG-rVWF. M oreover the rapid rem oval of V W F -N 1515Q  is alm ost com pletely  

corrected following m acrophage depletion. W e there fo re  hypothesis that these  

variants are likely to be cleared via a glycan-independent pathw ay, possibly involving
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non-lectin receptors on macrophages. Casari et al have demonstrated a dom inant role 

fo r macrophages in the clearance of gain of function VWD type 2B mutants (Casari et 

al, 2013a). Moreover additional studies have demonstrated tha t 2B mutants bind 

spontaneously to  LRPl in vitro  in the absence o f ristocetin or shear stress (W ohner et 

al, 2013). The enhanced affin ity  fo r LRPl may o ffe r an explanation as to why these 

mutants are cleared rapidly via macrophages in vivo. In light of this data it is tem pting 

to  speculate a similar phenomenon may occur w ith  the N1515Q mutation. Further 

studies will be required to assess if macrophage-LRPl is im portant in modulating the 

enhanced clearance of VWF-N1515Q.

6.9.3 VWF glycosylation in the A domain modulates clearance through 

conformational changes

In support of our hypothesis that N1515Q m utation induces conformational 

changes w ith in  A1A2A3, in silica glycan modelling (section 5.4) revealed the glycans 

w ith in  A2 are both of significant size, and thus capable of exerting considerable 

shielding effects. However due to the presence of disulphide bridges in A l and A3, only 

the A2 domain is predisposed to significant unravelling. Recent therm odynam ic studies 

have demonstrated that the A2 domains unfolds progressively from  its C-terminus at 

an approximate unfolding force of 21pN and has an unfolded contour length of 60- 

70nM (Ying et al, 2010). Studies have described the importance o f the vicinal 

disulphide in A2 stabilisation (Luken et al, 2010). Structural analysis demonstrated that 

the disulphide bond in A2 interacts w ith the hydrophobic core to  stabilise the domain. 

However under shear stress the bond also regulates the initial unfolding o f the C-
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term inal helical end of A2 exposing the crytic ADAMTS13 exosite (figure 6.18) (Luken et 

al, 2010).

GPlb«,

Cys16«9-
Cys1670

GPIbfij

Collagen

Shear forces

Asp1614 i Collagen

Coltdo^''Glu1660-
AfqHSa

Figure 6.18 Molecular modelling illustration of A1A2A3 VWF
A l, A2 and A3 domains are highlighted in green, pink and blue, respectively. The vicinal 
disulphide bond in A2 Cysl669-Cysl670 (dark blue) is hidden in the folded A2 domain. Shear 
forces unravel A2 to expose the face of the A l domain containing the GPIba sites, cryptic 
ADAMTS13 binding and cleavage sites (red). [Adapted from Crawley et al, 2011]

To exam ine the effect of A2 conform ation on VWF clearance, a m utant A2 

dom ain resistant to unfolding was constructed. This VWF m utant has previously 

described to render VWF insensitive to ADAMTS13 cleavage in vitro  (Baldauf e t al, 

2009). The am ino acid residue N1493 was chosen to m utate to a cysteine as m olecular 

modelling revealed tha t its side chain is in the correct orientation to  interact w ith the  

corresponding cysteine at C1669. Additionally to rem ove the rem aining unpaired  

cysteine, C1670 was m utated to serine. This created maximal homology betw een A l,  

A2 and A3, each containing a long range intra-chain disulphide loop of approxim ately  

186 am ino acids. W ork by Luken et al has dem onstrated that the introduction of this 

cysteine clamp m utation w ithin A2 and the  removal of the native vicinal disulphide
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does not disrupt the circular dichrom atic spectra of VW F indicating that the overall 

global structure of the glycoprotein is unaffected (Luken et al, 2010).

Constraining the A2 domain did not serve to significantly a lter the rate of 

clearance of e ither w ild-type A1A2A3 VW F or full length rVWF w ith  intact A2 glycans. 

However, the cysteine clamp m utation had a very significant effect on the survival of 

glycan variant N 1515Q  in both of these VW F constructs. The presence of the cysteine 

clamp resulted in com plete inhibition of the rapid clearance observed w ith A1A2A3- 

N 1515Q  and V W F -l\il515Q . Our in vitro findings suggest that the corrected clearance 

rate of these glycan variants with the cysteine clamp may be m ediated by reduced 

affinity fo r macrophages. Enzymatic rem oval of the glycans w ithin A1A2A3-CC resulted 

in significantly reduced binding to THP-1 macrophages com pared to glycan removal of 

w ild-type A1A2A3. Collectively these data suggest that N 1515Q  m utation requires 

conform ational changes w ithin the A2 dom ain and subsequent exposure of critical 

macrophage binding residues to m ediate its effect on VW F survival in vivo.

In conclusion, we report the novel observation that VWF A domain glycosylation 

can influence its survival via m acrophage-dependent clearance. In particular the glycan 

site N 1515 plays a crucial role in protecting VWF against clearance by macrophage. Our 

data suggests that this glycan serves to  shield a critical macrophage interactive site 

within VW F A2 domain. Im portantly these glycosylation effects may be clinically 

relevant given the role of enhanced clearance of VW F in patients w ith type 1 VW D.
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7 Conclusions

VWD is the most common inherited bleeding disorder effecting up to 1% of the 

general population. The most common type of VWD is caused by a partial quantitative 

deficiency. Reduced VWF plasma levels can be caused by defects in synthesis and 

secretion. Alternatively, enhanced circulatory removal of VWF has also been identified 

as a pathogenic mechanism in type 1 VWD (Haberichter et al, 2008). Interestingly, up 

to 40% of type 1 VWD individuals do not demonstrate a causative mutation w ith in 

the ir VWF gene (Eikenboom et al, 2006). Clearly these findings suggest that other 

factors, including glycosylation, may play critical roles in modulating plasma VWF 

levels.

7.1 VWF N-linked glycans and terminal sialic acid critically regulate its

interaction with galectin-1

In keeping w ith the previous report of Saint-Lu et al, 2012 we confirmed that 

galectin-1 bound to pd-VWF in a dose-dependent manner. Systematic modification of 

the glycosylation profile of VWF demonstrated tha t this interaction w ith galectin-1 was 

principally mediated by the N-linked glycans of VWF. In particular term inal a2-6 linked 

sialic acid on VWF glycans served to  negatively modulate galectin-1 binding by masking 

exposure o f sub-terminal galactose which is known to  constitute a critical galectin-1 

ligand. Interestingly, galectin-1 also demonstrated significantly enhanced binding fo r 

blood group AB compared to blood group 0  VWF. In addition to the critical role of N- 

linked glycans in modulating galectin-1 binding, VWF m ultim erisation was also found
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to  be im portant in regulating galectin-1 binding. Thus HMWM VWF demonstrated 

significantly enhanced galectin-1 binding compared to LMWM VWF. This enhanced 

interaction w ith HMWM likely reflects that fact tha t these VWF multimers have 

extensive glycan clustering.

M odification of VWF A domain conformation, w ith  e ither ristocetin or follow ing 

introduction of a gain o f function type 2B-like VWD mutation, both resulted in 

markedly enhanced galectin-1 binding. These findings suggest tha t the A domain 

conformation and the N-linked glycans expressed in this region at N1515 and N1574 

may be particularly im portant in regulating the VWF,/galectin-1 interaction. This 

hypothesis was supported by site-directed mutagenesis of N1515 and N1574, 

respectively and also by experiments performed by using domain truncated fragments 

of VWF. Im portantly an A1A2A3 VWF domain truncation was shown to bind to 

galectin-1. Furthermore, this binding was significantly attenuated w ith the addition of 

the D'D3 domains to the A1A2A3 VWF truncation. This observation suggests that the 

D'D3 domains may play a role in shielding galectin-1 binding sites w ith in  A1A2A3.

7.2 Galectin-1 and galectin-3 represent novel ligands for human FVIII and

influence its procoagulant function

Given the evidence that FVIII glycans influence its biological properties and since 

the glycan profile of FVIII and VWF share significant similarities, galectin binding to 

human FVIII was also investigated. Both galectin-1 and galectin-3 bound to  rFVIII in a 

dose-dependent manner. Once again systematic modification o f FVIII glycans 

demonstrated that the N-linked glycans o f FVIII were critical meditators fo r both
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galectin-1 and -3 binding. In addition the 0-linked glycans of FVIII also contributed 

significantly to galectin-3 binding. Commercial FVIII concentrates express differential 

glycosylation profiles since they are expressed in heterologous cell systems. 

Consequently it was interesting to note that three different FVIII products exhibited 

significant differences in galectin binding. In particular, BDD-FVIII studies revealed that 

galectin-3 binding to FVIII is strongly influenced by the N- and 0-glycans within the B 

domain of FVIII. However a novel role for the two high mannose oligosaccharides 

within the A1 and C l domains was also identified in supporting galectin-1 binding. 

Interestingly, despite the high affinity of both galectin-1 and -3 for purified rFVIII, only 

galectin-1 was capable of interacting with free FVIII within plasma. Further to this, 

galectin-1, but not galectin-3 served to reduced FVIII cofactor activity in functional 

assays. The inhibitory effect of galectin-1 on FVIII activity occurred only at high galectin 

concentrations. These galectin-1 concentrations were significantly in excess of typical 

levels reported in normal human plasma. However galectin-1 is expressed in EC and 

intracellular levels are significantly increased upon EC activation (Lotan et at, 1994). 

Moreover galectin-1 is also known to be expressed on platelets and circulates bound 

to VWF (Romaniuk et al, 2012; Saint-Lu et al, 2012). Consequently, increased local 

concentrations of galectin-1 at sites of vascular injury may function to modulate FVIII 

biology.
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7.3 VWF A domains modulate VWF clearance In vivo In a macrophage-

mediated manner

In keeping with previous reports on the clearance of human VW F in the VW F  

mouse model, we observed that a domain fragm ent consisting of the m onom eric  

A1A2A3 VW F was cleared at the same rate at full length m ultim eric VW F. 

Furtherm ore, chemical depletion of macrophages using clodronate liposomes 

adm inistration significantly inhibited A1A2A3 clearance in vivo to  a similar exten t as 

tha t observed w ith full length VWF. In vitro binding assays utilising THP-1 macrophages 

w ere established to further characterise the interaction betw een VW F and 

macrophages. Interestingly VW F binding to  THP-1 macrophages was significantly 

enhanced in the presence of manganese ions, indicating a possible role for p2 integrins 

in mediating this interaction. Additionally, co-incubation of VW F with ristocetin 

significantly increased VWF binding to THP-1 macrophages. Ristocetin is known to  

induce conform ational changes in VWF A1 and A2 domains, enhancing affinity for 

GPIba and increasing VW F susceptibility to ADAMTS13 proteolysis (Chen et al, 2012). 

These data indicate a role for VW F A domains in m odulating macrophage binding. 

Consistent w ith our in vivo findings, A1A2A3 VWF bound to THP-1 macrophages in a 

dose-dependent manner. Cumulatively, these data dem onstrate tha t the A1A2A3 

domains of VW F contain receptor-binding sites for m acrophage-m ediated clearance.
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7.4 VWF N-linked glycans within the A2 domain influence macrophage- 

mediated clearance

The VWF A domains express tw o large com plex-type N-linked glycans at N1515  

and N 1574. Enzymatic removal of these glycans within A1A2A3 VWF was used to 

assess th e ir contribution in m ediating VW F binding to macrophages. Surprisingly, 

rem oval of the N-linked glycans dram atically enhanced VWF binding to macrophages. 

Similarly enzym atic removal o f the N-glycans from  full length rVWF (PNG-rVW F) also 

resulted in markedly increased clearance in vivo. W e hypothesise that removal of the  

N-glycans on VWF therefore targets it fo r rapid m acrophage-m ediated clearance. 

M oreo ver this macrophage m ediated clearance is regulated through an ASGPR- 

independent clearance pathway. Interestingly, removal of the N-glycans in a VWF  

variant lacking the A2 domain did not enhance the rate of VWF clearance. Collectively 

these data suggest that the N-glycans w ith in  the A2 domain play key roles in regulating  

VW F clearance.

7.5 Specific VWF N-linked glycan sites within the A2 domain regulate VWF 

clearance in a conformation-dependent manner

In light on the  novel role for VW F A2 domain glycans in influencing macrophage 

binding and clearance in  vivo, the role of the specific N-glycans at N1515 and N 1574  

sites was furth er investigated using site-directed mutagenesis in full length rVWF. First, 

the  role of the glycan at N1515 was exam ined (VW F-N1515Q ). Removal of this 

individual glycan site m arkedly reduced VW F half-life in  vivo. M oreover introduction of 

this glycan m utation w ithin an A1A2A3 VW F fragm ent also served to reduce its half-
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life. Importantly, macrophage depletion significantly prolonged the clearance of 

N1515Q in both full length VWF and truncated A1A2A3 VWF. Cumulatively these data 

suggest that specific removal of the VWF glycan at N1515 enhances macrophage- 

mediated clearance of VWF via critical sites localised within the VWF A domains.

To further characterise the role of macrophages, VWF binding to THP-1 

macrophages in v itro  was examined. Interestingly A1A2A3-N1515Q bound 

spontaneously to THP-1 macrophages without the need for ristocetin. These data 

suggest that removal of the N1515 glycan within A2 may induce conformational 

changes within VWF A domains and promote macrophage binding. Interestingly, 

PNGase treatm ent of A1A2A3-N1515Q served to further enhance macrophage binding 

in v itro  highlighting a potential role for the adjacent glycan at N1574 in also regulating 

the VWF-macrophage interaction.

A structurally constrained A1A2A3 VWF variant was created by introducing a long 

range intra-chain disulphide bridge within A2, homologous to the A1 and A3 domains, 

termed cysteine clamp (CC). While PNGase treatment markedly enhanced A1A2A3 

VWF binding to macrophages, PNGase treatm ent of A1A2A3-CC failed to reach 

maximal binding. These data suggest that the glycans within the A2 domain regulate 

the VWF-macrophage interaction through conformational changes in the A2 domain. 

Consistent with these findings, the presence of a structurally restricted A2 domain in 

VW F-N1515Q and A1A2A3-N1515Q resulting in prolonged survival in vivo. Collectively, 

these results indicate that the VWF glycan mutant N1515Q induces conformational 

changes within the A2 domain, potentially exposing critical macrophage binding 

residues to mediate enhanced clearance of VWF in vivo. The N-linked glycans within 

the A2 domain are important not only for regulating VWF clearance but previous work
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has dem onstrated a role for the adjacent glycan N 1574 in influencing ADAMTS13  

cleavage. The specific im portance of these tw o  individual N-glycans is likely m ediated  

in part by the dynamic ability of the A2 domain to  response to shear stress.
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8 Future directions

8.1 Investigating the functional significance of the VWF-galectin interaction

I. The work outlined herein defines galectin-1 as a high affin ity binding partner 

for VW F. Given the similarities betw een the respective CRDs of galectin 

fam ily m em bers it will be of interest to  determ ine if other galectins may also 

bind to VW F. Interestingly mass spectrom etry analysis of p latelet lysates has 

suggested that galectin-8 m ay constitute another novel binding partner for 

human VW F (Romaniuk et al, 2010).

II. Our study describes an im portant role for VWF glycans adjacent to the  

ADAMTS13 cleavage site in the A2 dom ain in regulating galectin-1 binding. 

M oreover Saint-Lu et al have previously reported that in the absence of 

galectin-1 and -3 VW F string form ation on the endothelial cell surface was 

significantly enhanced (Saint-Lu et al, 2012). To furth er investigate the  

miolecular basis through v>/hich galectins m ediate this effect, the  ability of 

galectins to influence VW F proteolysis by ADAMTS13 under shear will be 

exam ined. Additional plasma proteases can also cause VW F proteolysis, 

including plasmin and leukocyte proteases (Raife et al, 2009; Berkowitz et al, 

1987). Further studies will be required to determ ine w h eth er galectin binding 

to  VWF may also m odulate cleavage by these plasma proteases.
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III. Reduced plasma galectin-1 and galectin-3 levels have been reported in mice 

deficient in VWF (Saint-Lu et al, 2012). To further investigate this observation 

plasma galectin-1 and -3 levels w ill also be measured in patients w ith VWD to 

assess whether qualitative and/or quantitative changes in VWF levels in 

humans also influence plasma galectin levels.

IV. Recent data has suggested that galectin-3 may represent a candidate 

biomarker fo r venous throm boembolism  in both humans and mice (DeRoo et 

al, 2014). Consequently fu rther studies to determine whether plasma 

galectin concentrations may vary in patients w ith elevated VWF:Ag levels 

would also be of direct clinical relevance.

8.2 Defining the physiological significance of the interaction between FVIII 

and galectins

Our data reveal that both galectin-1 and -3 constitute novel binding candidates 

fo r human FVIII. Moreover, at high concentrations galectin-1 can inh ib it FVIII cofactor 

activity. However several key questions remain to  be addressed.

I. In vitro  assays suggest a high affin ity interaction between galectins and FVIII. 

Galectin-1 is known to be expressed by liver sinusoidal endothelial cells, 

which have also recently been demonstrated as the primary site o f FVIII 

production (Shahani et al, 2014; Fahs et al, 2014). To determ ine whether
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galectin -1  m ay  interact w ith  FVIII w ith in  these  cells in tracellular  

colocalisation studies will be p e rfo rm ed.

Galectins have been  shown to  com plex  w ith  V W F  w ith in  HUVECs and  

m o re o v e r  galectins, which lack a typical secretory  signal, rem ain  associated  

w ith  V W F  upon secretion (Saint-Lu e t al, 2012 ) .  To assess w h e th e r  galectins  

m a y  also associate w ith  FVIII in plasma a co im m u n o p rec ip i ta t io n  study will 

be carried out. For these assays plasma fro m  V W D  type  3 patients  will be 

used to  exclude V W F, since it is know n to  com plex w ith  galectins in plasma.  

This w o rk  m ay also help to define w h e th e r  increased local concentrations of  

galectin -1  w ith  FVIII m ay occur in vivo.

This study d em o nstra tes  th a t  galectin -1  can bind and p rec ip ita te  free  FVIII 

f ro m  V W F  defic ien t plasma. H ow ever, it is know n th a t  once in com plex w ith  

V W F  a n u m b e r  o f  FVIII in teractions are a t te n u a te d  including binding to  LRPl  

c learance recep to r and C D206 lectin receptor. C onsequently  it will be 

necessary to  d e te rm in e  w h e th e r  galectins can bind to  FVIII w ith in  th e  FVIII- 

V W F  com plex  and m o re o v e r  if the  inhibitory e ffect on FVIII activity observed  

w ith  galectin -1  can also occur on th e  FVIII-VW F complex.

G alectin -1  displays binding preferences fo r  FVIII high m annose  

oligosaccharides. These glycan chains on FVIII have been  proposed to  

m e d ia te  FVIII uptake by antigen presenting cells and T cell activation  

(Dasgupta e t al, 2007 ).  Additionally  both ga lectin -1  and galectin -3  displayed



enhanced binding for BHK-rFVIII compared with CHO-rFVIII. Interestingly a 

recent publication has suggested that a significantly higher incidence of high- 

tite r inhibitor development was observed in a cohort of patients treated with 

BHK-derived rFVIII compared to CHO-rFVIII (Collins et al, 2014). Further 

studies will be required to assess whether galectins may potentially influence 

FVIII antigenicity.

V. Finally given that plasma galectin concentrations are dependent on plasma 

VWF levels, further studies will be required to determine whether FVIII 

plasma levels may also influence galectin concentrations. Thus galectin 

ELISAs will be used to measure plasma levels in haemophilia A patients.

8.3  Defining the role of VWF glycosylation in modulating the clearance of 

VWF-FVIII complex in-vivo

The data presented in this study define a critical role for specific VWF glycans 

sites in modulating VWF circulatory survival via macrophages. We hypothesise that 

VWF glycans may influence its clearance through different potential mechanisms. 

Firstly, VWF glycans can serve as interactive binding ligands for lectin clearance 

receptors (e.g. ASGPR). Second, the glycans of VWF may impede access to a critical 

clearance binding site via steric hindrance. Finally, variation in VWF glycosylation may 

induce conformational changes to shield or expose clearance motifs in the polypeptide
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backbone. In this context a num ber experim ents will be required to further define the  

role of VW F glycans.

I. Our in vitro data presented herein dem onstrates an im portant role for 

divalent cations and ristocetin in prom oting VW F binding to macrophages. 

This is in keeping w ith reports tha t 32 integrins and shear stress-induced 

LRPl binding are im portant m ediators of VW F clearance (Rastegarlari et al, 

2012). To further investigate the receptor pathways involved, binding of 

VW F and glycan variants to macrophages will be exam ined in the presence 

of (32 integrin antagonist NIF and LRPl antagonist RAP. Furtherm ore co­

infusion studies with RAP and VWF in mice will be used to investigate the  

potential role of LRPl in vivo.

II. To further characterise the role of specific VW F domains in mediating  

interaction with clearance receptor LRPl, SPR assays w ith purified LPRl will 

be established. This will facilitate the assessment of binding kinetics with  

various VW F domain fragm ents and may help define the critical residues of 

VW F involved in LRPl binding.

III. The N-linked glycans of VW F are found throughout the length of the  

glycoprotein. M oreover the glycans are highly conserved across species 

indicating a functional role. Consequently, the role of each N-glycan in 

contributing to VWF clearance will be exam ined systematically. Site-directed  

mutagenesis of each individual N-glycan site has been perform ed (cDNAs
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w ere kind gift from  Dr. McKinnon). These glycan variants will be expressed, 

purified and clearance rates assessed in VWF'^‘ mice.

IV. Interestingly residues flanking the glycans within the A2 domain been 

dem onstrated to be causative for VW D. Point m utations K1518E and 

G1573S have been described in patients with VW D type 2A, how ever no 

functional studies w ith these variants have been investigated. Previously it 

has been docum ented that VW D  type 2A m utations can be associated w ith  

increased VW Fpp/VW F;Ag ratios and reduced VW F half-life in vivo 

(Schooten et al, 2005). Given the proxim ity to the N-linked sites w ith in  A2 it 

will be of interest to exam ine the role of K1518E and G1573S m utations in 

potentially destabilising the nearby glycans at N1515 and N1574 and if 

these m utations may results in accelerated clearance of VWF in vivo.
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Appendix I Abstracts leading to poster presentations

1. IDENTIFICATION OF GALECTIN-1 AND GALECTIN-3 AS NOVEL BINDING PARTNERS 
FOR FACTOR VIII

Jamie 0 ' Sullivan. Orla Rawley, P. Vincent Jenkins, Alain Chion, Kristina Gegenbauer, 
Teresa Brophy andJames S. 0 ' Donnell.

Background
Recent studies have demonstrated that galectin-1 and galectin-3 can bind Von 

Willebrand Factor (VWF) in plasma and influence VWF-dependent thrombosis 
form ation. Interestingly, the glycan determinants expressed on human FVIII are similar 
in structure to  those on VWF. Although FVIII glycans are im portant in regulating its 
biology, little  is knovi/n regarding FVIII-lectin interactions. In this study, we report fo r 
the first tim e that galectins also directly interact w ith FVIII and modulate its activity.

Materials and Methods
G alectin -l/-3  were His-tagged and expressed in E-coli. D ifferent purified 

commercial concentrates o f recombinant FVIII (rFVIII) were utilised. FVIII glycosylation 
profiles were systematically modified using specific exoglycosidases. Galectin-FVIII 
interactions were characterised using immunosorbant assays and surface plasmon 
resonance (SPR).

Results
Galectin-1 and -3 bound to rFVIII in a dose-dependent manner w ith  high 

affin ity. Removal o f rFVIII N-linked glycans significantly reduced galectin-1 and 
galectin-3 binding (8.5 ± 1%, 30.3 ± 3%, respectively). In addition, galectin-3 binding 
was further attenuated by combined removal o f N- and 0-glycans.
FVIII concentrates are manufactured in heterologous cell systems and are 
subsequently characterised by the presence of non-human glyco-epitopes. In keeping 
w ith  these d ifferential glycosylation profiles, both ga lec tin -l/-3  displayed distinct 
binding affinities fo r various FVIII concentrates.
The majority o f galectin-3 binding is mediated by FVIII B-domain glycans. Interestingly, 
FVIII high mannose oligosaccharides, which have been previously shown to modulate 
FVIII immunogenicity in vitro, supported a significant proportion of galectin-1. 
Galectin-1 was found to directly bind to and precipitate FVIII from  plasma. Galectin-1 
also served to  negatively modulate FVIII functional activity as measured in one-stage 
clotting assays and reduce intrinsic FXa generation. Conversely, no effect on FVIII 
function was observed for galectin-3.

Conclusions
Galectin-1 and -3 are novel binding partners fo r FVIII, binding in a glycan-dependent 
manner. The ability o f d ifferentia lly glycosylated rFVIII concentrates to interact w ith 
these lectins in vivo may have implications fo r understanding the importance o f FVIII 
glycosylation and how it influences function.

8*  ̂ Bari Interaction Conference, 2014.
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2. DEFINING THE MOLECULAR BASIS UNDERLYING THE PHYSIOLOGICAL 
INTERACTION BETWEEN VON WILLEBRAND FACTOR AND GALECTINS IN NORMAL 
PLASMA

Orla Rawley*, Jamie O 'Sullivan*. Alain Chion, Niamh O'Regan, P. Vince Jenkins, Teresa 
Brophy and James S. O 'Donnell

Haemostasis Research Group, Institu te  o f M olecu lar M edicine, St. James's Hospital, 
T rin ity  College Dublin, Ireland.

*These authors con tribu ted  equally to  th is work.

BACKGROUND
Von W illebrand Factor (VWF) is abundantly glycosylated w ith  12 N-linked and 10 0 - 
linked glycans, which are heavily sialylated. Im portan tly , these structures influence 
VWF functiona l properties, including plasma clearance and susceptib ility  to  ADAMTS13 
proteolysis. A lthough the m olecular mechanisms th rough w hich glycans m odu la te  VWF 
b io logy remain poorly  understood, recent studies have dem onstra ted th a t plasma 
VWF circulates in com plex w ith  specific m em bers o f the  galectin fam ily . M oreover, 
these ga lectin -in te ractions m odulate VW F-m ediated th rom bus fo rm a tion  in vivo.

AIMS
In th is study, we sought to  define the m olecular basis underly ing the  in teractions 
betw een VWF and galectins -1 and -3 respectively.

METHODS
VWF was purified  from  human plasma (pdVWF) by cryoprec ip ita tion  and 2BCL gel 
filtra tio n . VWF glycosylation was then m odified  using specific exoglycosidases. Blood 
group specific VWF was purified  from  pooled group AB, 0  o r Bombay plasmas. 
M u ta ted  fu ll length VWF and a series o f trunca ted  VWF dom ain fragm ents were 
trans ien tly  expressed in HEK293T cells. Recombinant galectin-1 and -3 w ere expressed 
in E. coli and purified  via nickel a ffin ity  chrom atography. Binding in te ractions were 
characterized via m odified  im m unosorbant assay.

RESULTS
Both galectin-1 and galectin-3 bound to  pdVWF in a dose-dependent m anner. Pre­
incubation w ith  PNGase F m arkedly decreased binding to  both  ga lectin -1  and galectin- 
3 (13±1% and 57±2%, p<0.001). M oreover, rem oval o f both  N- and 0 -linked  glycans 
(PNGase F and 0-glycosidase trea tm en t) fu rth e r a ttenua ted  galectin-3 b ind ing (21±1%, 
p<0.0001). ABO blood group antigen expression sign ificantly in fluenced in teraction  
w ith  both  galectins. In particu lar, group AB VWF bound to  bo th  ga lectin-1 and galectin- 
3 s ign ificantly be tte r com pared to  group 0  VWF. In keeping w ith  its lack o f AB antigen 
expression, p la te le t-derived VWF bound both galectins w ith  s ign ificantly  reduced 
a ffin ity  com pared to  pdVWF. Term inal sialic acid and sub-te rm ina l galactose 
expression on VWF also m odulated galectin in te raction . For example, enzym atic 
desia lylation o f pdVWF w ith  a2 -3 ,6,8,9 neuram inidase m arkedly enhanced b inding to  
galectin-1 and galectin-3 (231±6% and 136±6%, p<0.05). Im portan tly , bo th  galectins -1
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and -3 bound w ith higher a ffin ity to  HMW M VWF multimers connpared to  LMWM of 
the same blood group. The relative importance of specific VWF domains in regulating 
galectin interaction was investigated using a series of recombinant truncated domain 
fragments. Differential galectin binding was evident across the individual domains. 
Interestingly, a key role fo r the VWF A domains was observed. In keeping w ith  these 
findings, incubation w ith ristocetin significantly enhanced pdVWF binding to both 
galectin-1 and galectin-3 (914±50% and 205±23%, p<0.05). Moreover, both galectins 
bound to the VWD type 2B mimic R1450E w ith significantly enhanced affin ity 
(165±10% and 117±4%, p<0.05). Finally, targeted removal of the individual N-linked 
glycan located at N1515 in the VWF A2 domain via site directed mutagenesis lead to 
dramatically decreased galectin-3 binding (23.86±3%, p<0.0001).

CONCLUSIONS
These novel data define the molecular basis underlying the physiological VWF-galectin 
interaction. In particular, we have demonstrated tha t both N- and 0-linked glycan 
determinants modulate VWF-galectin binding through term inal sialic acid and ABO 
blood group expression, w ith  an additional role fo r specific N-linked glycans. 
Furthermore, we have identified a critical role fo r the VWF A domains in modulating 
these interactions.

XXIV Congress of the International Society on Thrombosis and Haemostasis, 2013. 
Oral poster presentation.
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3. SPECIFIC N- AND 0-LINKED CARBOHYDRATE STRUCTURES MEDIATE VON 

WILLEBRAND FACTOR INTERACTION WITH GALECTINS -1 AND -3.

Rawley 0 \  O'Sullivan Bergsson G \ Chan a \  McGrath RT\ van den Biggelaar M ^ 
Voorberg J ,̂ Jenkins PV '̂ ,̂ O'Donnell

^Haemostasis Research Group, Institute of Molecular Medicine, St. James's Hospital, 
Trin ity College Dublin, Ireland. ^Department o f Plasma Proteins, Sanquin Research, 
Amsterdam, The Netherlands. ^National Centre fo r Coagulation Disorders, St James's 
Hospital, Dublin.

Von VUillebrand Factor (VWF) is extensively glycosylated w ith both N- and O-linked 
carbohydrates. Moreover, these complex glycan structures influence VWF functional 
properties, including susceptibility to  ADAMTS13 proteolysis, and plasma clearance. 
The molecular mechanisms through which VWF glycosylation (including ABO blood 
group antigens) act to influence VWF physiology remains unexplained. However, 
recent data suggest tha t VWF circulates in normal plasma bound to various 
carbohydrate-binding proteins, including specific members o f the galectin family. In 
addition, galectin-3 binding has been reported to influence VWF cleavage by 
ADAMTS13. In this context, we sought to elucidate the role of specific VWF glycan 
determ inants in modulating galectin interaction.

VWF was purified from  human plasma (pdVWF) by cryoprecipitation and gel 
filtra tion . VWF glycosylation was then modified using exoglycosidases and quantified 
by specific lectin ELISAs. Blood group specific VWF was also purified from pooled group 
AB, 0 , or Bombay plasmas. Galectins-1 and -3 were transiently expressed in competent 
E-coli cells w ith  an N-terminal histidine tag, and purified by nickel chromatography. 
Finally, binding interactions were characterized via modified immunosorbant assay.

In keeping with the previous report of Lenting et at, human pdVWF bound to both 
galectin-1 and galectin-3 in a dose-dependent manner. Enzymatic desialylation of 
pdVWF w ith  a2-3,6,8,9 neuraminidase (Neu-VWF) markedly enhanced binding to 
galectin-1 (231±6%, p<0.0001). Similarly, removal o f term inal sialic acid also increased 
binding to  galectin-3, albeit to a lesser extent (136±6%, p<0.05). To fu rther define the 
role o f VWF glycans in regulating galectin binding, pdVWF was exposed to  sequential 
neuraminidase and galactosidase digestions to  remove term inal sialic acid and sub­
term inal galactose residues (NeuGal-VWF). In contrast to the enhanced binding of 
Neu-VWF, binding o f NeuGal-VWF to both galectin -1 and -3 was significantly reduced 
(51±5% and 52±6% compared to pdVWF; p<0.005). Cumulatively these findings 
suggest tha t loss of capping sialic acid and exposure of sub-terminal galactose critically 
regulates VWF-galectin binding. Treatment w ith PNGase F to  completely remove N- 
linked carbohydrate structures (PNG-VWF) markedly decreased binding to galectin -1 
and -3 (13±1% and 57±2%, p<0.001). Moreover, combined PNGase F and 0-glycosidase 
digestions fu rthe r attenuated galectin-3 binding (21±1%, p<0.001), suggesting that 
both the N- and O-linked glycans are involved in mediating the VWF-galectin 
interaction.

ABO(H) blood group antigens are expressed on both the N-linked and O-linked 
glycans of human VWF. Moreover, ABO(H) determ inants influence VWF susceptibility 
to ADAMTS13 proteolysis and plasma VWF half-life, through unknown mechanisms.
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Purified VW F from  normal group AB individuals bound to both galectin-1 and galectin- 
3 significantly better than group 0  VW F (146±8%  and 483±19% ; p<0.01). Conversely, 
no significant difference in binding was observed betw een Group O and Bombay VWF. 
Consequently, although term inal A (GalNAc) and B (Gal) sugar m oieties prom ote  
galectin binding, expression of term inal a l - 2  fucose residues is not im portant. The 

glycosylation profile of p latelet-VW F differs from  that of pdVWF. In particular, platelet- 
VW F expresses reduced levels of both capping sialic acid and sub-term inal galactose 

residues (~50% ), and lacks AB blood group antigens. To characterize the  effects of this 

differential sugar expression on galectin binding, platelet-derived VW F was isolated 
and purified (p latelet freeze-thaw ing follow ed by im m uno-affinity chrom atography  

w ith monoclonal CLB-Rag20). In keeping w ith the reduction in Gal and AB blood group 
antigen expression, p latelet VWF bound less well to galectin-1 and galectin-3 (72±6%  

and 67±7%  versus pdVWF; p<0.05).

53"*' American Society of Haematology Annual Meeting, 2011.
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4. THE N-LINKED GLYCANS OF VON WILLEBRAND FACTOR MEDIATE NOVEL 
INTERACTIONS WITH THE CARBOHYDRATE RECOGNITION DOMAINS OF 
GALECTINS-1 AND -3.

Jamie O 'Sullivan, Orla Rawley, G udm undur Bergsson, Emily McRae, Rachel McGrath, 
Alain Chan, and James O'Donnell.

Haemostasis Research Group, T rin ity  College Dublin.

INTRODUCTION
Von W illebrand fa c to r (VWF) is a large m u litm eric  sia loglycoprote in involved in norm al 
haemostasis. W e have recently dem onstrated th a t the  N- and 0 -linked  sugars o f VWF 
play critica l roles in m ediating its func tion  [1,2]. How/ever, the  m olecular mechanism(s) 
th rough  which carbohydrate dete rm inan ts  m odula te  VWF activ ity  remains unknown. 
Galectins are a fam ily  o f soluble lectins tha t bind plasma glycoproteins, and have 
im p o rta n t roles in ce ll-m atrix  adhesions, cell p ro life ra tion , in flam m ation , and cancer.

MATERIALS AND METHODS
To de te rm ine  w he the r galectins can bind VWF, galectins 1 and 3 w ere  transiently  
expressed in com peten t E-coli cells using the pET302 vecto r w ith  an N -term inal 
h is tid ine tag. Each galectin was purified  using a n ickel-coated chrom atography column. 
P lasma-derived VWF (pd-VWF) was purified from  Haemate P using a Sepharose CL-2B 
gel f iltra tio n  colum n as before [1].

RESULTS
In p la te -b ind ing  assays, pdVWF dem onstra ted significant b inding to  both galectin 1 
and 3 (Kd=4.7 and 3.8 nM). T rea tm ent o f pdVWF w ith  PNGase F to  remove N-linked 
glycans m arkedly a ttenuated b inding to  both  galectin 1 and 3 (45% and 10% o f w ild - 
type ; P<0.05). M oreover, enzym atic desialylation (a2-3 ,6,8,9 neuram inidase) o f pdVWF 
was associated w ith  significant enhanced binding to  both galectins. In contrast, specific 
rem oval o f VWF 0 -linked  sugars had no effect.

CONCLUSIONS
We have iden tified  galectins 1 and 3 as tw o  novel plasma binding partners fo r  human 
VWF. In add ition , we dem onstrate th a t the  N-linked sugars o f VWF (particu larly  a2-6 
linked sialic acid) play critica l roles in regulating these interactions.

References:
[1] O 'Donnell JS e t al.. Blood. 2005; 106(6), 1988-1991.
[2] Me Grath RA e t al. Blood. 2010; 115(13); 2666-2673.

Haematology Association of Ireland, Annual Meeting 2010.
Oral poster presentation.
Winner: Best Oral Poster.
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Appendix II: Abstracts leading to oral presentations

1. N-Linked glycans within A1A2A3 domains of VWF play a critical role in 
modulating macrophage-mediated clearance.

Alain C h io n \  Jamie 0 'S u l l iv a n \  G u d m u n d u r B erg sso n \ Sean K e y e s \ Orla R a w le y \  

Vince J e n k in s \  T om  A. McKinnon^, M ike  Laffan^, Teresa B rophy^ James S. O'Donnell^

 ̂ H aem ostasis Research G roup, Trinity College Dublin, Ireland  

 ̂ Im peria l College London, Faculty of M ed ic ine , London, UK

Abstract

Enhanced plasma clearance of von W il leb ran d  fac tor  (V W F ) plays an im p o rtan t  

role in th e  etio logy o f both  type  1 and type  2 V W D . Nevertheless, a lthough significant 

progress has been achieved in understanding th e  structure  and functional properties  

of V W F, th e  mechanism(s) responsible fo r  m od ula t ing  V W F  clearance from  the  plasma  

rem ain  poorly  understood. Accum ulating recent data suggests th a t  hepatic  and splenic  

m acrophages play key roles in m odulating  V W F  clearance. A n u m b e r  o f puta t ive  

m acroph age  receptors fo r  V W F  have been also been  described, including LRPl, 32 -  

integrins and Siglec-5. In addition, it is well recognised th a t  variation  in V W F  glycan  

expression significantly influences its clearance rate. In particular, te rm in a l ABO(H)  

blood group  d e te rm in an ts  which are p red o m in an t ly  expressed on th e  N -linked glycans  

of h u m a n  V W F  significantly m o d ula te  its rate  o f clearance. Critically how ever, the  

m olecu lar  m echanism s th rou gh  which specific m acrop hage  receptors in teract w ith  

particular regions o f  th e  com plex  V W F  g lycoprotein  have not been defined.
To investigate th e  role of V W F glycans and specific V W F  dom ains in regulating  

V W F  clearance, w e  expressed and purified a series o f  reco m b in an t  V W F  variants and  

truncations  w i th /w i t h o u t  specific glycan sites. In addit ion , V W F  glycosylation was  

m odif ied  using specific exoglycosidase digestions. Subsequently , reco m b in an t V W F  

variants  and g lycoform s th e re o f  w e re  in travenously  in jected into  V W F   ̂ mice, and  

plasma V W F  clearance rates d e te rm in e d  by ELISA. V W F -m a c ro p h a g e  interactions  

w e re  also quantif ied  in vitro  using phorbol e s te r -d if fe re n t ia ted  m onocytic  T H P-1  cells 

and pr im ary  h u m an  m onocytes  in a HighContentAnalysis Im aging system.

In keeping w ith  previous reports, w e  observed th a t  c learance of a t runcated  

V W F A 1 A 2 A 3  fra g m e n t  in VWF'^' mice was very similar to  th a t  o f full length w i ld - typ e  

(W T -)  V W F  (V W FA 1A 2A 3; t i / 2  = 6.3 min versus rW T -V W F ; t i / 2  = 7 .9  min). F ur th erm o re ,  

chemical dep le t ion  of m acrophages using c lo d ro nate  liposomes adm in is tra tion  

significantly inhib ited A 1A 2A 3 clearance in vivo  (1 .7 -fo ld  a t  10 min t im e  point) to  a 

similar e x te n t  to  th a t  observed w ith  full length V W F. In v itro  binding exp erim ents  

co nf irm ed  th a t  A 1A 2A 3 bound to  d if fe ren tia ted  T H P -1  cells in a dose- and t im e -  

d e p e n d e n t  m ann er. Interestingly, this binding was significantly enhanced  in th e  

presence of ristocetin. Cum ulatively, these  data  d e m o n s tra te  th a t  th e  A 1A 2A 3
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dom ains  of V W F  contain a critical recep to r-b ind ing  site fo r  m acrop h age -m ed ia ted  

clearance.
Interestingly, w e  observed th a t  the  half- life  o f infused hum an  p lasm a-derived  

V W F  and recom binant V W F  expressed in HEK293T cells in V W F^ ' mice w e re  

significantly d ifferent. F urtherm o re , t r e a tm e n t  w ith  PNGase F to  co m p le te ly  rem ove  N-  

linked glycan structures m arked ly  enhanced  th e  c learance o f  full length V W F  ( t i / 2  2.1  

min; p<0 .05 ).  Collectively, these findings highlight th e  essential roles played by N-  

glycans in regulating V W F  survival. T w o  N -linked glycan sites are located w ith in  

A 1A 2A 3  at N 1 5 1 5  and N 1 5 7 4 . Im portant ly , w e  fo u n d  th a t  PNGase digestion of A1A2A3  

resulted in m arkedly  enhanced  m acrophage binding in vitro. Consequently  w e  

hypothesized th a t  th e  tw o  N-glycans located w ith in  th e  A2 dom ain  m ight be im po rtan t  

in regulating V W F  clearance by macrophages. Targeted  disruption o f these individual  

N-glycan sites by site -d irected m utagenesis (A 1 A 2 A 3 -N 1 5 1 5 Q  and N 1 5 7 4 Q  

respectively) resulted in significantly enhanced m acrophage binding in vitro  com pared  

to  w i ld -type  A 1A2A 3. Furth erm ore , fo llowing tail vein infusion in VWF'^' mice, full 
length V W F N 1 5 1 5 Q  and V W F N 1 5 7 4 Q  both d e m o n s tra te d  m arked ly  reduced half-lives  

co m p ared  to  w ild -type  V W F  (V W F N 1 5 1 5 Q ; t i / 2  = 3 .7  min, V W F N 1 5 7 4 Q ;  t i / 2  = 5.5 min). 

Finally, in troduction  o f the  N 1 5 1 5 Q  into tru n ca ted  A 1A 2A 3 also served to  significantly  

en han ce  plasma half-life, (A 1 A 2 A 3 N 1 5 1 5 Q -V W F ; t i / 2  = 3 .1  m in versus A 1A 2A 3-V W F;  

t i / 2  = 6 .3  min).
In conclusion, our novel data  identify  a crucial role o f th e  V W F  A dom ains in 

regulating m acro p h age -m ed ia ted  V W F  clearance. In addition, w e  fu r th e r  d em o nstra te  

th a t  th e  N-linked glycans structures located a t N 1 5 1 5  and N 1 5 7 4  w ith in  th e  A2 dom ain  

play specific roles in protecting  V W F  against in vivo c learance by m acrophages. Given  

th e  role of enhanced clearance o f V W F  in patients  w ith  type I V W D , these findings are  

of d irect clinical im portance.

56̂  ̂American Society of Haematology Annual Meeting, 2014.
Acknowledgement at the Best of ASH symposium.
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2. N-LINKED GLYCANS W ITHIN VON WILLEBRAND FACTOR A1A2A3 DOMAINS PLAY 
A CRITICAL ROLE IN MODULATING VWF CIRCULATORY CLEARANCE VIA 
MACROPHAGES

Jamie O'Sullivan, Alain Chion, Gudmundur Bergsson, Orla Rawley, Niamh 0 ' Regan, 
Sean Keyes, Teresa Brophy, James S. O'Donnell.

Haemostasis Research Group, Trinity College Dublin.

Introduction

The biosynthesis and functional properties of VWF have been well 
characterised, however the molecular mechanisms underlying VWF circulatory 
clearance remains poorly defined. Moreover, emerging evidence indicates that 
accelerated clearance represents a pathophysiological mechanism in VWD.

In-vivo studies have demonstrated tha t liver and splenic macrophages play a 
key role in mediating cellular uptake and clearance of VWF from circulation. 
Additionally VWF glycosylation, including ABO sugars expressed predominantly on N- 
glycans, are critical determinants of VWF survival in vivo.

M ethodology
We constructed a series o f VWF truncated fragments w ith /w ithou t key glycan 

sites. Subsequently, these recombinant VWF variants were intravenously injected into 
VWF  ̂ mice, and plasma VWF clearance rates determined by ELISA. VWF-macrophage 
interactions were also quantified in vitro using differentiated monocytic THP-1 cells.

Results
Firstly, we observed that clearance of a truncated VWF-A1A2A3 fragment in 

VWF  ̂ mice was similar to tha t o f full length w ild-type VWF (WT-VWF). Furthermore, 
chemical depletion of macrophages using clodronate liposomes significantly inhibited 
both VWF-A1A2A3 and WT-VWF clearance in vivo to a similar extent. In vitro binding 
experiments confirmed that VWF-A1A2A3 bound to differentiated THP-1 macrophages 
in a dose-dependent manner. Collectively, these data demonstrate that the A1A2A3 
domains of VWF contain a critical receptor-binding site fo r macrophage-mediated 
clearance.

We observed that the clearance rates of plasma-derived (pd) and recombinant 
(r) VWF are markedly different. However, removal of the N-glycans population on both 
pd-VWF and r-VWF significantly reduces the ir half-lives such that the clearance rates of 
both are comparable. Cumulatively, these data indicate that the N-linked glycans 
expressed on VWF play a critical role in regulating plasma clearance.

Two N-linked glycan sites are located w ith in  A1A2A3 at N1515 and N1574. 
Im portantly, we observed that enzymatic removal o f these glycans resulted in 
markedly enhanced macrophage binding of VWF-A1A2A3 in vitro. Consequently we 
hypothesized that these N-glycans may be im portant in regulating VWF clearance by 
macrophages. Indeed, site-directed mutagenesis of N1515Q w ith in  VWF-A1A2A3 
significantly reduced its half-live compared to w ild-type A1A2A3. Moreover, 
macrophage depletion in-vivo inhibited this accelerated clearance.
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Conclusions
These data demonstrate a crucial role of the VWF A domains in regulating 

macrophage-mediated VWF clearance. In addition, we identify that the N-linked 
glycans w ith in  the A2 domain play specific roles in protecting VWF against in vivo 
clearance by macrophages. These data provide insight into the complex mechanism(s) 
of VWF clearance from  circulation and highlight tha t variation in VWF glycosylation 
represents a key regulator of VWF survival.

Haematology Association Ireland, Annual M eeting 2014.
Oral presentation, President's Symposium.
Winner: President's Prize, Best Overall Abstract.
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3. IDENTIFICATION OF GALECTIN-1 AND GALECTIN-3 AS NOVEL BINDING PARTNERS 
FOR FVIII.

Jamie O' Sullivan. Orla Rawley, P. Vince Jenkins, Alain Chion, Teresa Brophy and James 
S. 0 ' Donnell.

Haemostasis Research Group, Trinity College Dublin.

During biosynthesis. Factor VIII (FVIII) undergoes complex post-translational 
modification including significant giycosylation. Consequently each FVIII molecule can 
contains 25 N- and 6 0-linked glycans. These carbohydrate structures are of 
physiological significance. For example, FVIII glycan expression modulates intracellular 
trafficking and also regulates FVIII clearance by dendritic cells. Nevertheless, the 
molecular mechanisms through which glycan structures influence FVIII biology remains 
poorly defined. Interestingly, carbohydrate-binding galectins (Gal) -1 and -3 have 
recently been reported to  bind human VWF. Moreover, these galectin interactions 
significantly influence VWF function. In this study, based upon similar glycans 
expression profiles, we hypothesised tha t galectins might also constitute novel binding 
partners fo r human FVIII.

In brief, His-tagged Gal-1 and Gal-3 were expressed in E-coli and purified using 
nickel chromatography. Recombinant FVIII (rFVIII) was purified from d ifferent 
commercial concentrates. Subsequently, FVIII giycosylation was modified using specific 
exoglycosidases and quantified by lectin-binding ELISA. Galectin-FVIII interaction was 
characterised using modified immunosorbant assays and surface plasmon resonance 
(SPR).

In plate-b inding assays using purified proteins and SPR studies, both Gal-1 and 
Gal-3 bound to  full length rFVIII in a tim e- and dose-dependent manner. Interestingly 
the apparent affinities of the galectin-FVIII interactions (Kd of 0.11 ± 0.02nM fo r Gal-1 
and 0.21 ± O .lnM  for Gal-3 respectively) were unusually high for these lectins. 
Digestion w ith PNGase F to  remove N-linked glycans ablated FVIII binding to Gal-1 (8.6 
± 1%; p<0.0001). In contrast, PNG-FVIII retained significant ability to bind Gal-3 (30.3 ± 
3%; p<0.0001). However, combined FVIII digestion w ith both PNGase F and O 
glycosidase fu rthe r attenuated Gal-3 binding (16.5 ± 2%; p<0.05). Cumulatively these 
findings suggest that whilst Gal-1 binding is mediated predominantly through the N- 
linked glycans o f FVIII, both N- and 0-linked glycans modulate its interaction w ith  Gal- 
3.

The m ajority o f FVIII glycans are contained w ith in  the B domain. Unsurprisingly, 
Gal-1 and Gal-3 binding were both markedly attenuated fo r B domain deleted rFVIII 
compared to fu ll length rFVIII (42 ± 1% and 26 ± 0.8%; p<0.0001). Previous studies have 
described d ifferent giycosylation profiles fo r specific full length commercial rFVIII 
products. To investigate the relevance o f this d ifferential giycosylation, we compared 
the galectin-binding properties o f Advate® (CHO cell line) and Helixate® (BHK cell line). 
Interestingly, Gal-1 and Gal-3 both displayed significantly enhanced affin ity fo r Helixate 
(107 ± 2% and 124 ± 1%; p<0.05). These findings are consistent w ith  the fact tha t the 
N-linked glycans of BHK-derived FVIII express galactose a l-3  galactose epitopes which 
constitute preferential galectin-binding ligands.
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To determ ine w hether FVIII interacts w ith galectins in vivo, 
im m unoprecip itation studies w ere perform ed using plasma from  V W F -/- mice. W e  
observed tha t that both Gal-1 and Gal-3 w ere co-precipitated w ith FVIII even in the  
absence of VW F. Consequently, both the VW F-FVIII com plex and free FVIII in plasma 

are likely to circulate in a complex w ith  galectins. Im portantly, recent studies have 
reported a prothrom botic phenotype in G a l-l/G a l-3  double deficient mice com pared  

to  w ild -type controls following ferric chloride injury. To investigate w hether galectin- 
binding influences FVIII function, FVIII activity was assessed using a one-stage clotting  
assay in the presence of increasing galectin concentrations. Interestingly, 
preincubation of FVIII w ith  Gal-1 (0 .5 -1 7 |iM ) resulted in a significant dose-dependent 
prolongation of the APTT (58 ± 0.2 sec compared to 26 ± 3 secs, p<0.001)  In contrast, 
no such effect was observed for galectin-3 up to 2 0 |iM , suggesting these galectins may 
have d ifferential effects on FVIII biology.

In conclusion, we identify Gal-1 and Gal-3 as novel direct ligands for human FVIII. 
Both the N- and 0-linked  carbohydrates of FVIII contribute to galectin binding. 
Im portantly, d ifferent com mercial FVIII concentrates do not interact w ith  galectins in 

the same m anner. Finally, we also dem onstrate that plasma FVIII can circulate in 
com plex w ith  both Gal-1 and Gal-3, and that Gal-1 binding can inhibit the procoagulant 
function of FVIII.

55*  ̂American Society of Haematology Annual Meeting, 2013.
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4. DEFINING THE PATHOLOGICAL MECHANISMS UNDERLYING ENHANCED 
CLEARANCE IN VW D TYPE VICENZA.

Rawley 0, O'Sullivan JM. Chion AC, Brophy TM, O'Donnell JS.

Haemostasis Research Group, Institute of Molecular Medicine, St. James's Hospital, 
Trinity College Dublin, Ireland.

INTRODUCTION
Enhanced clearance has emerged as a critical pathophysiologic mechanism in type 1 
von Willebrand disease (VWD). The most severe example of which is VWD Vicenza 
caused by an arginine to  histidine substitution at position 1205 in the von Willebrand 
factor (VWF) D3 domain. In this study, we sought to investigate the underlying 
molecular mechanism using a VWF mouse model.

MATERIALS & METHODS
W ild-type VWF (WT-VWF) and a series of mutants incorporating the R1205H 
substitution or patient mutations R1205C and R1205S were transiently expressed in 
HEK293T cells. Recovery, half-life and mean residence time (MRT) were determined for 
each variant in the VWF mouse.

RESULTS
WT-VWF was cleared in a monophasic fashion w ith a mean MRT of 11.4±0.8mins. 
VWF-R1205H was cleared significantly faster w ith a MRT of 7.9±0.5 mins (p<0.05). 
Residual plasma VWF levels indicated that both VWF-R1205C and VWF-R1205S were 
also rapidly cleared compared w ith  WT-VWF (8.4±3.2%, 6.O i l . 5% and 37.9±1.9% 
respectively). In contrast, m utation o f the highly conserved neighbouring arginine 
residue (R1204) to histidine had no significant effect on VWF survival (MRT = 15.2±2.5 
mins). Interestingly, however, comparison of initial recovery values fo r VWF-R1205H, 
VWF-R1205C and VWF-R1205S (95.3±4.6%, 48.7±2.4% and 24.1±5.8% of total injected 
VWF respectively, p<0.05), revealed that the molecular mechanism through which 
VWF-R1205C and VWF-R1205S are rapidly cleared differs markedly to the mechanism 
through which VWF-R1205H is cleared.

CONCLUSIONS
These novel data identify a specific and significant role for R1205 in modulating VWF 
clearance. These data also characterize fo r the first time, clearance o f patient 
mutations R1205C and R1205S in the VWF  ̂ mouse.

Haematology Association Ireland, Annual M eeting 2013.
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5. IDENTIFICATION OF GALECTIN-1 AND GALECTIN-3 AS NOVEL BINDING PARTNERS 
FOR FA aO R  VIII

Jamie 0 ' Sullivan. Orla Rawley, P. Vince Jenkins, Alain Chion, Teresa Brophy and James 
S. 0 ' Donnell.

Human FVIII is extensively glycosylated, w ith 25 N- and 6 0-linked glycans, which are 
essential fo r its activity. However, the molecular mechanism through which these 
sugars modulate FVIII biology is not defined. Recently it's been demonstrated that the 
plasma carbohydrate-binding galectin (Gal) -1 and -3 can bind VWF and influence its 
function. In this study, we demonstrate that galectins also interact w ith procoagulant 
FVIII and modulate its activity.
Gal-1 and -3 were expressed in E-coli and purified by nickel chromatography. 
Recombinant FVIII (rFVIII) was purified from different commercial concentrates. FVIII 
glycosylation was modified using specific exoglycosidases. Interactions were 
characterised using immunosorbant assays and surface plasmon resonance (SPR).

Gal-1 and Gal-3 bound to rFVIII in a dose-dependent manner w ith  unusually high 
affinities. Removal of FVIII N-linked glycans ablated Gal-1 binding but had a less 
marked effect on Gal-3 (8.6 ± 1%, 30.3 ± 3%; p<0.0001). However, combined removal 
o f N- and 0- FVIII glycans further attenuated Gal-3 binding (16.5 ± 2%). In keeping with 
the ir d ifferential glycosylation profiles, d ifferent commercial FVIII concentrates 
displayed distinct affinities fo r both galectins. Finally, preincubation o f FVIII w ith Gal-1 
(0.5-17nM) resulted in a prolonged one-stage clotting assay (58 ± 0.2 sec vs. 26 ± 3 sec, 
p<0.001). Conversely, no effect was observed fo r Gal-3, suggesting these galectins may 
have differential effects on FVIII biology.

We identify Gal-1 and Gal-3 as novel ligands fo r FVIII. Both the N- and 0-linked 
carbohydrates of FVIII contribute to  galectin binding. Furthermore, Gal-1 binding can 
modulate the procoagulant activity of FVIII.

Haematology Association Ireland, Annual Meeting 2013.
Best Oral presentation.
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6. DEFINING THE MOLECULAR BASIS UNDERLYING THE PHYSIOLOGICAL 
INTERACTION BETWEEN VWF AND GALECTIN-3 IN NORMAL PLASMA.

Rawley 0 . O 'Sullivan J, O'Regan N, Chion A, Brophy T, Jenkins PV, O 'Donnell JS.

Haemostasis Research Group, Ins titu te  o f M olecu lar M edicine, St. James's Hospital, 
T rin ity  College Dublin, Ireland.

INTRODUCTION
Recent reports have shown th a t von W illebrand Factor (VWF) circulates in 

norm al plasma bound to  galectin-3. M oreover, ga lectin -b ind ing critica lly  regulates 
VWF m u ltim er proteolysis by ADAMTS13. In th is  study, we have defined fo r the  firs t 
tim e  the m olecular mechanisms through which th is  critica l in te raction  between VWF 
and galectin-3 is m ediated.

METHODS
Plasma VWF (pdVWF) was purified  from  com m ercia l concentra te  Haemate P by 

gel filtra tio n . VWF glycosylation was then m odified  using specific exoglycosidases. 
Recombinant VWF and a series o f VWF m utants w ere expressed in HEK293T cells. 
Recombinant galectin-3 was expressed in com peten t E-coli cells and purified  by nickel 
chrom atography. Finally, b inding in teractions were characterized via m odified 
im m unosorbant assay.

RESULTS
Galectin-3 binds to  pdVWF in a g lycan-dependent m anner. Com plete rem oval o f both 
N- and 0 -linked  sugar structures via enzym atic digestion s ign ificantly decreased 
binding to  galectin-3 (21±1%, p<0.001). Further enzym atic m od ifica tion  o f N- and 0 - 
linked sugars dem onstra ted th a t loss o f N-linked capping sialic acid s ignificantly 
enhanced galectin-3 b inding (136±6%, p<0.05). Add itiona lly , p re fe ren tia l binding to  
blood group AB vs group 0  VWF (483±19%, vs 116±7%, p<0.0001) was observed. 
Interestingly, ta rgeted rem oval o f individual N-linked sugars 1515 and 1574 w ith in  the 
VWF A2 dom ain led to  d ram atica lly  reduced b ind ing (24±3%, and 44±3%). Conversely, 
structura l m od ifica tion  o f VWF via incubation w ith  ris tocetin  o r in troduc tion  o f VWD 
type 2B m utan t R1450E led to  m arkedly enhanced binding to  galectin-3.

CONCLUSIONS
These novel data define the  m olecular mechanism underly ing the physiological 

in teraction  between galectin-3 and hum an pdVWF. In particu lar, we have 
dem onstrated th a t both N- and 0 -linked  glycan dete rm inan ts  critica lly  m odulate VWF- 
galectin b inding and describe a role fo r specific N-linked sugars.

Haematology Association Ireland, Annual M eeting 2012.
Oral presentation, President's Symposium.
Winner: President's Prize, Best Overall Abstract.
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7. GALECTIN-1 BINDING TO VWF IN NORMAL PLASMA: CRITICAL ROLES FOR 
SPECIFIC TERMINAL GLYCAN DETERMINANTS AND AM INO  ACID RESIDUES 
ADJACENT TO THE ADAMTS13 CLEAVAGE SITE.

O'Sullivan J. Rawley O, O'Regan N, Chion A, Brophy T, Jenkins PV, O 'Donnell JS.

Haemostasis Research Group, Institu te  o f M olecu lar M edicine, St. James's Hospital, 
T rin ity  College Dublin, Ireland.

Introduction
Physiological th rom bus fo rm a tion  is norm ally regulated in part by ADAMTS13 
pro teolysis o f VWF m ultim ers. Emerging data suggest tha t th is proteolysis may be 
p rom o ted  by galectin b inding to  VWF. We the re fo re  sought to  characterise the 
m olecu la r basis th rough  which galecin-1 interacts w ith  VWF.
Methods
Plasma-derived (pd-VWF) was purified  from  com m ercial Haemate P by gel filtra tio n . 
VWF glycosylation p ro file  was m odified  using exoglycosidases. Recom binant VWF and 
a series o f VWF m utants w ere expressed in HEK293T cells. Recombinant galectin-1 was 
trans ien tly  expressed in com peten t E-coli cells and purified  by nickel chrom atography. 
Results
Removal o f VWF N-linked glycan structures resulted in an 86±1% (p<0.0001) loss in 
ga lectin-1 binding. E lim ination o f te rm ina l sialic acid from  VWF glycans enhanced 
galectin-1 b inding (231±6% p<0.0001). In contrast, specific rem oval o f 0-glycan 
sia ly la tion, o r indeed en tire  0 -linked  glycosylation, had no significant e ffect on 
galectin-1 binding. In add ition , s ite-d irected mutagenesis o f tw o  fucosylated N-linked 
glycans sites, N1515A and N1574A, located in close p rox im ity  to  the ADAMTS13 
cleavage site, resulted in m arkedly a ttenuated galectin-1 b inding (32.43% and 32.47%). 
Finally, recom binant VWF conta in ing a classical Type 2B m u ta tion  (R1450E) 
dem onstra ted  sign ificantly increased galectin-1 binding. S im ilarly, VWF pre-incubation 
w ith  ris tocetin  (which influences VWF A1A2A3 con fo rm ation ) also resulted in 
enhanced galectin-1 in te raction  (914+4% p<0.0001).

Conclusions
Recent data have clearly dem onstrated th a t in norm al plasma, VWF circulates in 
com plex w ith  galectins. Our novel data dem onstra te  th a t VWF conform ation , and the 
N-linked sugars expressed on VWF, both play critica l roles in regulating b inding to  
galectin-1, and thus in tu rn  defin ing VWF susceptib ility  to  ADAMTS13 proteolysis.

Haematology Association Ireland, Annual M eeting 2012.
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Brief Report

THROMBOSIS AND HEMOSTASIS

Altered glycosylation of platelet-derived von Willebrand factor confers 
resistance to ADAMTS13 proteolysis
Rachel T. McGrath,^ Maartje van den Blggelaar,^ Barry Byrne,® Jamie M. O ’Sullivan,^ Orla Rawley,^ Richard O'Kennedy,^ 
Jan Voorberg,^ Roger J. S. P reston ,and  James S, O’Donnell’ ®

'Haem ostasis Research Group, Institute of M olecular Medicine, Trinity Centre for Health Sciences, St Jam es's Hospital, Trinity College Dublin, Ireland: 

^Department of Plasm a Proteins, Sanquin Research, Amsterdam. The Netherlands: ^Biomedical Diagnostics Institute and Applied Biochemistry Group,

Dublin City University. Ireland: "'National Children's Research Centre. Our Lady's Children's Hospital, Crumlin. Dublin, Ireland: and ^National Centre for 

Hereditary Coagulation Disorders, St James's Hospital, Dublin, Ireland.

Platelet-von Willebrand factor (VWF) is stored within a-granules and accounts for ~20%  
of total VWF in platelet-rich plasma. This platelet-VWF pool is distinct from plasma-VWF 
and is enriched In high molecular weight multlmers (HMWM). Previous studies have 
described significant functional discrepancies between platelet-VWF and plasma-VWF; 
however, the molecular basis of these differences is not well understood. We have 
characterized terminal glycan expression on platelet-VWF. Our findings demonstrate that 
platelet-VWF exists as a distinct natural glycoform. In particular, N-linked slalylation Is 

markedly reduced (>50%) compared with plasma-VWF. Moreover, unlike plasma-VWF, platelet-VWF does not express AB blood 
group determinants, although precursor H antigen expression is similar to that on plasma-VWF. Because of this differential 
glycosylation, platelet-VWF exhibits specific resistance to ADAMTS13 proteolysis. Thus platelet activation at sites of vascular Injury 
results In the release of high local concentrations of HMWM platelet-VWF that is more resistant to ADAMTS13, thereby facilitating 
platelet-plug formation. {Blood. 2013;122(25):4107-4110)

Key Points
Platelet-VW F exists as 
a distinct natural glycoform. 
Platelet-VW F Is resistant to 
A DA M TS13 proteolysis.

Introduction

Von W illebrand factor (VW F) is a large multimeric sialoglycoprotein 
that plays critical roles in normal hemostasis. Besides circulating in 
plasma, sign ificant amounts o f V W F  are also stored w iih in  the 
a-granules o f platelets.'  ̂ This platelet-VW F is synthesized during 
megakaryocytopoiesis and accounts fo r 10% to 20%  o f  the total 
V W F  present in normal platelet-rich plasma." Importantly, the 
platelet-VW F pool is distinct from plasma-VW F and is enriched in 
hemostatically active high molecular weight multimers (H M W M ).^'* 
Consequently, high local concentrations o f HMWTvI platelet-VW F 
are released from a-granules at sites o f vascular in jury fo llow ing 
platelet activation. Accumulating data from in vitro and in vivo 
studies suggest that both plasma-VWF and platelet-VW F play critical 
roles in primary heinostasis.^ '*’ Furthermore, reduced platelet-VW F 
levels have also been implicated in mediating the pathogenesis o f 
bleeding disorders including von Willebrand disease and essential 
thrombocythemia.’ '*

Previous studies have described several important functional d if­
ferences between p late let-VW F and plasma-VW F. In particular, 
despite the fact that p late le t-VW F is enriched in  H M W M , it binds 
to platelet G p lba  w ith  sign ificantly lower a ffin ity  compared w ith 
p lasm a-VW T." In contrast, platelet-VW F demonstrates significantly 
enhanced binding to both G p IIb llla  and heparin." The molecular 
mechanisms responsible fo r these differences have not been defined, 
but are like ly to relate to variations in the posttranslational m od ifi­
cation o f p la te le t-V W F (synthesized w ith in  megakaryocytes) as

opposed to plasma-VW F (synthesized w ith in endothelial cells). The 
N - and O-linked glycosylation profiles o f plasma-VW F have been 
characterized in d e t a i l . T h e  glycan profile o f platelet-VVvT has 
not been elucidated. However, prelim inary data suggest that these 
structures may d iffe r significantly from  those expressed on plasma- 
V W F ."  '■* In recent studies, we and others have clearly demon­
strated the key role played by V W F  glycans in regulating proteolysis 
by A D A M T S I3 .'^  '** Importantly, expression o f both A B O  blood 
group antigens and terminal sialic acid on V W F  were shown to be o f 
critical i m p o r t a n c e . I n  this study, we have characterized 
term inal carbohydrate expression on p la te le t-VW F. O ur findings 
demonstrate that platelet-VW F exists as a distinct natural glycoform, 
w ith a particular marked reduction in A'-linked sialic acid expression 
compared w ith plasma-VWF. Moreover, as a result o f this difference 
in posttranslational m od ifica tion , p la te le t-V W F exh ib its specific 
resistance to A D A M T S 13  proteolysis.

Study design
Isolation and purification of platelet- and plasma-VWF

Platelets were isolated from platelet-rich plasma as previously described.'*^ 
Platelets were then lysed by performing repeated snap freeze-thaw cycles in 
the presence of protease inhibitors (Protease Inhibitor C(x:ktail I. Calbiochem.

Submitted April 17, 2013: accepted September 30, 2013. Prepublished online 
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Figure 1. G lycosyla tion  o f p late le t’ V W F and s uscep tib ility  to  A D A M TS 13 proteo lys is. (A) Platelet (P T)-VW F was purified from lysed (Lys) human platelets by 
immunoaffinity chromatography and analyzed by SDS*potyacrylamide gel electrophoresis and subsequent silver staining. (B) A BO (H) blood group antigen expression on plasma 
(P L)-VW F and P T-V W F were quantified using lectin plate-binding assays. All experiments were performed in triplicate, and the results shown represent the m ean i  SEM  
(***P  <  .001). (C ) Reverse-phase HPLC analysis was used to quantify sialic acid expression on purified P L-V W F and P T-V W F. Total sialic acid expression on P T -V W F was  
significantly reduced compared with P L-V W F (76 vs 167 nmol/mg; • * * P <  ,001). To determine relative quantitative sialic acid expression levels on the A/-linked glycans of VW F, 
HPLC analysis of residual VW F-bound sialic acid was performed following digestion with O-glycosidase. To determine quantitative sialic acid expression on the O-linked glycans 
of V W F. HPLC analysis of residual VW F-bound sialic acid was performed following digestion with PNG ase F. (ns. P va lue  is nonsignificant). (D ) To investigate whether altered 
glycosylation on p latelet-VW F influences susceptibility to A D A M TS 13 proteolysis, P T-V W F and P L-VW F were incubated with 3  nM recombinant human A D A M TS 13 in the 
presence of 1.5 M urea. Rate of cleavage was assessed by determining the reduction in VW F:C B over time. Results (m ean of 5  experiments ±  S EM ) are expressed as the 
percentage residual collagen-binding activity. In some cases, SEM  cannot be seen due to its small size. (E ) The susceptibility of P T-V W F and P L-V W F multimers to digestion with 
recombinant human A D A M T S I3 in the presence of 1.5 M urea was further assessed by perfomrting standard nonreducing SDS agarose gel electrophoresis at baseline (TO) and following 
a 30-minute incubation (T30). (F) To establish whether the altered glycosylation profile of PT-VW F influenced susceptit)ility to other nonspecific proteases, PL-VWF and PT-VW F were 
also treated with chymotrypsin (30 U/mg VW F) and cart)Oxypeptidase Y (19 U/mg VW F) at 37°C for 90  minutes. Results are shown as residual VW FiCB at 90  minutes ±  SEM.

M erck, U K ) followed by centrifugation at 10 000^ to clear cellular debris. 
Finally. platelet-VW F was purified by immunoaffinity chromalography employ­

ing the monoclonal antibody C L B -R A g 20 an previously described in detail."^ 

Plasma-derived V W F  was purified by cryoprecipitation and 2 B C L  gel filtration 

as before.*^ followed by C L B -R A g 20 immunoaffinity chromatography.*^

ADAMTS13 expression and proteolysis of VWF

Recombinant human A D A M T S I3 was purified and quantified following stable 

expression in H E K 293 cells as previously described.'^ A D A M T S 1 3 -V W F  

cleavage assays were then performed. In brief, 10 |j.g/mL of V W F  was incubated 

with 3 nM  A D A M T S I3 in the presence o f 1.5 M  urea and 10 m M  BaCl2 . At 

specific time points (0, 30. 60. 90, and 120 minutes), subsamples were removed 

and 10 m M  E D T A  was added to stop the cleavage reaction. V W F  proteolysis was 

analyzed using V W F  collagen-binding assay (V W F :C B ) and sixlium dodecyl 

sulfate (SDS) agarose gel electorphoresis.'^ In preliminary experiments, we 

established that plasma- and platelet-VW F bound to type I I I  collagen with similar 

affinities (data not shown). Chymotrypsin (30 U/mg V W F ) and carboxypeptidase 

Y  (19 U/m g V W F ) digestion of V W F  were performed at 37°C  for 90 minutes and 

the extent o f cleavage was assessed using a V W F :C B  as before.

Glycan analysis and glycosidase treatment of VWF

Lectin plate-binding assays were used to analyze quantitative A B O (H )  

expression on plasma- and platelet-VW F.^* In addition, terminal N - and

O-linked sialic acid expression on V W F  was quantified using high-performance 

liquid chromatography (H P L C ) analysis as before.'^ T o  modify endogenous 

V W F  glycan structures, purified plasma- or p latelet-VW F (final concentration. 

65 p-g/mL) were incubated for 2 hours at 37°C  w ith specific exoglycosidases 

including a2-3 .6 .8 .9  neuraminidase (2500 U/mg: Calbiochem. M erck Chemicals 

Ltd . U K ) ;  PN G ase F  (1 0 0 0  U /m g ; N e w  England B ioLabs. U K );  a 2 -3  

neuram inidase (S igm a. Ire lan d ), and O -g lycosidase (5  U /m g; S igm a. 

Ireland). This methodology has been described in detail elsewhere.*^

Data were analyzed using the GraphPad Prism program (GraphPad  

Prism version 5 .0  fo r W in dow s; G raphPad So ftw are , San D iego . C A ).  

Experiments were performed in triplicate. A ll data are expressed as mean ±  

standard error o f the mean (S E M ). T o  assess statistical differences, the data 

were analyzed using unpaired 2-tailed Student t test. P  <  .05 was considered 

significant.

Results and discussion

Upon purification, platelet-VW F was visible as a ~ 2 2 0 -k D a  band 
when analyzed by SDS-polyacrylamide gel electrophoresis analysis, 
similarto that previously observed for plasm a-VW F (Figure 1 A ) . ' ' ' ' *  
Low-resolution SDS agarose gel electrophoresis confirmed that
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Figure 2. Role of glycans expression in regulating the ADAMTSIS^resistant 
phenotype of PL-VWF. (A) PL-VWF and PT-VWF were incubated with PNGase F to 
remove W-linked glycans. Subsequently, the effects of N-linl<ed deglycosylation in 
regulating susceptibility to ADAfyiTS13 proteolysis were investigated. Removal of 
W-linked glycans significantly increased PL-VWF cleavage by ADAMTS13 (PL-VWF [□] 
vs PNG-PL-VWF [■]; P <  .001 at all time points). Treatment of platelet-VWF with PNGase 
F was also associated with significantly enhanced proteolysis by ADAMTS13 (PT-VWF 
[OJ vs PNG-PT-VWF [•]: P <  .001). Nevertheless, PNG-treated PT-VWF remained 
more resistant to ADAMTS13 proteolysis compared with PNG-treated PL-VWF. All 
experiments were performed a minimum of 3 times and results are expressed as mean 
i  SEf^ at 120 minutes. (B) PL-VWF and PT-VWF were incubated with O-glycosidase 
(OGIy) to remove O-linked glycans. Subsequently, the effects of Olinked deglycosy­
lation in regulating susceptibility to ADAf^TSI 3 proteolysis were investigated Removal 
of O-linked glycans from PL-VWF had no significant effect on cleavage by ADAMTS13 
(PL-VWF [□] vs OGIy-PL-VWF [■]. In contrast, treatment of PL-VWF with OGIy was 
associated with significantly enhanced proteolysis by ADAMTS13 (PT-VWF [O] vs 
PNG-PT-VWF [•];  P <  ,01). (C) PL-VWF and PT-VWF were incubated with a2-3,6,8,9 
neuraminidase to remove terminal sialic acid. Subsequently, the effects of desiaiylation

PLATELET VW F AND ADAIV1TS13 4109

platelet-VW F was entiched in H M W M  compared with plasma-VWF 
(data not shown). In l^eeping with previous reports, A  and B blood 
group antigens were strongly expressed on plasma-VWF in a blood 
group-specific manner (Figure IB).'®'^^ In contrast however, A  and 
B antigens were not expressed on platelet-VWF. This finding is 
interesting given that ABO(H) bloixi group determinants are abun­
dantly expressed on several different platelet membrane g lyco ­
proteins inc lud ing  Gpla, Ib, Ila , and IV .'’ H antigen (Fuc a l-> 2  
Gal p i - * 4  G lcN A c p i ^ )  is the essential carbohydrate acceptor 
fo r e ither a - 1,3-/V-acety Igalactosaminyltransferase (A  transferase) 
or a-l,3-galactosylUxinsferase (B transferase).'® Individuals with the 
rare Bombay phenotype fail to express H antigen and therefore cannot 
synthesize A or B antigenic structures regardless o f their ABO  blood 
group genotype. In spite o f the absence o f A  and B determinant 
expression on platelet-VWF, we observed strong expression o f H 
antigen on platelet-VW F (Figure IB). Indeed, quantitative H antigen 
expression levels on platelet-VWF were strikingly similar to that 
observed on plasma-VWF.

Plasm a-VW F is heavily s ia ly la ted .'" '^ M oreover, N-  and 
O -linked sia lic acid expression plays a critica l role in modulating 
V W F  function, proteolysis, and c l e a r a n c e . R e v e r s e - p h a s e  
HPLC analysis demonstrated that total sia lic acid expression on 
p la te le t-VW F was s ign ificantly  reduced compared w ith plasma- 
V W F  (76 nm ol/m g vs 167 nm ol/m g; P <  .001), Im portantly, this 
reduction in total sia lyla tion was almost entire ly attributable to 
a specific reduction in sia lic acid expression on the iV-glycans o f 
p la te le t-VW F (49.2 nmol/m g vs 134.9 nmol/m g; P <  .001) 
(Figure 1C). In contrast, quantitative O-linked sialic acid expression 
on platelet-VW F (26.9 nmol/mg) and plasma-VWF (30.2 nmol/mg) 
were similar.

Term inal s ia lic  acid and A B O (H ) determinants expressed on 
p lasma-VW F critica lly  regulate susceptib ility to AD A M TS 13 
p r o t e o l y s i s . G i v e n  the marked differences in terminal A'-linked 
glycan expression on platelet-VWF, we investigated platelet-VWF 
proteolysis by AD AM TS13. Interestingly, ADAM TS13 proteolysis 
o f platelet-VW F was significantly attenuated compared with plasma- 
VW F (Figure ID-E). A t all time points after 30 minutes, platelet- 
V W F  showed significant increased resistance to AD A M TS 13 
(P <  .05). For example, after incubation w ith  A D A M T S 13 (3 nM 
for 90 minutes) platelet VW F:CB was reduced to 68.2% compared 
w ith  34.5% fo r plasm a-VW F (P <  .01). In contrast to its 
A D A M T S  13-resistant phenotype, p la te le t-VW F displayed sim ­
ila r susceptibility to cleavage by other serine and cysteine proteases 
as plasma-VWF (Figure 1F).

To elucidate the molecular basis underlying this specific 
A D A M T S  13-resistant phenotype, plasma- and p late let-VW F 
were treated w ith specific exoglycosidases. In keeping with previous 
findings, removal o f N -linked  glycans from  plasma-VW F (PNG- 
P L -V W F ) enhanced the rate o f proteolysis by A D A M T S  13 
(Figure 2A) . ' ^ ' ' “  S im ila rly , removal o f  A^-linked glycans from  
p la te le t-V W F (P N G -P T-V W F) also s ign ifican tly  increased the 
rate o f  A D A M T S  13 cleavage (P <  .05), Nevertheless, PNG-PT- 
V W F  s till cleaved significantly more slow ly than PNG-PL-VW F,

Figure 2 (continued) in regulating susceptibility to ADAfVITS13 proteolysis were 
investigated as previously described. Removal of sialic acid from PL-VWF (neur­
aminidase [Neu]-PL-VWF) significantly attenuated proteolysis by ADAMTS13 
( * " P  <  .001). In keeping with its markedly reduced sialic acid expression levels, 
Neu digestion of PT-VWF demonstrated only a small effect on susceptibility to 
ADAMTS13 cleavage.
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demonstrating that O-linked glycans on platelet-VWF also play 
a role in modulating ADAM TS13 resistance. This hypothesis was 
supported by the observation that removal of O-linked glycans 
from platelet-VWF also enhanced the rate of proteolysis by 
A D A M T S I3  (Figure 2B).

Recent work from our laboratory demonstrated that expression of 
a2-6-linked sialic acid on plasma-VWF promotes cleavage by 
A D A M T S 13. Consequently, neuraminidase treatment of plasma- 
V W F  significantly attenuates A D A M TS 13 proteolysis iP  <  .01; 
Figure 1C). In contrast, in keeping with its markedly reduced N-linked 
sialic acid expression levels, neuraminidase digestion of platelet-VWF 
had a negligible effect upon susceptibility to ADAM TS 13 cleavage 
(Figure 2C). Given the reduced sialic acid present on platelet-VWF, 
we hypothesize that the wild-type platelet-VWF glycoform is similar 
to neuraminidase-treated plasma-VWF, such that further removal of 
sialic acid from platelet-VW F does not promote resistance to 
A D A M TS  13. However, definitive glycome mapping studies will 
be required to determine how sialic acid expression varies across 
the 12 A'-linked glycan sites of platelet-VWF.

In conclusion, these novel data demonstrate that platelet-VWF 
exists as a distinct natural glycoform, with a particularly marked 
reduction in A'-linked sialylation. As a result of this differential glycan 
profile, platelet-VWF exhibits resistance to ADAM TS 13 proteolysis. 
Thus, at sites of vascular injury, not only will high local concentrations 
of H M W M  platelet-VWF be released, but this VW F will be partially 
resistant to ADAMTS 13 further enhancing platelet plug formation.
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Further in vivo studies will be needed to elucidate the physiological 
significance of the ADAMTS 13-resistant phenotype of platelet-VWF.
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Summary. Bcickground; Enhanced von Willebrand factor 
(VW F) clearance is important in the etiology o f type 1 
and type 2 von Willebrand disease (VW D). More than 20 
different VW F point mutations have already been 
reported in patients with enhanced clearance. These 
include the VWD-Vicenza variant, which is characterized 
by an Argl205H is substitution in the VW F D3 domain. 
C ritically, however, the molecular mechanisms through 
which single amino acid substitutions in VW F result in 
enhanced clearance o f this complex muUimeric glycopro­
tein have not been defined. Ohjeciives: In this study, we 
have investigated the biological basis underlying the 
enhanced clearance o f the VWF-R1205H variant. M eth­
ods: Using VW F mice, vivo clearance rates were 
determined for a series o f full-length and truncated 
recombinant VW F variants. In addition, the role o f mac­
rophages in modulating enhanced VWD-Vicenza clear­
ance was investigated using clodronate liposome 
administration. Results: Our findings demonstrate that 
substitutions o f R1205 with histidine, cysteine or serine 
ail result in markedly reduced survival o f full-length 
recombinant VW F. Im portantly, D 'A3 fragments con­
taining these same RI205 substitutions also demonstrated 
significantly enhanced clearance. In contrast to the 
reduced itt vivo survival observed with R1205H, clearance 
o f R1204H was not enhanced. Recent studies have dem-
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onstrated that hepatic and splenic macrophages play key 
roles in regulating VW F clearance. Im portantly, macro- 
phage-depletion also served to markedly attenuate the 
enhanced clearance phenotypes associated with VW F- 
R1205H, VWF-R1205S and VWF-R1205C. Conclusions: 
Collectively, these novel findings deinonstrate a specific 
and critical role for the R1205 residue in modulating 
macrophage-mediated clearance o f VW F in vivo.

Keywords: glycosylation; metabolic clearance rate; von 
Vv'iUcbrand disease. Type 1, von Willebrand disease. Type 
2; von Willebrand factor.

Introduction

Increased plasma clearance o f von Willebrand factor 
(VW F) has been implicated as an important mechanism 
m the etiology o f both type 1 and type 2 von Willebrand 
disease (VW D) [1,2]. In particular, accumulating data 
suggest that enhanced VW F clearance may be a relatively 
cominon pathological mechanism in patients with type 1 
VW D  [1,3,4]. To date, more than 20 different VW F point 
mutations have been associated with enhanced clearance 
[5 9]. O f these, the most common is the VWD-Vicenza 
variant, which is characterized by an Argl205H is substi­
tution in the E3 module o f the VW F D3 domain [10]. 
Patients with VWD-Vicenza typically have significantly 
reduced plasma VW F levels, but retain normal platelet- 
VW F content [7,10]. In addition, their steady-state VW F 
propeptide to VW F antigen (VW F : Ag) ratio is mark­
edly elevated. Following D D AVP administration, plasma 
VW F : Ag levels increase significantly in VWD-Vicenza 
individuals [11,12]. However, the half-life o f the secreted 
VWF-R1205II is markedly reduced compared with that 
o f wild-type (W T) VW F [10 12].

© 2015 International Society on Thrombosis and Haemostasis
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The direct role o f the R1205H substitution in regulating 
enhanced VW F clearance has been confirmed in several 
studies using VW F “  mice. Lenting et al. demonstrated 
that the mean residence time o f human VWF-R1205H was 
markedly reduced compared with that o f human W T-VW F 
in VW F [13]. Subsequently. Pruss et al. showed that the 
half-life o f murine VWF-R1205H was also significantly 
reduced following intravenous injection [14], In addition, 
enhanced clearance o f R1205H-VWF was also observed 
following hydrodynamic expression in these VWF-deficient 
mice [14]. Cumulatively, these data demonstrate that the 
R1205H substitution results in significantly enhanced 
VW F clearance from the circulation. Critically, however, 
the molecular and cellular basis through which this single 
amino acid substitution results in enhanced clearance o f 
multimeric VW F has not been defined. Recent studies have 
identified a role for hepatic and splenic macrophages in 
modulating VW F clearance, and have described a number 
o f putative macrophage receptors [15,16]. Furthermore, 
variation in VW F glycans including terminal sialic acid and 
ABO (H) blood group antigen expression have also been 
shown to regulate VW F clearance [17,18], Finally, an 
important role for the hepatic asialoglycoprotein receptor 
(ASGPR) in modulating VW F half-life has also been dem­
onstrated [19]. In this study, we have utilized a series o f 
recombinant VW F variants and truncations to investigate 
the molecular basis underlying the enhanced clearance o f 
the VWD-Vicenza variant. Our findings demonstrate a spe­
cific and critical role for the R1205 residue in modulating 
macrophage-mediated clearance o f VWF.

M ateria ls  and methods

VW F expression and purification

The expression vector pcD N A-VW F has been described 
previously [20]. The Kapa H iF i HotStart PCR K it 
(Anachem. Bedfordshire, U K ) was used to generate point 
mutations (RI204H, R1205C, R1205H, and R1205S) in 
both full-length VW F and D ’A3-VW F constructs. The 
presence o f all mutations was verified by Sanger sequenc­
ing. Full-length VW F and D 'A 3-V W F variants were then 
transiently expressed in HEK293T cells using polyethylen- 
imine (PEI) as a transfection reagent. Conditioned serum- 
free medium was harvested after 72 h and concentrated 
via anion exchange chromatography as before [21]. Full- 
length VW F variants were further concentrated using 
100-kDa cut-o ff spin filters (M illipore, Cork, Ireland). 
D 'A 3-VW F variants were further purified via nickel affin­
ity chromatography. VW F concentration was subse­
quently determined by ELISA as previously described [22].

VWF clearance studies in VW F '  mice

V W F ” “̂  mice were obtained from the Jackson Labora­
tory (Sacramento, CA, USA) on a C57B1 6 background.

A ll animal experiments were performed in compliance 
with the Irish Medicines Board regulations, on mice 
between 6 and 8 weeks o f age. Briefly, VWF~ “  mice 
were intravenously injected with 300 nM VW F or frag­
ments thereof, diluted in 100 |iL  sterile-filtered PBS. 
Blood from a subclavicle incision was sampled into hepa­
rin-coated microcontainers (BD Unitech. Dublin, Ireland) 
at 3 min post-injection and then at 5-min intervals up to 
30 min. Plasma VW F : Ag levels were then determined 
by ELISA. Three to five mice were used per time-point 
and each mouse was bled only once. Percentage recovery, 
mean residence time and plasma half-life were determined 
for each variant. Clearance values were expressed and 
graphed as percentage residual VW F : Ag against time 
where residual VW F represents the amount o f VW F pres­
ent in plasma at given time-points relative to the initial 
amount injected. For macrophage depletion, mice were 
intravenously injected with clodronate liposomes (100 nL 
per 10 g body weight) 24 h prior to injection o f VW F as 
previously described [23]. In preliminary studies, and in 
keeping with previous studies, we determined that pre- 
treatment with clodronate liposomes resulted in a 75% 
reduction o f F4 80 ' C D llb  macrophages compared 
with PBS-liposome treated controls (data not shown).

Statistical analysis

Data were analyzed using GraphPad Prism software 
(GraphPad Prism version 5.0 for Windows; GraphPad 
Software, San Diego, CA, USA). A ll data are expressed 
as mean ±  SEM. To assess statistical differences, the data 
were analyzed using one-way a n o v a  with post-hoc Dun- 
nett's test for multiple comparisons.

Results and discussion

In preliminary experiments, we confirmed that recombinant 
human VWF-R1205FI was cleared significantly faster than 
human W T-VW F in VW F^''“  mice (Fig. lA ). In keeping 
with a previous study that investigated clearance o f recom­
binant murine RI205H expressed in FIEK293-T cells [13], 
clearance o f recombinant human VWF-R1205H was 
approximately 1.5-fold faster than that o f human WT- 
VWF. Two other substitutions o f arginine 1205 (with cyste­
ine and serine, respectively) have also been reported in indi­
vidual patients with significantly reduced plasma VW F 
levels [24], Both patients had reduced plasma VW F : Ag 
levels, and a reduced VW F half-life following DDAVP 
administration. To determine whether these substitutions 
also directly influenced VW F survival in vivo, we further 
characterized the clearance o f recombinant VWF-RI205C 
and VWF-R1205S in the VW F mouse. Interestingly, 
both VWF-R1205C and VWF-R1205S were also associated 
with significantly enhanced clearance compared with WT- 
VW F (Fig. IB). Indeed, VWF-R1205C and VWF-R1205S 
were actually cleared more rapidly than VWF-R1205H.

©  2015 In te rn a tio n a l Society on Throm bo sis  and Haem ostasis
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Fig. 1. A rgin ine 1205 in the D3 dom ain  plays a critical ro le in regu lating  von W illebrand  fac to r clearance in vivo. (A) R ecom binan t w ild-type 
(W T) and  R 1205H -hum an  V W F were expressed in H E K 293T  cells. T o  study  in vivo survival, V W F “ “ mice w ere in travenously  injected with 
purified  V W F  and  b lood  sam ples collected a t specified subsequent tim e-poin ts. M ice w ere sam pled  only once. R esidual c ircu la ting  V W F c o n ­
cen tra tio n  w as de term ined  a t each tim e-point using V W F : Ag EL ISA . All results are p lo tted  as percentage residual V W F : Ag levels relative 
to  the a m o u n t injected. T hree to  five mice were used per tim e-po in t an d  d a ta  a re  represen ted  as m ean ±  SE M . In som e cases, the  SE M  canno t 
be seen due to  its sm all size. (B) In add ition  to the R I205H  su bstitu tion . R 1205C  and  R I205S  m u ta tions have a lso  been described in patien ts 
w ith V W D . R ecom binan t hum an  V W F -R I205C  and  V W F -R I205S  w ere expressed and  in vivo c learance assessed in V W F  “ mice. Plasm a 
sam ples w ere collected a t 3 an d  10 m in following in travenous a dm in is tra tion  and  clearance com pared  w ith th a t o f  W T -V W F  Both VW F- 
R1205C and  V W F-R 1205S were cleared significantly faster than  W T -V W F  {*P < 0.05. **P < 0.001 and  ***P < 0.0001. respectively). (C) T he 
h um an  V W F D3 do m ain  con ta in s  conserved arg in ine  residues at positions 1204 and 1205. A n asterisk (*) ind icates positions th a t have a single, 
fully conserved residue. Positively charged residues are highlighted in green and  negatively charged  residues are h ighlighted in red. (D ) T o  fu r­
ther investigate  the  m echanism  th rough  which R1205 substitu tions result in enhanced V W F clearance, recom binan t V W F -R I204H  was 
expressed and  in vivo survival m easured in V W F mice. In c o n trast to  the enhanced clearance phenotypes associated  w ith the R I205H . 
R I205S  and  R 1205C substitu tions. V W F -R I204H  clearance did no t d iffer significantly  from  th a t o f  W T -V W F. In som e cases. SE M  canno t be 
seen due to  its sm all size

T h e  a rg in ine  1205 residue in h u m an  V W F  is highly 
conserved  across  o th e r  species. O f  note,  a n o th e r  c o n ­
served arg in ine  is located  at residue 1204 (Fig. 1C). In

view o f  this p roximity ,  we p roceeded  to investigate  in vivo 
c learance  o f  r e co m b in a n t  h u m a n  V W F -R 1 2 0 4 H .  Surp r is ­
ingly, in c o n tra s t  to the m ark ed ly  e n h an ced  c learance

© 2 0 1 5  In te rn a tio n a l Society on  T hrom bosis  and  H aem ostasis
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Fig. 2. Macrophages play a m ajor role in modulating the enhanced clearance associated w ith V W F  R1205 substitutions. (A ) Diagram illustrates 
the domain structure o f fu ll-length VW F. In addition, the domains present in  the truncated V W F  variants expressed in this study are also 
shown. In the amplified section, the recently defined subdomains w ith in the N-term ina l D ‘D3 domains have been indicated, together w ith  the 
location o f R1205, which lies w ith in  the E3 subdomain o f  D3. (B) Previous studies have suggested that the A1A2A3 domains o f V W F may 
contain a critica l clearance receptor binding site, whilst the D 'D 3 domains act to inh ib it V W F clearance. To investigate whether the enhanced 
clearance associated w ith R1205 substitutions resulted from  disruption o f this D 'D 3  inh ib ito ry  effect, in vivo clearance o f V W F  D 'A 3  fragments 
incorporating the R1205H. R1205S and R1205C substitutions was compared w ith w ild-type D 'A 3 . Plasma samples were collected at 3 and 
10 min fo llow ing intravenous adm inistration. Ten minutes fo llow ing infusion, residual plasma levels o f the D ‘A3 truncations containing 
R1205H. R1205S and R1205C were significantly reduced compared w ith w ild-type D 'A 3  { * * P  < 0.001 and * * * P  < 0.0001. respectively). (C) 
Recent studies have demonstrated that hepatic macrophages play an im portant role in mediating V W F  clearance in vivo. To investigate whether 
macrophages are involved in mediating the enhanced clearance o f R1205 variants, hepatic macrophages were depleted in V W F ” " mice by 
intravenous adm inistration o f clodronate liposomes. In  vivo clearance studies for VW F-R1205H. VWF-R1205S and R1205C were then repeated 
24 h fo llow ing clodronate administration. V W F ’ mice injected w ith PBS-containing liposomes were used as controls. Clodronate-mediated 
macrophage depletion significantly prolonged survival o f VW F-R1205H, VW F-R1205C and VWF-R1205S at 10 mm post-VW F infusion 
(* /*  < 0.05. * * P  <  0.001 and * * * p  <  0.0001. respectively).
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phenotype observed with the R1205H substitution, 
clearance o f VWF-R1204H was not significantly different 
from that o f W T-VW F (Fig. ID ). Cumulatively, these 
data highlight a specific critical role for the arginine 1205 
residue w ithin the D3 domain o f VW F in regulating 
clearance in vivo.

Although the precise regions o f the VW F protein 
responsible for modulating clearance have not been 
defined, the majority o f reported patient mutations associ­
ated with enhanced VW F clearance are clustered within 
the D 'D 3 and A1A2A3 domains (Fig. 2A) [1]. In addi­
tion, previous studies using recombinant VW F trunca­
tions demonstrated that the fragment A1A2A3 was 
cleared at a similar rate to full-length VW F [13]. In con­
trast, the fragment D D3A1A2A3 (D 'A3) was cleared sig­
nificantly more slowly, suggesting that the D 'D 3 domains 
may have a role in regulating VW F clearance [13], To 
investigate the molecular mechanism(s) responsible for 
the reduced plasma survival associated with R1205 substi­
tution, we further characterized the effects o f introducing 
the R1205H. R1205S and R1205C substitutions into the 
D3 domain o f the D 'A3 fragment. Interestingly, in keep­
ing with their involvement in reducing the survival o f full- 
length VW F, each o f these R1205 substitutions resulted 
in significantly enhanced clearance o f the D 'A3 fragment 
(Fig. 2B). Moreover, the effect o f these mutations in 
causing enhanced clearance was more pronounced in the 
D 'A3 fragment compared with full-length VWF. Collec­
tively, these data demonstrate that the reduced survival 
associated with loss o f arginine 1205 is modulated 
through local effects w ithin the D 'A3 region. We postu­
late that the enhanced clearance phenotype may be due 
to abrogation o f the inhibitory effect o f the D 'D3 region 
upon A1 A2A3-mediated VW F clearance [25]. Alterna­
tively, R1205 substitutions may serve to enhance VW F 
clearance by creating a novel receptor-binding site within 
the D D3 region.

Emerging data suggest that hepatic and splenic macro­
phages can also bind and endocytose VW F, and thus play 
a role in regulating VW F clearance [15,16]. In keeping 
with these previous reports, we confirmed that macro­
phage depletion with clodronate significantly attenuated 
in vivo clearance o f W T-VW F in V W F“ mice (Fig. 2C). 
Importantly, macrophage depletion also significantly pro­
longed the survival o f VWF-R1205H, R1205S and 
RI205C. Interestingly, macrophage depletion inhibited 
VWF-R1205H clearance to a greater degree than that 
observed with W T-VW F, suggesting that macrophage- 
rr.ediated clearance is the predominant pathway through 
which RI205H is cleared.

In conclusion, our findings emphasize the specific critical 
role played by arginine 1205 in modulating VW F clearance. 
Thus, substitutions o f RI205 with histidine, cysteine or ser- 
ire all resulted in markedly reduced survival o f full-length 
VWF or D3-containing VW F fragments. Furthermore, this 
enhanced clearance o f VW F was mediated through a

macrophage-dependent mechanism. Further studies w ill be 
necessary to define the specific macrophage receptors 
involved in the etiology o f this clinically important 
enhanced VW F clearance phenotype. Moreover, it remains 
unclear whether additional distinct VW F clearance path­
ways may also be important in causing the accelerated 
clearance associated with other VW F amino acid substitu­
tions, particularly those located in different VW F domains.

Addendum
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paper.
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