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Introduction

This thesis describes the characterization of autoantibodies  directed 
to the plasma metalloprotease ADAMTS13 that develop in patients with 
 acquired thrombotic thrombocytopenic purpura (TTP). These  autoantibodies 
 prevent the cleavage of ultra-large von Willebrand  factor (UL-VWF) 
 multimers by  ADAMTS13 (Fig.1A). Lack of cleavage of  UL-VWF  multimers 
results in  adhesion of platelets and formation of platelet thrombi in the 
 microcirculation. This limits oxygen supply to the tissues, which may 
 ultimately result in  neurological damage or renal dysfunction. Patients with 
acute TTP have low platelet numbers and also suffer from  hemolytic  anemia 
due to  fragmentation of red blood cells (Fig.1B). In this thesis, we report on the 
functional  characteristics of human anti-ADAMTS13  antibodies. To  facilitate 
these studies, we generated a panel of human  monoclonal  antibodies from the 
 immunoglobulin repertoire of patients with  acquired TTP. We  determined 
the epitope specificity of anti-ADAMTS13  antibodies and  studied the mode 
of action of these pathogenic antibodies. In this  introductory  chapter we 
 review our current knowledge on thrombotic  thrombocytopenic purpura and 
introduce key players involved in the  pathogenesis of this rare and  sometimes 
life-threatening hematological disorder.

History of TTP: Clinical Features
In 1924, Moschcowitz described a case of a 16 year old girl having “a 

 hitherto undescribed disease” [1]. At first, the girl developed several symptoms 
such as fever. Her symptoms became worse and developed into a  decrease 
in the  number of red blood cells (anaemia), a raised white blood cell count, 
a few  petechiae and blood in the gastric area. Later on, she became  comatose 
and died. Post-mortem analysis revealed the presence of white-colored 
 (hyaline)  platelet-rich thrombi in many tissues. Moschcowitz concluded that 
death  resulted from “a  powerful poison causing agglutination of  platelets and 
 hemolysis”. This patient was  later recognized as the first published  example 
of thrombotic  thrombocytopenic  purpura (TTP). During the following 50 
years  diagnosis of TTP improved.  Patients usually exhibit a classic pentad of 
 symptoms that  include  microangiopathic  hemolytic anemia,  thrombocytopenia, 
neurologic abnormalities, renal damage and fever [2]. Due to lack of treatment 
the mortality rate was high;  approximately 80% of the patients died  within 
3 months after the  diagnosis of symptoms. In 1960, Schulman described a 
 similar case like  Moschcowitz but this time the patient survived after blood 
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 transfusion [3]. In 1976, Bukowski reported on the same disease and  treatment 
of TTP with plasmapheresis with a positive outcome over a  prolonged  period 
of time [4]. Since then, several studies have  reported on the beneficial outcome 
of plasma exchange treatment (PEX) [5], over plasma  infusions [6], which is 
still used  successfully [7, 8]. Mortality rates have significantly decreased from 
90% to 10% [5] although 30 to 50% of patients relapse over a variable  period of 
months to years [9, 10]. The  majority of patients recover when TTP is  diagnosed 
and treated in time. Annually,  approximately 3 to 4 cases per  million  people 
are diagnosed and reported to have TTP [11] and it seems to occur more 
 frequent in females and  Afro-Americans [12]. In addition to PEX  treatment, 
other  methods are required to treat patients  because of the high  relapse 
rate after PEX [10]. For instance, steroids are used usually in  combination 
with PEX. Adding methylprednisolone to daily PEX resulted in a complete 
 remission percentage of 76% [13]. High doses of the  immunosuppressive drug 
 cyclosporine (CSA) together with PEX have shown to be beneficial over the 
use of steroids [14-16]. In addition, a chimeric monoclonal antibody against 

Figure 1. Clinical features of TTP. (A) A schematic representation of the presence of  ultra-large 
VWF multimers (UL-VWF MM) in TTP and normal human pooled plasma (NHP). In the 
 absence of  ADAMTS13, UL-VWF MM are not processed which leads to platelet aggregates in 
the  microvasculature. These UL-VWF MM are regulated when ADAMTS13 is present (NHP). 
 Ultra-large VWF MM can be displayed by separation on agarose gels and immunoblotting (see 
chapter 3) [45]. (B) Red blood cells passing the microscopic platelet thrombi are subjected to shear 
stress which damages their membranes, leading to intravascular hemolysis and schistocytes 
 formation which are marked by arrows. Reprinted with permission (www.pathologystudent.com).
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CD20 (rituximab) expressed on the surface of B-cells has been  successfully 
used for treatment of patients with acquired TTP [17]. Its efficacy has also 
been reported in immune thrombocytopenia, immune hemolytic anaemia and 
post-transplant lymphoproliferative disorders [18]. In general, rituximab in 
addition to PEX seems to rescue most patients with relapsing acquired TTP.

Key players in TTP: Platelets
The hyaline thrombi in the microcirculation described by  Moschcowitz 

are primarily composed of aggregated blood platelets. Platelets are small 
 irregularly-shaped anuclear cell fragments, 2-3 µm in diameter, have a  volume 
of 9.7 – 12.8 fL and are produced by megakaryocytes. As megakaryocytes 
 develop into giant cells, they undergo a process of fragmentation in which the 
 cytoplasm gradually breaks up into platelets [19]. The average lifespan of a 
platelet is  normally 5 to 9 days. Normal human blood has platelet counts varying 
 between 150 - 400 × 109 cells/L, whereas in TTP, systemic platelet aggregation or 
 adhesion is associated with platelet counts below 20 × 109/L resulting in severe 
 thrombocytopenia. The precise mechanism has not been fully elucidated. TTP is 
characterized by the presence of small platelet thrombi in terminal arteries and 
arterioles but not venules. Obstruction of the microvasculature by platelet-rich 
thrombi  exerts strong hydrodynamic forces on passing erythrocytes that  induces 
their  fragmentation and results in a decline in the number of circulating red blood 
cells (RBCs) [20]. A diagnostic hallmark of TTP is provided by the  circulating 
fragmented red blood cells present in blood smears of patients with TTP. These 
so-called schistocytes have irregular shapes that are clearly distinct from the 
spherical geometry of normal red blood cells (Fig.1B). As a result of red blood 
cell destruction, plasma levels of lactate dehydrogenase (LDH) are increased in 
patients with TTP [21]. Platelet adhesion to the vessel wall is mediated by von 
Willebrand factor (VWF) which is released from endothelial cells.  Perturbation 
of endothelial cells results in release or exposure of VWF and subsequent 
 adhesion of blood platelets [22]. Platelets can bind VWF with the glycoprotein 
Iba/IX/V complex (GP-Iba/IX/V) which is uniquely present on platelets [23].

Key players in TTP: von Willebrand factor
Von Willebrand factor is named after Dr. Erik von Willebrand, a Finnish 

doctor who first described a hereditary bleeding disorder in families from the 
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Åland islands in the Baltic Sea [24]. Von Willebrand factor is a large plasma 
glycoprotein that is synthesized by endothelial cells and megakaryocytes. 
 Following its synthesis, VWF arranges into multimeric structures measuring up 
to ~20.000 kDa [25]. VWF is synthesized as a pre-pro precursor of 2813  amino 
 acids that is composed of four repeated domains. A signal peptide of 22  residues 
is cleaved off upon entry of pre-pro-VWF into the  endoplasmic  reticulum; 
 further  processing in the trans Golgi network releases a large  propeptide of 741 
 residues comprising the D1 and D2 domains (Fig.2A).  Mature VWF is  composed 
of domains D’-D3-A1-A2-A3-D4-C1-C2-CK (Fig.2A) [26].  Multimers are 
 generated through the formation of intermolecular  disulphide bonds  between 
amino-terminal D-domains and the carboxy-terminal CK  domain of VWF [27]. 
 Multimeric VWF is stored within specialized, endothelial cell  specific,  secretory 
granules  designated Weibel–Palade bodies [28] (WPBs; Fig.2B) that  release 

Figure 2. The structural domains of von Willebrand factor, storage and release of ultra-large 
VWF. (A) Schematic representation of the domain structures of monomeric VWF. In particular, 
the  cleavage site for ADAMTS13 is presented in the A2 domain of VWF. (B) HUVECs were stained 
for VWF and visualized by confocal microscopy to observe the typical granular cigar-shaped 
 morphology of Weibel-Palade bodies. (C) In vitro processing of ADAMTS13 under shear can 
be monitored by a flow-based assay using histamine stimulated HUVECs (see chapter 3). After 
 stimulation, isolated platelets are added under flow and adhere to unfolded VWF strings (marked 
by the arrows).
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their content upon triggering of endothelial cells by  selective  agonists [29] 
(Fig.2C). Twelve N-linked and 10 O-linked carbohydrate side-chains have been 
 identified on  mature VWF which represent 10 - 20% of the total  molecular mass 
of a monomer. VWF is one of the few proteins that carry antigens of the ABO 
blood group system [30, 31]. Formation of WPBs is dependent on the  cellular 
expression of VWF; cells that lack VWF do not form these kinds of  organelles 
[32, 33]. WPBs contain multiple other low abundant proteins such as IL-8, 
 P-selectin,  eotaxin-3, endothelin-1 and angiopoietin-2 [29]. Upon  stimulation 
of  endothelial cells WPBs fuse with the plasma  membrane and release their 
content into the circulation. Under the influence of flow, newly released VWF 
multimers assemble into string-like structures (UL-VWF strings; Fig.2C [34]) 
that are anchored to the cell membrane via P-selectin [35] or integrin-aVβ3 
[36]. Platelets have been shown to readily adhere to UL-VWF strings both in 
vitro as well as in vivo [37, 38]. The initial interaction of VWF with platelets is 
 accomplished through binding of the A1 domain with the  N-terminal region 
of the GP-Iba platelet receptor [39]. This interaction is of low affinity and is 
 necessary for slowing down of the passing or rolling platelet onto the “active” 
surface [40]. The A3 domain, but also the A1 domain, is able to bind to collagen 
[41] which provides one of the primary steps in the formation of a platelet plug. 
In 1982, von  Willebrand factor was linked to the pathogenesis of TTP [2] as ultra-
large VWF  multimers were found in plasma of patients with relapsing  acquired 
or  congenital TTP. It was proposed that patients with TTP lacked a VWF 
 depolymerase or VWF-cleaving protease in order to prevent the accumulation of 
these ultra-large VWF multimers that cause intravascular platelet aggregation. 

Key players in TTP: ADAMTS13
In 1996, the VWF-cleaving protease (VWF-CP) was purified from human 

plasma independently by different groups [42, 43]. Shortly thereafter it was 
shown that VWF-CP activity is not present in plasma of patients with  congenital 
and acquired TTP patients [44, 45]. Sequence analysis of plasma  purified as well 
as genetic analysis of patients with congenital TTP revealed that  VWF-CP was 
encoded by the ADAMTS13 (a disintegrin and  metalloproteinase with a throm-a disintegrin and  metalloproteinase with a throm-
bospondin type 1 motif, member 13) gene [46-49]. Mutations in the  locus of the 
ADAMTS13 gene (chromosome position 9q34) showed to result in  congenital 
TTP [46] or Upshaw-Schulman syndrome [3]. Usually, clinical  symptoms in 
 patients with congenital TTP first present in infancy or childhood but some 
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 patients present symptoms later in life e.g. during a first pregnancy [50]. To date, 
76 mutations within the ADAMTS13 gene have been reported [51]. The presence 
of ADAMTS13 in plasma was substantiated by purification and  N-terminal 
 sequencing [48, 49, 52]. ADAMTS13 is synthesized both in hepatic stellate cells 
in the liver [52, 53] and endothelial cells [54-56] and consists of a signal- and 
propeptide (P), metalloprotease (M), disintegrin (D), one thrombospondin type 
repeat (1), cys-rich (C), spacer (S), 7 additional thrombospondin (TSP1) repeats 
(2-8) and two CUB domains (CUB1 and CUB2) [47] (Fig.3A). The relatively small 
propeptide of ADAMTS13, when compared to other ADAMTS family members 
[57], is not essential for its enzymatic activity [58]. The CUB domains, found 

Figure 3. The domains and crystal structure of ADAMTS13. (A) Schematic representation of the 
domain structure of full-length ADAMTS13 and (B) crystal structure of ADAMTS13-DTCS [85] 
 (disintegrin domain (D) in green; the thrombospondin type repeat 1 (1) in blue; the cysteine-
rich  domain (C) in pink and the spacer domain (S) in light blue). The crystal structure of the 
 metalloprotease domain of ADAMTS1, 4 and 5 were used as a template to model the  metalloprotease 
domain (Met in light red) and was modeled using the HHPred server as described previously [89]. 
Molecular graphics were prepared and manipulated with the PyMOL program (DeLano Scientific, 
Palo Alto, CA).
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only in ADAMTS13 but not in other ADAMTS family  members [59], show 
 homology to the complement subcomponents (C1r/C1s), the  embryonic sea 
 urchin epidermal growth factor and bone morphogenic protein 1.  ADAMTS13 is 
 extensively modified [60] by N- and O-linked glycosylation [61, 62] and requires 
metal ions for its activity; metal-ion (Zn2+ and Ca2+) binding sites have been 
identified in its metalloprotease domain [63, 64]. The half-life of ADAMTS13 
activity is 2 - 3 days [21] and its concentration in plasma of healthy  subjects 
ranges from 0.5 – 1.0 μg/ml [65]. The activity in plasma might be  regulated 
by thrombin or plasmin [66, 67] and  inactivation of ADAMTS13 by plasmin 
due to a2-antiplasmin deficiency has recently been proposed to cause TTP [68].

Processing of ultra-large VWF multimers by ADAMTS13
Denaturing or shear stress conditions are required for the in vitro processing 

of VWF multimers by ADAMTS13 [34, 42, 69, 70].  In vivo, high fluid shear stress 
unfolds newly released UL-VWF on the surface of endothelial cells (Fig.2C) [71]. 
Both A1 and A3 domains contain an intrachain disulfide loop which  prevents 
unfolding of these domains (Fig.2A and 4A). The A2 domain has a similar 
 structure as the other VWF A domains but lacks an intra-domain disulfide bond 
that stabilizes its structure (Fig.2A and 4B) [69, 72, 73]. ADAMTS13 cleaves a 
Tyr1605-Met1606 peptide bond that is buried within the A2 domain of VWF 
(Fig.2A and Fig.4B) [43]. Proper orientation of the peptide bond is required for 
the cleavage by the zinc-aqua complex in the active site of ADAMTS13 (Fig.4C). 
Multiple co-factors have been suggested to modulate cleavage of ADAMTS13 
at the Tyr1605-Met1606 bond e.g. chloride ions [74], neutrophil oxidants 
 targeting the methionine (1606) at the cleavage site [75], hemoglobin binding 
to the A2 domain [76], coagulation factor VIII binding to the D’-D3 domains 
[77],  TSP-1 binding to the A3 domain [78] and platelets via the GP-Iba  receptor 
on the A1 domain [79]. The last mechanism provides a potential feedback 
loop that  limits adhesion of platelets to ultra large VWF strings. Recombinant 
 ADAMTS13 was able to cleave VWF in vitro [60] and was shown to correct the 
VWF cleaving activity in plasma of patients with congenital TTP [80]. Several 
groups have  employed ADAMTS13 variants to explore the structure-function 
relationships of VWF cleavage by ADAMTS13 [81-85]. A short VWF73  peptide 
 corresponding to residues 1596-1668 within the VWF A2 domain provides 
a minimal substrate for cleavage by ADAMTS13 (Fig.4C) [86]. The Met-Dis-
TSP1-Cys/Spacer region (MDTCS) of ADAMTS13 (Fig.3B) is able to cleave this 
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 substrate without any assistance of the C-terminal TSP2-8 and CUB1-2 domains 
[87, 88]. Removal of the spacer domain abolishes cleavage of small substrates 
indicating that the spacer domain is required for the in vitro processing of small 
VWF A2 derived substrates by ADAMTS13. Several exosites within the MDTCS 
domains of ADAMTS13 have been identified which contribute to the in vitro 
processing of VWF A2 domain [85, 89-91]. The carboxy-terminal TSP2-8 and 
CUB1-2 domains mediate low affinity binding to the D4-CK domains of VWF 
(D4-CK) under static conditions [92, 93]. In addition, it has been suggested 
that also the A3 domain of VWF might interact with ADAMTS13 [94]. Specific 

Figure 4. Unfolding of VWFA2 domain exposes a cleavage site for ADAMTS13. ADAMTS13 is 
able to cleave VWF at the Tyr1605-Met1606 peptide bond upon applied shear stress or force [70]. 
(A) A homology model of the VWFA1A2A3 domains was constructed with the MODELLER 9v7 
program [117] based on the crystal structures of the A1 domain (1m10, 1auq, 3hxo and 3hxq), the 
A2 domain (3gbx) and the A3 domain (1ao3 and 1atz) [72]. Missing connecting loops were added 
in the alignment. The generated homology model was manipulated by minimizing the structure 
and performing MD simulations with the MOE (Molecular operating environment 2008) software 
package (Chemical Computing group from Montreal, Quebec, Canada). The VWFA2 domain is 
stabilized because of the presence of the A1 and A3 domains. (B) Shown is the crystal structure of 
the folded VWFA2 [69] domain (3gbx) with the ADAMTS13 cleavage site buried inside of the struc-
ture. The cleavage peptide bond (Tyr-Met) is depicted in magenta. (C) Shear unfolds the carboxy-
terminal part of VWFA2 domain [72, 73] and exposes a cleavage site for ADAMTS13. The minimal 
substrate of VWF spanning residues D1596 to R1668 is displayed [86]. The peptide bond cleaved 
by ADAMTS13 (Tyr1605-Met1606) is depicted in magenta. Molecular graphics were prepared and 
manipulated with the PyMOL program.
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exosites within the carboxy-terminal domains of ADAMTS13 have not yet been 
mapped. In general, complex multiple interactions between ADAMTS13 and 
VWF both at C- and N-terminal sites are required to enzymatically cleave VWF.

Autoantibodies that develop in patients with acquired 
TTP

Even before it was known that ADAMTS13 was involved in the  pathogenesis 
of acquired TTP it was observed that autoantibodies play a major role. It was 
demonstrated that antibodies purified from TTP plasma were able to inhibit the 
ADAMTS13 activity in plasma from healthy donors [44, 45]. Autoantibodies 
 directed towards ADAMTS13 are present in plasma of the majority of acquired 
TTP patients with ADAMTS13 activity of <5% (Fig.5) [95-98]. These  antibodies 
may reduce the functional enzyme levels (neutralizing) or clear the protein 
[99] from blood (non-neutralizing [100]) via immune complexes [101]. Plasma 
exchange therapy is successful presumably because of removal of these auto-
antibodies and restoration of plasma ADAMTS13 antigen levels. Persistence of a 
severe  ADAMTS13 deficiency due to the presence of circulating autoantibodies 
during clinical remission has been shown to increase the risk of recurrence 
three-fold [102]. Anti-ADAMTS13 antibodies are comprised of  immunoglobulin 
class G (IgG), class M (IgM) and class A (IgA) [103-105] as measured by  using 
 captured or directly immobilized purified recombinant ADAMTS13 on a 
 microtiter plate. IgM and IgA were observed in a limited number of patients. 
Antibodies of subclass IgG4 were found in 90% of the patients whereas IgG1, 
2 and 3 were observed in 30-50% of the patient samples analyzed [105]. IgG4 
levels are inversely correlated to levels of IgG1. This may be explained by class 
switching from IgG1 to IgG4 possibly resulting from continuous antigenic 
 challenge. Antibodies present in the plasma of acute acquired TTP patients 
showed a preference of incorporation of the VH1-69 heavy chain germline [106-
108]. It has been suggested that patients with high IgG4 levels and low levels of 
IgG1 are more prone to relapse [104, 109] and even the presence of high  titers of 
IgG1/IgA levels sometimes combined with high IgM levels has been  observed 
to correlate with a poor clinical outcome [105]. The spacer domain is the main 
target for autoantibodies present in the plasma of acquired TTP patients [110, 
111]. It is indispensible for the in vitro processing activity of ADAMTS13 and 
exclusively found in the ADAMTS protein family [57, 59]. Unlike the other 
 domains of ADAMTS13, the spacer domain does not show homology to other 
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known structural motifs present in the RSCB Protein Data Bank [85]. The spacer 
domain folds into a single globular unit with 10 β-strands in a jelly-roll  fashion, 
forming 2 antiparallel β-sheets that are positioned almost parallel to each  other. 
A similar jelly-roll topology has been observed for the C2 domains of FV and 
FVIII and the fucose-recognizing domain of a fucolectin found in serum of 
the European eel [112, 113]. The hydrophobic aromatic residues, proline and 
 glycine residues in the loops, are highly conserved among ADAMTS13 from 
different species (see Fig.1 in Chapter 3) and spacer domains of other ADAMTS 
 family members [114]. Loops that are located at the bottom side of the spacer 
domain (Fig.3B) are variable in length and amino acid sequence among  different 
ADAMTS family members possibly reflecting functional diversification. In 
this respect it is interesting to note that the spacer domain of ADAMTS1 and 
4 has been implicated in binding to cell surface glucosaminoglycans [115, 116].

Figure 5. ADAMTS13 deficiency in patients with acquired TTP. The presence of autoantibodies 
(abs) in the plasma of acquired TTP patients that are directed towards ADAMTS13 inhibits 
its  enzymatic function. Lack of ADAMTS13 activity results in defective cleavage of VWF and 
 accumulation of ultra-large VWF multimers in plasma. Platelets are able to bind these ultra-large 
VWF multimers forming platelet aggregates obstructing small arteries. The figure was adapted 
from [118].
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Scope of this Thesis
Until now the epitope specificity and mode of action of anti-ADAMTS13 

antibodies that develop in patients with acquired TTP has been poorly  defined. 
 Using different experimental approaches we characterized the  properties of these 
pathogenic antibodies in more detail. We also characterized the  contribution 
of antigenic surfaces targeted by anti-ADAMTS13 antibodies to the  processing 
activity of ADAMTS13 to VWF under different experimental conditions. 
Chapter 2 describes the isolation of monoclonal antibodies directed towards 
 ADAMTS13 using phage-display technique. These studies suggested  restricted 
usage of variable heavy chain segment VH1-69 for the assembly of human 
 anti-ADAMTS13 antibodies. Chapter 3 shows that anti-ADAMTS13  antibodies 
primarily target an exosite within the spacer domain of ADAMTS13.  Functional 
analysis revealed that this exosite targets a previously identified  interactive 
surface in the A2 domain of VWF. This observation implies that  pathogenic 
antibodies directed towards the spacer domain interfere with binding of 
 ADAMTS13 to its substrate VWF. In Chapter 4 we show that 5 residues within 
the spacer domain are part of an antigenic surface that is targeted by polyclonal 
anti-ADAMTS13 antibodies present in plasma of a large cohort of acquired TTP 
patients. In Chapter 5, we used selective chemical modification combined with 
mass spectrometry for the identification of surface-exposed residues within 
ADAMTS13. Functional significance of the identified residues is suggested by 
binding studies with VWF. Together, these studies increase our knowledge of 
the characteristics of anti-ADAMTS13 antibodies that develop in patients with 
acquired TTP. Also novel insight into the structure-function relationship of 
 ADAMTS13 has been generated. Together, our findings provide insight into 
the characteristics of autoantibodies that develop in patients with acquired TTP.
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VH1-69 germline encoded antibodies in acquired TTP patients

Abstract
Background: Autoantibodies directed towards ADAMTS13 are present in 

the majority of patients with acquired thrombotic thrombocytopenic purpura 
(TTP). Analysis of a set of antibodies derived from two patients with acquired TTP 
 revealed frequent use of the VH1-69 heavy chain gene segment for the assembly 
of anti-ADAMTS13 antibodies. Objective: We explored the ability of two  VH1-69 
germline gene encoded antibodies to inhibit the von Willebrand Factor (VWF) 
processing activity of ADAMTS13 under different experimental  conditions. 
 Furthermore, the presence of VH1-69 encoded anti-ADAMTS13 antibodies in 40 
patients with acquired TTP was monitored using monoclonal  antibody G8 which 
specifically reacts with an idiotype expressed on VH1-69 encoded antibodies. 
Methods/Results: Binding of the two VH1-69 encoded monoclonal antibodies 
was dependent on the presence of the spacer domain. Both antibodies inhibited 
ADAMTS13 activity under static conditions as measured by cleavage of FRETS-
VWF73 substrate and cleavage of VWF multimers. The recombinant  antibodies 
were also capable of inhibiting the processing of UL-VWF strings on the  surface 
of endothelial cells. G8-reactive antibodies directed towards ADAMTS13 
were present in plasma of all patients containing anti-ADAMTS13 antibodies. 
Conclusions: These results suggest that VH1-69 derived antibodies directed 
towards ADAMTS13 develop in the majority of patients with acquired TTP.

Introduction
Thrombotic thrombocytopenic purpura (TTP) is a severe  disorder 

 characterized by the absence or dysfunction of the von Willebrand 
 factor-cleaving protease ADAMTS13 [1]. Current evidence suggests that high 
molecular weight unusually large VWF (UL-VWF) multimers are  rapidly 
cleaved by ADAMTS13 at the Tyr1605-Met1606 scissile bond in the A2 domain 
on the surface of  endothelial cells [1-3]. Fluid shear stress induces unfolding 
of VWF multimers, thereby  rendering the A2 domain accessible for  cleavage 
by ADAMTS13 [4, 5]. In plasma of the majority of TTP patients with  severely 
reduced ADAMTS13  activity (<5%)  inhibitory antibodies have been found 
[6-8]. Most anti-ADAMTS13  antibodies are of immunoglobulin class G (IgG), 
 although in a limited number of  patients antibodies of immunoglobulin class M 
(IgM) and A (IgA) have also been  detected [9, 10]. Anti-ADAMTS13  antibodies 
can persist in plasma for prolonged time  periods, even in the  absence of  clinical 
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symptoms. Longitudinal analysis  suggests that patients with  circulating  levels 
of antibodies and low  levels of ADAMTS13 relapse more frequently than 
 patients without circulating  antibodies [10, 11]. Polyclonal IgG purified from 
plasma of a patient with acquired TTP has been shown to interfere with the 
binding of ADAMTS13 to VWF [12]. In  addition, the binding of  antibodies 
to ADAMTS13 may lead to the formation of immune  complexes that are 
 rapidly cleared from the circulation [13]. We and others have shown that the 
cysteine-rich/spacer domain harbors a major binding site for  anti-ADAMTS13 
antibodies [14-16]. More detailed analysis using a panel of  ADAMTS13/
ADAMTS1 hybrids revealed that two distinct regions  encompassing  amino 
acid residues 572-579 and 657-666 within the spacer domain are crucial 
for binding of antibodies that develop in patients with acquired TTP [17].

We have previously reported on the isolation of monoclonal  anti-ADAMTS13 
antibodies from the (variable heavy chain) immunoglobulin repertoire of a 
 patient with acquired TTP by phage display [18]. The variable heavy chain of 
the majority of the anti-ADAMTS13 antibodies was encoded by a heavy chain 
(VH) gene segment homologous to the VH1-69 gene family. One of these clones 
(I-9) was converted into a full-length IgG molecule and was found to  inhibit 
the activity of ADAMTS13 as measured in assays utilizing the  fluorogenic 
 substrate FRETS-VWF73 and multimeric VWF [18]. We have now isolated a 
panel of monoclonal antibodies from a second phage display library  expressing 
the variable heavy chain from an unrelated patient with acquired TTP. We 
 employed a monoclonal antibody directed towards a VH1-69 encoded  idiotype 
to determine whether VH1-69 encoded anti-ADAMTS13 antibodies are 
present in the immunoglobulin repertoire of other patients with acquired TTP.

Patients, materials and methods

Patients

A phage display library was constructed from peripheral blood 
 lymphocytes of a patient with acquired TTP. Informed consent for these studies 
was  obtained from the patient and the protocol was approved by the  Medical 
Ethical Committee of the University Medical Center Utrecht in accordance 
with the Declaration of Helsinki. Plasma samples of a panel of  consecutive 
 patients presenting with an acute bout of acquired TTP and severe ADAMTS13 
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deficiency (<5% of normal) were included in this study. Approval for use of 
these samples was obtained from the Kantonale Ethik Kommission, Bern, 
Switzerland and from the Board of Directors of the Bern University Hospital.

Construction and screening of immunoglobulin V-gene phage display 
library TTP-II 

The isolation and characterization of monoclonal antibodies from phage 
display library was carried out essentially as described previously [18]. For 
 experimental details see Supplementary Information.

Biochemical characterization of patient-derived monoclonal anti- 
ADAMTS13 antibodies 

Conversion of antibody fragments into full-length IgG1 molecules and 
 biochemical characterization of recombinant antibodies was carried out essen-
tially as described previously [18]. For experimental details see Supplementary 
 Information.

Inhibition of ADAMTS13 activity by monoclonal antibodies

Inhibition of ADAMTS13 activity by monoclonal antibodies employing 
FRETS-VWF73 substrate and plasma-derived urea-treated VWF multimers was 
determined as described [18]. Assessment of inhibitory capacity on the cleavage of 
endothelial-cell derived VWF under flow was essentially performed as reported 
[3]. Confluent human umbilical vein endothelial cells (HUVECs) were incubated 
with 25 µM histamine for 10 minutes at room temperature. Washed platelets were 
mixed with plasma pooled from 10 healthy individuals (1:1) and perfused over 
the histamine-stimulated  HUVECs at a shear rate of 2.5 dyn/cm2 in the presence 
or absence of antibody. After 3 minutes perfusion, the number of UL-VWF strings 
observed in ten continuous review fields (magnification 200 times) was counted 
under an inverted-stage microscope equipped with a high-speed digital camera.



31

Chapter 2

Characterization of G8-reactive antibodies present in plasma of patients 
with acquired TTP

An ELISA to determine G8-reactive anti-ADAMTS13 antibodies in plasma 
of patients with TTP is described in the Supplementary Information.  Depletion 
of VH1-69 germline encoded antibodies from TTP plasma was determined 
 using an immunoprecipitation approach. Purified G8 antibody was coupled 
to CNBr-4B sepharose with a coupling efficiency of ~700 μg/ml  following 
the  instructions of the manufacturer (GE Healthcare). Antibodies present in 
30 μl plasma of patients with acquired TTP were allowed to bind to ~20 μl 
 G8-sepharose in immunoprecipitation buffer (IPB) [16] and a recombinant 
 PMDTCS13 fragment containing a carboxyl-terminal V5-epitope tag was 
 added. After overnight incubation at 4°C, the supernatant was applied onto a 
second batch of ~20 μl G8-sepharose. Thereafter, the supernatant was allowed 
to bind ~20 μl protein G sepharose to determine the presence of  G8-nonreactive 
 antibodies directed against PMDTCS13. After extensive washing, bound 
 recombinant PMDTCS13 fragment was detected on Western blot as described 
 previously [16]. Antibodies I-9, II-1 and control antibody C (1.5 µg) were 
 included in this experiment as controls. Anti-V5 monoclonal antibody bound 
to protein G sepharose was used as a positive control. A similar approach was 
used in order to examine the epitope of the G8-reactive antibodies present in 
TTP  plasma. Binding of PMDTCS1 and PMDTCS13 to G8-reactive antibodies in 
plasma of patients with acquired TTP was analyzed essentially as described [17].

Results

Amino acid sequence characteristics of monoclonal antibodies directed 
towards ADAMTS13

We have previously described the isolation of a panel of antibodies directed 
towards ADAMTS13 employing the heavy chain immunoglobulin repertoire of 
a patient with acquired TTP [18]. To obtain more information on the  diversity and 
characteristics of monoclonal antibodies that develop in these patients, a  library 
containing the heavy chain immunoglobulin repertoire of a second  patient was 
screened employing immobilized ADAMTS13 and a recombinant fragment 
comprising the disintegrin/TSR1/cysteine-rich/spacer domains (DTCS) of 
ADAMTS13. Following three rounds of selection, 18 of the 24 clones that were 
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tested reacted with immobilized ADAMTS13. All isolated clones were directed 
towards the DTCS fragment, irrespective of selection on  full-length  ADAMTS13 
or recombinant DTCS fragment; no clones binding outside the DTCS region 
were found (data not shown). The amino acid sequences of the VH segments 
of the isolated single-chain Fv (scFv) antibody clones are shown in Fig.1. For 
comparison, the amino acid sequences of the VH segments of the scFv that have 
been isolated previously are also included [18]. Sequence analysis  revealed that 
16 out of 18 clones isolated from the second library were identical. One of the 
16 identical clones, designated II-1, was selected for further analysis (Fig.1). 
The variable heavy chain of clone II-1 was derived from the VH1-69 germline 
gene similar to the variable heavy chain of clones I-9, I-10, and I-27 that were 
 described previously [18]. The variable light chain of clone II-1 is derived from 
the kappa light chain gene segment 1D-33. Table I provides an overview of the 
sequence characteristics of the monoclonal antibodies isolated from both phage 
display libraries. Interestingly, the variable heavy chain domain of clone II-1 is 
more extensively modified by somatic hypermutation than that of clones I-9, 
I-10 and I-27. The deduced amino acid sequence of clones II-8 and II-23 was 
different from that of clone II-1. The variable heavy chain segments of clones 
II-8 and II-23 were most homologous to VH3-09 as well as that of the  previously 
isolated clone I-41 (Fig.1) [18]. Overall, our results show that 4 out of 10 
 isolated monoclonal anti-ADAMTS13 antibodies clones incorporate the  VH1-69 
heavy chain gene segment. The remainder of the isolated  anti-ADAMTS13 
antibodies is encoded by other VH gene segments which include VH3-09.

Functional characterization of VH1-69 derived monoclonal antibodies 
directed towards ADAMTS13

The functional properties of the VH1-69 encoded antibody II-1 were 
 compared with that of the previous described antibody I-9 [18]. The epitope 
specificity of this anti-ADAMTS13 antibody, as a full-length IgG1  molecule, 
was determined using several recombinant ADAMTS13 fragments.  Antibody 
II-1 did bind to the PMDTCS13 fragment, but did not interact with a 
 similar fragment in which the ADAMTS13 spacer was exchanged for the 
 ADAMTS1 spacer (PMDTCS1) (Fig.2A) which also has been observed for 
antibody I-9 [18]. Both antibody II-1 and I-9 did not interact with fragments 
 consisting of the carboxyl-terminal TSP2-8 and CUB1-2 domains (Fig.2A). 
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We conclude that the binding of antibody I-9 and II-1 to ADAMTS13 is 
 dependent on the presence of the spacer domain. The affinity of both  antibodies 
for the PMDTCS13 fragment was determined using SPR analysis (Fig.2B). 
 Binding curves were fit to a one-site Langmuir binding model and association and 
dissociation rates were calculated. The association rate of I-9 was approximately 
 60-fold higher than the rate of association observed for II-1. Conversely, the rate of 
dissociation for II-1 was 7-fold reduced when compared to that measured for I-9.

Figure 2. Binding characteristics of antibody I-9 and II-1 to ADAMTS13. (A) Epitope-mapping 
of recombinant full-length anti-ADAMTS13 antibodies using an immunoprecipitation approach. 
 Antibodies I-9 and II-1, control monoclonal IgG1 (-) and anti-V5 (+) were coupled to protein G 
sepharose beads and incubated with truncated ADAMTS13 variants. All recombinant  protein 
 fragments contained a carboxyl-terminal V5-epitope tag and therefore immunoprecipitated 
 ADAMTS13  fragments were detected by chemiluminescence on Western blot using peroxidase-
labeled monoclonal anti-V5 antibody. (B) SPR analysis of the interaction between the antibodies 
and  ADAMTS13. Five different concentrations of the purified antibody (nM) were passed over the 
sensor chip (n=3) to determine association and dissociation constants. Data on I-9: kon=5(± 3)x107(M-1s-1); 

koff=7(±1)x10-4(s-1), data on II-1: kon=8(±2)x105(M-1s-1); koff=1.1(±0.05)x10-4(s-1).
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The inhibitory effect of the antibodies on ADAMTS13 activity was  examined 
using a short synthetic fluorescently labeled peptide  consisting of 73  amino  acids 
of the VWF A2 domain (FRETS-VWF73) [19]. As  previously shown,  relative 
large amounts of antibody I-9 are required to inhibit  ADAMTS13  activity in 
this assay [18]. Antibody II-1 dose-dependently  inhibited  ADAMTS13  activity; 
maximal inhibition was achieved at a concentration of 40 nM (Fig.3A). Even 
at high concentrations of II-1, complete inhibition was not achieved and 
 approximately 20% ADAMTS13 activity remained.  Subsequently, the  ability 
of antibody II-1 to inhibit cleavage of plasma-derived VWF  multimers was 
 determined (Fig.3B). The inhibitory capacity of antibody II-1 was higher than 
that of antibody I-9 [18]. The ability of antibody I-9 and II-1 to  inhibit  processing 
of UL-VWF on the surface of endothelial cells under flow was  assessed [20]. 
Both antibody I-9 and II-1 prevented processing of UL-VWF strings  under 
these conditions in a dose dependent manner (Fig.3C).  Consistent with the 
previous results, antibody II-1 was found to be a more  effective  inhibitor 
than antibody I-9 in this experimental setup. Together, our results show 
that VH1-69 derived monoclonal antibodies I-9 and II-1 inhibit the VWF 
processing activity of ADAMTS13 under different experimental conditions.

G8-reactive VH1-69 encoded anti-ADAMTS13 antibodies in patients 
with acquired TTP 

Previously, a monoclonal antibody, designated G8, which specifically binds 
to an idiotope present on VH1-69 encoded antibodies has been described [21]. In 
Fig.1-3 of the Supplementary Information we showed that antibody I-9, but not 
II-1, expressed the VH1-69 idiotype that is recognized by G8. The  results  indicate 
that antibody G8 is specific for VH1-69 germline gene encoded  antibodies, 
provided that they are not extensively modified by somatic  hypermutation. 
We established an ELISA employing immobilized ADAMTS13 to analyze 
 whether G8-reactive antibodies could be detected in plasma of  patients with 
acquired TTP (Fig.4A). In agreement with the reactivity of monoclonal  antibody 
I-9, plasma from patient I did contain G8-reactive antibodies. Conversely, 
 anti-ADAMTS13 antibodies present in plasma of patient II showed no  reactivity 
towards G8, showing that the idiotype recognized by G8 was not present on 
anti-ADAMTS13 antibodies in this patient (Fig.4A). This is in line with the 
results obtained for monoclonal antibody II-1 derived from the repertoire of 
the same patient which also did not express the G8 idiotype  (Supplementary 
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Figure 3. Inhibition of ADAMTS13 activity. (A) Inhibition of ADAMTS13 activity by antibody 
II-1 as measured using a modified FRETS-VWF73 activity assay. Various concentrations of the 
purified antibody (including control antibody; C) were incubated for 1 hour with ADAMTS13 as 
present in plasma of a pool of healthy donors. Subsequently, FRETS-VWF73 substrate was added 
and the fluorescence was determined at one-minute time intervals for one hour. The mean slopes 
of the curves of three experiments were used to calculate residual activity and were plotted against 
the concentration of antibody (IgG). (B) The effect of IgG II-1 on proteolytic cleavage of plasma-
derived VWF. Normal plasma was incubated with recombinant IgG II-1 at final concentrations of 
0.01μmol/L and 3.7μmol/L and control antibody at a final concentration of 18.9μmol/L. Antibody 
titers were estimated by visual comparison of residual VWF multimers separated using agarose gel 
electrophoresis that were obtained using buffer control (0% activity) and normal human plasma 
(NHP). (C) The effect of the antibodies on the cleavage of UL-VWF strings on endothelial cells 
under flow. The mean values including the standard deviations for three independent experiments 
are given. Statistical analysis revealed that I-9 and II-1 inhibited ADAMTS13 significantly (Student 
t-test; P<0.05) when compared to control antibody with the exception of 0.33 μM II-1. Differences 
between II-1 and I-9 were significant (Student t-test; P<0.05) at 0.67 and 1 μM.
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Fig.2A). Analysis of plasma of four other patients with acquired TTP also 
revealed the presence of G8-reactive anti-ADAMTS13 antibodies in these 
 plasmas whereas these were not observed in normal human plasma (Fig.4A).

To further extend these findings, a panel of 40 patients with acute  acquired 
TTP and severe ADAMTS13 deficiency was screened for the  presence of 
G8-reactive anti-ADAMTS13 antibodies with the newly  developed  ELISA. 
All  patients in this cohort had ADAMTS13 activity levels lower than 5% as 
 determined  employing the FRETS-VWF73 substrate [19]. In plasma of 37 out 
of 40 patients with  acquired TTP, G8-reactive anti-ADAMTS13  antibodies 
were present. G8  reactivity was expressed in arbitrary G8 units (G8 U) with 
one G8 U corresponding to the absorbance obtained for 1 µg/ml of  human 
 monoclonal antibody I-9 as outlined in the Supplementary  Information. 
In plasma of three patients the levels of anti-ADAMTS13  antibodies were 
 below the limit of detection (<15 U/ml) of the  Technozym ADAMTS13 
 inhibitor  assay [22]. The lack of G8 reactivity in samples of these patients is 
thus  explained by the low levels of antibodies directed  towards  ADAMTS13. 
In general, levels of G8-reactive antibodies correlated well to the total level 
of  anti-ADAMTS13 antibodies (Fig.4B; Pearson correlation r=0.62; P<0.0001). 
These findings suggest that G8-reactive antibodies directed towards 
 ADAMTS13 are present in plasma of the majority of patients with acquired TTP.

We performed an immunoprecipitation experiment to estimate the amount 
of G8-reactive antibodies relative to the total amount of  anti-ADAMTS13 
 antibodies. Two successive immunoprecipations with G8-sepharose were per-
formed to remove G8-reactive antibodies from plasma  samples.  Subsequently, 
we  determined the residual amount of G8-nonreactive  anti-ADAMTS13 
 antibodies in the supernatant using protein G sepharose. The presence of 
 anti-ADAMTS13 antibodies in the G8-reactive and protein G  reactive fractions 
was determined by their ability to bind to the PMDTCS13 fragment essentially 
as described previously [17]. Using this experimental  setup, we showed that 
 antibody I-9 binds efficiently to G8-sepharose whereas II-1 does not (Fig.5A). 
These results are consistent with the G8-reactivity of I-9 and II-1 as observed 
by ELISA (Fig.4A). We also used this approach to estimate the proportion of 
G8-reactive anti-ADAMTS13 antibodies in plasma of patients I and II. A small 
amount of anti-ADAMTS13 antibodies could be depleted by  G8-sepharose; 
 however, after two successive rounds of incubation with G8-sepharose 
 considerable amounts of anti-ADAMTS13 antibodies were still present in 
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Figure 4. G8-reactive VH1-69 germline encoded antibodies present in TTP plasma. (A) G8 
 reactivity of patient-derived anti-ADAMTS13 antibodies. The G8 reactivity of antibody I-9 and 
that of anti-ADAMTS13 antibodies present in plasma of 6 patients (including patient I and II 
mentioned elsewhere [16, 17]) with acquired TTP was determined by ELISA as described in the 
 Supplementary Information. The non-G8-reactive VH1-69 encoded antibody II-1, the  VH3-03 
 encoded control  antibody C and NHP (-) plasma were used as a control. (B) Reactivity of G8 
 towards plasma  anti-ADAMTS13 VH1-69 encoded immunoglobulins is expressed in G8 units (G8 
U). Titer of anti-ADAMTS13 antibodies are expressed in units per ml (U/ml). Both  parameters 
were found to be  significantly correlated (Pearson correlation r=0.62; P<0.0001). Plasma levels of 
 anti-ADAMTS13  antibodies of 3 patients were below or just above the limit of detection of the 
 Technozym  ADAMTS13 inhibitor ELISA (<15 U/ml; or 18 U/ml) indicated as (▲). Levels of 
 G8-reactive anti-ADAMTS13 antibodies in these samples were below 0.1 G8 U. Data from patient I, 
II and 41 to 44 are also  indicated (○).
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 plasma of  patient I (Fig.5A). Analysis of plasma of patient II revealed a  complete 
absence of G8-reactive antibodies in accordance with the results obtained by 
ELISA. Subsequent analysis of plasma of four patients with acquired TTP 
 revealed a pattern similar to that observed for patient I; only a small proportion 
of anti-ADAMTS13 antibodies were depleted by G8-sepharose (Fig.5A). Taking 
 together, these data showed that G8-reactive antibodies are present in 5 out of 6 
patients with acquired TTP. Furthermore, our results indicate that the majority 
of anti-ADAMTS13 antibodies present in plasma of patients with acquired TTP 

Figure 5. Characterization of G8-reactive antibodies present in plasma of TTP patients. (A) G8-
sepharose was used to deplete G8-reactive anti-ADAMTS13 antibodies from plasma of patients 
with acquired TTP. As a positive control G8-reactive monoclonal antibody I-9 was used. The non-
G8-reactive antibody II-1 was used as a negative control. A VH3-03 encoded antibody not directed 
to ADAMTS13 (C) was also used as a negative control. Plasma of six patients with acquired TTP 
was analyzed for the presence of G8-reactive antibodies by consecutive immunoprecipations of 
 PMDTCS13 fragment employing G8-sepharose (G8 1st and G8 2nd). The supernatant of the  second im-
munoprecipation was subsequently used to pull down non-G8-reactive anti-PMDTCS13  antibodies 
using protein G sepharose (Prot G). Normal human plasma (NHP) was used as a  negative control. 
A monoclonal antibody directed towards the carboxyl-terminal V5-epitope tag was included as a 
positive control (+). (B) Plasma of four patients, mentioned in Fig.4A, was used in order to examine 
whether G8-reactive VH1-69 encoded antibodies bind to the spacer domain of ADAMTS13. G8-
sepharose was used to capture antibody I-9 as well as VH1-69 encoded antibodies present in plasma 
of patients 41, 42, 43 and 44. Subsequently, PMDTCS13 and PMDTCS1 were added and the amount 
of bound material was determined as outlined in Materials and Methods.
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does not react with G8-sepharose. The observed lack of G8 reactivity can be 
explained by the presence of non-VH1-69 encoded anti-ADAMTS13 antibodies 
or alternatively by the presence VH1-69 encoded anti-ADAMTS13 antibodies 
which can not be recognized by G8 due to extensive somatic hypermutation.

Since binding of both VH1-69 encoded antibodies I-9 and II-1 relies on 
the presence of the ADAMTS13 spacer domain we also investigated whether 
 VH1-69 encoded anti-ADAMTS13 antibodies present in plasma of patients with 
acquired TTP were also directed against the spacer domain. Our data reveals 
that  G8-reactive antibodies present in TTP plasma were able to  precipitate a 
 recombinant PMDTCS13 fragment (Fig.5A and 5B). We then determined  whether 
G8-reactive antibodies present in plasma of these four patients were also able to 
interact with a recombinant fragment in which the spacer domain of  ADAMTS13 
was replaced by that of ADAMTS1 (PMDTCS1) (Fig.5B). No signal was 
 observed for any of the patients analyzed, suggesting that binding of  G8-reactive 
 antibodies to ADAMTS13 is dependent on the presence of the spacer domain.

Discussion
In the current study, we describe the characteristics of monoclonal antibodies 

derived from the variable heavy chain repertoire of two patients with  acquired 
TTP. The variable heavy chain of 4 out of 10 isolated clones was derived from 
gene segment VH1-69. Siegel and Ostertag reported in a meeting abstract [23] 
that the heavy chain of the majority of anti-ADAMTS13 antibodies that were 
 isolated from phage display libraries generated from splenocytes or peripheral 
blood lymphocytes of patients with acquired TTP were also encoded by heavy 
chain gene segment VH1-69. Collectively, these findings suggest that VH1-69 
encoded antibodies directed towards ADAMTS13 are present in patients with 
 acquired TTP. Two different VH1-69 encoded antibodies were selected for 
 further study. The two patient-derived monoclonal antibodies I-9 and II-1  inhibit 
the activity of ADAMTS13 under different experimental conditions. Antibody 
II-1 is a more effective inhibitor of ADAMTS13 than antibody I-9 as measured by 
cleavage of multimeric VWF and FRETS-VWF73 substrate (see Fig.5 from [18]). 
Probably, the slow off rate (Fig.2B) of antibody II-1 renders it more effective in 
inhibiting ADAMTS13 activity when compared to antibody I-9. Interestingly, at 
elevated concentrations of antibody II-1 residual ADAMTS13 activity towards 
FRETS-VWF73 is still observed (Fig.3A). Apparently, antibody II-1 cannot 
fully prevent the processing activity of ADAMTS13 towards small substrates. 



41

Chapter 2

 Residual  binding of small substrates to the TSP1 and/or cysteine-rich domains 
most likely explains the residual ADAMTS13 activity towards FRETS-VWF73 
in the presence of antibody II-1 [24]. Relatively large amounts of monoclonal 
 antibodies are needed to fully prevent processing of VWF multimers under  static 
conditions. The prolonged incubation time required to monitor the processing 
of VWF multimers by ADAMTS13 under static conditions may prevent efficient 
inhibition of ADAMTS13 by antibody I-9 and II-1. Conversely, processing of 
UL-VWF under flow on the surface of endothelial cells occurs more rapidly and 
requires relatively low concentrations. Taken together, the inhibitory  properties 
of the two patient-derived monoclonal antibodies suggest a role for VH1-69 
encoded anti-ADAMTS13 antibodies in the pathogenesis of acquired TTP.

Inspection of the epitope specificity of clones II-8 and II-23, first described in 
this study, revealed that these antibodies did not interact with the spacer domain 
of ADAMTS13 (data not shown). These findings are consistent with the presence 
of anti-ADAMTS13 antibodies that recognize antigenic determinants residing 
outside the spacer domain [15, 18]. Both VH1-69 derived monoclonal antibodies 
I-9 and II-1 require the presence of the spacer domain to interact with  ADAMTS13 
(Fig.2A), which is in agreement with the presence of a major  antigenic  determinant 
within this domain [14-17]. Moreover, binding of G8-reactive  antibodies from 
four patients with acquired TTP to ADAMTS13 was also dependent on the 
presence of the spacer domain (Fig.5B). These data suggest that G8-reactive 
anti-ADAMTS13 antibodies preferentially interact with the spacer domain.

In this study we showed that the G8-reactive anti-ADAMTS13  antibodies 
were present in the majority of patients with acquired TTP. A number of  studies 
have shown that G8 recognizes a conformational idiotype that is specifically 
 expressed by human antibodies that have incorporated  variable heavy chain 
segment VH1-69 [21, 25, 26]. The presence of G8-reactive  anti-ADAMTS13 
 antibodies in patients with acquired TTP was consistent with the results 
 obtained using phage display that revealed usage of VH1-69 gene  segments 
for the assembly of anti-ADAMTS13 antibodies ([18]; this study). The  usage 
of VH1-69 germline gene segment for the assembly of  anti-ADAMTS13 
 antibodies contrasts with the relative modest contribution of G8-reactive 
 antibodies to the total level of anti-ADAMTS13 antibodies (Fig.5A). The 
 apparent  discrepancy between the results obtained using phage display 
 approaches and that obtained using anti-idiotypic antibody G8 can potentially 
be explained by specific limitations that apply for each of these two  approaches 



42

VH1-69 germline encoded antibodies in acquired TTP patients

(see  Supplementary Information). Recently, a number of technical  advances 
have resulted in novel methods to clone human antibodies by  activation 
or outgrowth of single B-cells from peripheral blood [27]. Analysis of the 
 sequence characteristics and functional properties of human anti-ADAMTS13 
antibodies derived from single B-cell cultures from patients with acquired 
TTP is needed to confirm whether VH1-69 encoded antibodies are indeed 
 preferentially used for the assembly of pathogenic anti-ADAMTS13 antibodies. 
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Supporting Information: VH1-69 germline encoded anti-
bodies directed towards ADAMTS13 in patients with ac-
quired TTP

Materials and Methods

Construction and screening of immunoglobulin V-gene phage display 
library TTP-II 

The isolation and characterization of monoclonal antibodies isolated from 
a phage display library (I) derived from a patient with acquired TTP has been 
 described previously [1]. The second phage display library (II) was  constructed 
using (~1.4x105) CD19+ B-cells from a patient who was treated  extensively by 
 plasma exchange therapy and experienced several  exacerbations of  disease  before 
clinical remission was reached, as described in a  previous report (Fig.2B, patient 
3; [2]). Blood used for construction of the library was drawn 357 days  after first 
 admission to the hospital. At that time-point  platelet  numbers had  normalized and 
clinical symptoms had waned, but high  titers, 84.6U/ml, which was measured 
in the Technozym ADAMTS13  inhibitor  ELISA  (Technoclone, Vienna, Austria), 
were still present. This assay only  detects IgGs that bind to  ADAMTS13; it does 
not provide information on the  ability of anti-ADAMTS13 antibodies to inhibit 
the VWF cleaving protease  activity of  ADAMTS13 [3].  Levels of ADAMTS13 
activity were below 5% as measured  using the  fluorogenic  FRETS-VWF73 
substrate (Peptides  International,  Liousville, KY, USA)  indicating that at least 
part of the anti-ADAMTS13 antibodies can  inhibit ADAMTS13 or  accelerate 
its clearance from the circulation [4]. Phage particles were generated form the 
phage display library using the helper phage KM13 which allows for removal 
of phages from immobilized  antigen by mild digestion with trypsin [5]. Phages 
were selected for binding to a  recombinant ADAMTS13 fragment comprising 
the disintegrin/TSP1/cysteine-rich/spacer domains (DTCS) of  ADAMTS13 
that was immobilized on Maxisorp plates (NUNC, Roskilde, Denmark) via a 
monoclonal anti-V5  antibody (Invitrogen, Carlsbad, CA, USA) directed against 
the  carboxyl-terminal V5-epitope tag [1]. In addition, phages were also screened 
with commercially available ELISA plates coated with recombinant full-length 
ADAMTS13 (Technozym), to allow for the isolation of clones binding outside the 
DTCS region. Bound phages were released using 1 mg/ml trypsin in phosphate 
buffered saline (PBS) and subsequently used for re-infection of E.coli  TG1-cells 
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[5]. After the third round of selection 24 clones were screened for binding to 
the DTCS-fragment and full-length ADAMTS13. Nucleotide sequences of the 
 patient-derived heavy- (VH) and donor light-chain (VL) segments of positively 
selected clones were determined and aligned to known germline gene  sequences 
 using the V-QUEST program at the IMGT website (http://imgt.cines.fr) [6].

Biochemical characterization of patient-derived monoclonal anti- 
 ADAMTS13 antibodies 

Antibody fragments were converted into full-length IgG1 molecules, 
 expressed in HEK293 cells and purified as previously described [1].  Mapping 
of the antibody binding site on recombinant ADAMTS13 fragments us-
ing  immunoprecipitation was performed as described [2]. Construction 
and  expression of the wild type ADAMTS13 pro/metallo/disintegrin/
TSR1/cysteine-rich/spacer fragment (PMDTCS13) and the hybrid variant 
 (PMDTCS1)  containing the spacer domain of ADAMTS1 was carried out  using 
 primers which are described elsewhere [1, 2]. The PMDTCS13 and PMDTCS1 
 constructs were stably expressed in High Five insect cells (Invitrogen)  using 
 blasticidin (Invitrogen) as a selectable marker. Recombinant PMDTCS13 was 
purified from dialyzed Express-Five serum-free insect medium  (Invitrogen) 
via the  carboxyl-terminal his6-tag using Ni-loaded Hi-trap HP-column (GE 
 Healthcare, Bio-Sciences AB, Uppsala, Sweden). The affinity of the  antibodies for 
 recombinant  PMDTCS13 fragment was determined exploiting  surface  plasmon 
resonance (SPR)  analysis on a BiaCORE3000-Biosensor system.  Monoclonal 
anti-V5  antibody was coupled to CM5-sensor chips (1550-2125 RU) using the 
amino-coupling kit (Biacore, Breda, the Netherlands) and  purified PMDTCS13 
fragment,  containing a carboxyl-terminal V5-epitope tag, was added until 
saturation of anti-V5 binding sites was established (775-1150 RU). Various 
 concentrations of purified antibody in 10 mmol/L HEPES pH7.4, 150 mmol/L 
NaCl, 3.4 mmol/L EDTA, 0.005% Tween-20 were passed over the  sensor chip at 
a flow rate of 20 μl/min for 2 minutes at 25°C, and subsequently replaced for 4 
 minutes by buffer. Bound antibodies were removed using buffer  containing 50% 
 ethylene glycol, 25 mmol/L lysine, 0.5 mol/L NaCl at  pH7.4-10. The obtained 
binding curves were corrected for background binding to  anti-V5  monoclonal 
antibody, which comprised less than 20% of the signal. The  BIAevaluation 
software (Biacore) was used to fit the curves to a one-site  Langmuir 
 model and to determine the rate of association (kon) and dissociation (koff).
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Binding of patient-derived monoclonal antibodies to specific VH1-69 
germline reactive murine monoclonal antibodies G6 and G8

Murine monoclonal antibodies G6 and G8 that react with human  antibodies 
encoded by the variable heavy chain gene segment VH1-69 have been  described 
previously [7]. Residues present within framework 3 and CDR2  contribute to 
the epitope of whereas the epitope of G8 is dependent on residues  located in 
framework 1 and 3 as well as the CDR2 region [7]. G6 and G8 binding to  several 
recombinant VH1-69 encoded IgGs was determined using an ELISA setup. 
Maxisorp plates were coated overnight at 4°C with 2 μg/ml of  recombinant 
full-length IgGs in coatbuffer (50 mM NaHCO3 pH 9.8) and were  subsequently 
blocked with PBS 2% Bovine Serum Albumin (BSA). Purified G6 and G8 
were added at various concentrations in buffer and bound G6 and G8 were 
detected using a peroxidase-labeled antibody specific for murine kappa light 
chains (RM19-PO (diluted 1:2000); kindly provided by Dr. H. te Velthuis, 
Sanquin Reagents, Amsterdam, the Netherlands). An IgM rheumatoid-factor 
paraprotein preparation (designated “kok”), which had been used to raise the 
VH1-69 specific monoclonal antibodies G6 and G8, was used as a control [7].

Detection of G8-reactive antibodies in a cohort of patients with acquired 
TTP

The presence of G8-reactive anti-ADAMTS13 antibodies in plasma from 
patients with acquired TTP was determined using the following protocol. 
 Purified recombinant ADAMTS13 (2.5 µg/ml) was immobilized on Maxisorp 
microtiter plates in 50 mM NaHCO3 (pH 9.8) overnight at 4°C. Wells were 
 subsequently blocked with PBS 2% BSA 0.1% Tween-20. After washing with 
PBS 0.1% Tween-20, plasma samples (20, 40, 80 or 100 times) diluted in buffer 
were added to the wells and incubated for 2 hrs at 37°C. After washing, G8 
was added at a concentration of 5 μg/ml and bound G8 antibody was detected 
 using RM19-PO (diluted 1:1000). Various dilutions of recombinant IgG I-9 were 
used as an internal calibrator. A pool of normal human plasma (NHP) derived 
from 47 donors was used as a negative control. The lower detection limit for 
G8-reactive antibodies was 10 ng/ml for monoclonal antibody I-9. G8  reactivity 
was expressed in arbitrary G8 units (G8 U) with one G8 U  corresponding 
to the absorbance obtained for 1 µg/ml of I-9. Total  anti-ADAMTS13 
 antibodies were quantified using a similar ELISA setup. Purified recombinant 
 ADAMTS13 (2.5 µg/ml) was immobilized on Maxisorp microtiter plates in 
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50 mM  NaHCO3 (pH 9.8) overnight at 4°C. Wells were subsequently blocked 
with PBS 2%BSA 0.1% Tween-20. After washing, plasma samples diluted in 
buffer (100, 200, 400 and 800 times) were subsequently added to the wells 
and  incubated for 2 hrs at 37°C. Bound IgG was detected with horseradish 
 peroxidase  labeled monoclonal anti-human IgG1, IgG2, IgG3 and IgG4 (di-
luted 1:2500;  Sanquin Reagents, clone numbers HP6188, HP6095, HP6014 and 
HP6196, respectively). The titer of anti-ADAMTS13 antibodies is expressed in 
U/ml using a set of commercially available internal calibrators (Technoclone).

Results

Deglycosylation of human monoclonal antibody II-1

Antibody II-1 was deglycosylated by incubating 5 μg antibody with 
5 units N-glycosidase F (Roche, Mannheim, Germany) for 16 hours at 
37°C. The extent of deglycosylation was analyzed by SDS-PAGE followed 
by staining with Coomassie Brilliant Blue (Imperial Protein Stain, Pierce 
 Biotechnology, Rockford, IL, USA) (Supplementary Fig.1). We also  disrupted 
this potential N-linked glycosylation site by replacing Asn28 for a Thr, which 
is present in the germline configuration of the VH1-69 gene segment. The 
resulting II-1-N28T variant was expressed in 293F cells and purified from 
conditioned medium. Analysis of the II-1-N28T variant by SDS-PAGE 
 revealed that it migrated faster than antibody II-1, suggesting that wild-type 
 antibody II-1 is indeed glycosylated at position Asn28 (Supplementary Fig.1).

Supplementary Figure 1. Deglycosylation of 
antibody II-1. (A) SDS-PAGE analysis of vari-
ant antibody II-1-N28T and antibody II-1. (B) 
Deglycosylation of antibody II-1 by PNGase 
F. SDS-PAGE was performed under reducing 
 conditions. The heavy chain (H) and the light 
chain (L) of antibody II-1 are indicated at the 
right of the figure.
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Reactivity of VH1-69 specific anti-idiotypic antibody G8 with VH1-69 
germline encoded antibodies

Previously, two murine monoclonal antibodies, designated G6 and 
G8, which specifically bind to an idiotope present on VH1-69 germline 
 encoded  antibodies have been described [7]. The G6 and G8  cross-reactivity 
has  previously been used to monitor the VH1-69 germline encoded 
 antibodies in several  other disorders such as rheumatoid arthritis [8], chronic 
 lymphocytic  leukaemia (CLL) [9], Sjögren’s syndrome [10], Lyme arthritis and 
 neuroborreliosis [11]. The binding of these two cross-reactive  anti-idiotypic 
monoclonal  antibodies to the VH1-69 encoded monoclonal antibodies I-9 

Supplementary Figure 2. Reactivity of the murine cross-reactive anti-idiotypic monoclonal 
antibodies G6 and G8 towards recombinant VH1-69 germline encoded antibodies. (A) G6 and 
G8  reactivity towards recombinant VH1-69 derived anti-ADAMTS13 antibodies I-9 (▲) and II-1 
(▼) was measured using an ELISA setup. An IgM rheumatoid-factor paraprotein preparation 
 (designated “kok”; (○)), which has been used to raise the VH1-69 specific monoclonal antibodies G6 
and G8, was used as a control. A VH3-03 germline encoded human monoclonal antibody (□) was 
used as a negative control. Bound G6 and G8 were detected using a peroxidase-labeled antibody 
specific for the mouse kappa light chains (RM19-PO, diluted 1:2000). (B) Purified II-1-N28T (♦)) 
was  immobilized on microtiter wells at 2 µg/ml. Subsequently, wells were incubated with variable 
 concentrations of G6 and G8 and detected as described at (A).
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and II-1 was examined. An antibody preparation derived from a patient 
with monoclonal gammopathy designated “kok”, which has been used as an 
 immunogen for the generation of murine monoclonal antibodies G6 and G8, 
was included as a control [7]. Monoclonal antibodies G6 and G8 reacted with 
 immobilized kok. No reactivity with a VH3-03 encoded control antibody (C) 
[12] was observed (Supplementary Fig.2A). Immobilized I-9 interacted with 
both murine monoclonal antibodies G6 and G8. A stronger signal was  observed 
when antibody G8 was used in comparison to the signal obtained for G6.

No binding of G6 and G8 to immobilized antibody II-1 was observed. Lack of 
binding of G6 and G8 to antibody II-1 could possibly be attributed to the presence 
of a putative N-linked glycosylation site at amino acid position 28 in the CDR1 
region (Fig.1). Mutation of this N-linked glycosylation site by replacing Asn28 

for a Thr that is present in the germline configuration did not restore binding of 
G6 and G8 to II-1 (Supplementary Fig.2B). Further experiments were performed 
with G8 since these binding studies indicated that this antibody recognized 
 monoclonal antibody I-9 with similar efficiency as “kok” (Supplementary Fig.2A).

We evaluated whether EL14 and VK34, two VH1-69 derived human 
 antibodies directed towards blood coagulation factor VIII bound to  antibody 
G8 [13, 14]. Both human antibodies reacted with monoclonal antibody G8 
(Supplementary Fig.3A). The VH1-69 germline gene segment of EL14 and 
VK34 was modified by somatic hypermutation at either 12 or 8 amino acid 
 positions,  respectively. To further address the specificity of monoclonal 
 antibody G8  towards VH1-69 germline encoded antibodies, we screened a 
total of 234 scFv derived of phage display library I for G8 reactivity. The 234 
clones were  derived from different VH gene families as defined in the IMGT 
database (http://imgt.cines.fr) [6].  Fifty-six clones were derived from the 
VH1  subfamily, 19 from the VH2, 72 from the VH3, 57 from the VH4, 10 from 
the VH5, 11 from the VH6 and 9 from the VH7  subfamily. Binding of  phages 
 expressing scFv antibody fragments at their surface to immobilized G8 was 
 detected  using a  secondary antibody directed against the M13 coat  protein [1]. 
Phages  expressing scFv antibody fragment I-9 were used as  positive  control. 
None of the 234 clones reacted with monoclonal antibody G8. Sequence  analysis 
revealed that 5 out of 234 clones were derived from the VH1-69  germline 
gene segment. The variable heavy chain segment of those 5 VH1-69  encoded 
clones was extensively modified by somatic hypermutation (15-27 amino 
acid  substitutions), which may explain the lack of reactivity of these clones 
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Discussion
In this manuscript we show that part of peripheral B-cells in patients with 

 acquired TTP express VH1-69 encoded antibodies directed towards  ADAMTS13. 
It should be noted that the libraries were cloned from patients in remission. We 
cannot exclude that that during the acute phase peripheral B-cells expressing 
other classes of anti-ADAMTS13 antibodies are present.  Circulating IgG levels 
are maintained by long-living plasma cells that reside in bone marrow [15]. The 
panel of human anti-ADAMTS13 antibodies described in this study most likely 
originates from the pool of circulating IgG+ memory B-cells or from  circulating 
plasma cells [16]. The relative number of peripheral  ADAMTS13-specific 
 B-cells may not be identical to the relative number of  ADAMTS13-specific 
plasma cells in bone marrow. Germline gene segment  VH1-69 is  expressed by 
~3% of  circulating peripheral B-cells in normal individuals [17]. It has been 
 demonstrated that approximately 20% of leukemic B-cells of patients with 

Supplementary Figure 3. Reactivity of G8 with VH1-69 encoded antibodies. (A) Binding of G8 to 
human VH1-69 encoded antibodies EL14 and VK34. Purified EL14 and VK34 (2 µg/ml) was immo-
bilized on microtiter wells. Subsequently, wells were incubated with variable concentrations of G8. 
The amount of G8 was detected using a peroxidase-labeled antibody specific for the murine kappa 
light chains (RM19-PO; diluted 1:2000). A VH3-03 encoded human antibody was used as a control 
(C). (B) Reactivity of VH1-69 encoded antibodies (or fragments) with G8. The number of amino 
acid substitutions in the VH domains of the different antibodies is displayed on the left  y-axis. 
G8  reactivity is displayed on the right y-axis. VH1-69 encoded scFv clones originating from the 
library of patient I are indicated by numbers 4, 6, 9, 15 and 29. The FVIII specific VH1-69 encoded 
 antibodies VK34 and EL14 that have been isolated from the immunoglobulin repertoire of patients 
with hemophilia A (HA) have been described previously [13, 14].

with antibody G8. Taken together, our results indicate that antibody G8 is 
 specific for VH1-69 germline gene encoded antibodies, provided that they are 
not extensively modified by somatic hypermutation (Supplementary Fig.3B).
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chronic  lymphocytic  leukemia (CLL) express Ig that have incorporated the 
VH1-69 gene segment [18]. VH1-69 expressing B-cell clones in patients with 
CLL are not extensively modified by somatic hypermutation and are comprised 
of a relatively large CDR3 when compared to non-neoplastic VH1-69  expressing 
 B-cells [18].  Interestingly, the Ig VH domains in a subset of CLL  patients suffering 
from  autoimmune hemolytic anemia are preferentially encoded by VH1-69 [19]. 
Based on these findings, the authors speculate that VH1-69 encoded  antibodies 
contribute to hemolytic anemia by binding to red blood cells  antigens in  patients 
with CLL [19]. A preference for incorporation of VH1-69 has also been  observed 
for rheumatoid factors (RFs) that bind to the Fc region of IgG  molecules [20]. RFs 
can also occur in normal individuals in conjunction with antibody  responses 
to viruses and bacteria [21]. In normal individuals RFs may assist in  clearance 
of pathogens or circulating immune complexes. Cross-reactivity of RFs with 
foreign and auto-antigens has been proposed [21]. This prompted us to 
 investigate whether the VH1-69 encoded anti-ADAMTS13  antibodies described 
in this study possessed RF activity. No detectable RF activity was observed 
for the two human VH1-69 derived human monoclonal antibodies described 
in this study (data not shown). These findings suggest that anti-ADAMTS13 
antibodies do not evolve from naturally occurring VH1-69 encoded RFs.

The presence of G8-reactive anti-ADAMTS13 antibodies in patients with 
acquired TTP is consistent with the results obtained using phage display. 
The usage of VH1-69 gene segments for the assembly of anti-ADAMTS13 
 antibodies contrasts with the relatively modest contribution of G8-reactive 
antibodies to the total level of anti-ADAMTS13 antibodies (Fig.5A). This 
 discrepancy can be potentially explained by specific limitations that apply for 
each of these two approaches. The lack of reactivity of the VH1-69  encoded 
antibody II-1 with G8 suggests that extensive somatic hypermutation may 
 destroy the  idiotype  recognized by G8. This notion is supported by the lack 
of reactivity of G8 with a panel of human VH1-69 encoded antibodies that 
are extensively modified by somatic hypermutation (see Supplementary 
Fig.1-3). In general, the process of somatic hypermutation is linked to affinity 
 maturation of B-cell clones. This  observation raises the possibility that part of 
the  G8-nonreactive  anti-ADAMTS13 antibodies is encoded by VH1-69 gene 
 segments that have undergone extensive affinity  maturation. Conversely, the 
preferential use of  VH1-69 for assembly of human anti-ADAMTS13 antibodies 
 observed using phage display may not fully  correspond to the actual repertoire 
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of  anti-ADAMTS13 antibodies present in patients with acquired TTP. Phage 
 display involves multiple rounds of selection which may favour selection of 
a particular class of human antibodies. Also, phage display does not allow for 
preservation of the natural heavy- and light-chain pairings. This may result in 
the selective isolation of clones for which heavy- and light-chain pairings are 
not critical for binding. In this respect, it should be noted that we used a light 
chain repertoire of a non-immunized donor for the construction of the phage 
display libraries of patient I and II ([1]; this study). Random combinations of 
patient-derived heavy- and light-chains have been used to construct phage 
display libraries by Siegel and co-workers [22]. This approach also resulted 
in the preferential isolation of VH1-69 encoded anti-ADAMTS13 antibodies. 
Since light chains do not incorporate D-segments, it is generally assumed that 
diversification of immunoglobulin heavy chain by recombination, nucleotide 
additions and deletions resulting in a hypervariable CDRH3 region provide 
a major contribution to the antigen binding site of immunoglobulins [23, 24].

The disposition of the immune response in acquired TTP towards  VH1-69 
encoded antibodies may offer a potential therapeutic target for the  treatment 
of acquired TTP. Several studies have shown that a therapeutic monoclonal 
 antibody directed towards the B-cell marker CD20 (Rituximab) can  successfully 
be used for the treatment of patients with acquired TTP [25].  Selective  depletion 
of B-cells expressing VH1-69 encoded immunoglobulins at their surface could 
provide a means to specifically remove pathogenic antibodies  directed  towards 
ADAMTS13 from the circulation. However, results obtained in this study show 
that VH1-69 encoded antibodies that are extensively modified by somatic 
 hypermutation do not react with anti-idiotypic antibody G8  (Supplementary 
Fig.3B). In view of this limitation, anti-idiotypic reagents that are based on 
the murine monoclonal antibody G8 are unlikely to be useful as a broadly 
 applicable treatment strategy for patients with acquired TTP. Potentially, G8 
reactivity of anti-ADAMTS13 antibodies can be used for monitoring the  extent 
of affinity maturation of anti-ADAMTS13 antibodies in patients with acquired 
TTP. Analysis of a panel VH1-69 encoded antibodies suggests that loss of G8 
 reactivity is accomplished following 13-14 amino acid changes in the VH  domain 
of VH1-69 encoded antibodies (Supplementary Fig.3B). In  general, the process 
of somatic hypermutation is linked to affinity maturation of B-cell clones. This 
raises the possibility that lack of G8 reactivity, as observed for  monoclonal 
 antibody II-1 correlates with the presence of high affinity  antibodies that are 
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potent inhibitors of ADAMTS13 activity. The characteristics of the two  human 
monoclonal antibodies, I-9 and II-1 that have been defined in this study are 
consistent with a possible relationship between lack of G8 reactivity and 
 extent of inhibition of ADAMTS13. Future studies should reveal whether 
 assessment of G8 reactivity will be useful to determine the pathogenic  potential 
of anti-ADAMTS13 antibodies that develop in patients with acquired TTP.
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Chapter 3

An autoantibody epitope comprising 
residues R660, Y661 and Y665 in the 

ADAMTS13 spacer domain identifies a 
binding site for the A2 domain of VWF



58

ADAMTS13 spacer interaction with VWF A2 domain

Abstract
In the majority of patients with acquired thrombotic thrombocyto-

penic  purpura (TTP), antibodies are directed towards the spacer domain of 
 ADAMTS13. We have previously shown that region Y658-Y665 is involved. We 
now show that replacement of R660, Y661 or Y665 with alanine in ADAMTS13 
reduced/abolished binding of two previously isolated human monoclonal 
 antibodies and polyclonal IgG derived from plasma of 6 patients with acquired 
TTP. We  investigated whether these residues also influenced cleavage of short 
von  Willebrand factor (VWF) fragment substrate, VWF115. An ADAMTS13 
 variant (R660A/Y661A/Y665A, ADAMTS13-RYY) showed a 12-fold reduced 
catalytic efficiency (kcat/Km) arising from greatly reduced (>25-fold) binding, 
 demonstrated by SPR. The influence of these residue changes on full-length VWF 
was determined with denaturing and flow assays. ADAMTS13-RYY had reduced 
 activity in both, with proteolysis of VWF unaffected by autoantibody. Binding of 
ADAMTS13-RYY mutant to VWF was, however, similar to normal. Our results 
demonstrate that residues within Y658-Y665 of the ADAMTS13 spacer domain 
that are targeted by autoantibodies in TTP directly interact with a  complementary 
exosite (E1660-R1668) within the VWF A2 domain. Residues R660, Y661 and 
Y665 are critical for proteolysis of short VWF substrates, but wider domain 
 interactions also make important contributions to cleavage of full-length VWF. 

Introduction
Von Willebrand factor (VWF) is a key hemostatic glycoprotein  involved in 

adhesion of platelets to sites of vascular perturbation.1  During its  biosynthesis 
in endothelial cells, VWF undergoes a number of  post-translational 
 modifications that includes the formation of intermolecular disulfide bonds 
between the  carboxyl-terminal cysteine knot domains and the  amino-terminal 
D3  domains.2,3 Current findings suggest that the resulting VWF  polymers 
 condense into tubular structures in the trans Golgi network and are 
 subsequently packaged into  Weibel-Palade bodies, rod-shaped subcellular 
 organelles.4,5 Upon release of  Weibel-Palade body contents, the VWF tubules 
rapidly unfold and the fluid shear stress in the flowing blood induces the 
 formation of ultra large VWF (UL-VWF) strings on the surface of  endothelial 
cells.6,7 In vivo studies have shown that the appearance of platelet  decorated 
strings on the endothelial cell surface is a transient process.6 This transient 
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nature is attributed to the rapid proteolysis of UL-VWF multimers by the 
metalloprotease ADAMTS13.8,9 In the absence of ADAMTS13, the rate at 
which platelet strings disappear from the endothelium is markedly reduced.

Thrombotic thrombocytopenic purpura (TTP) is a  thrombotic micro-
angiopathy characterized by haemolytic anaemia, severe  thrombocytopenia, 
the presence of schistocytes in blood smears, and is  accompanied by a 
 deficiency in ADAMTS13. ADAMTS13 is a large multidomain protein that 
consists of a propeptide, a catalytic metalloprotease domain, a disintegrin-
like  domain, a thrombospondin type I repeat (TSP), a cysteine-rich  domain, 
a spacer  domain, 7 additional TSP repeats and two carboxyl-terminal CUB 
 domains.10-12 In the majority of patients with TTP, inhibitory  antibodies  targeting 
 ADAMTS13 have been found.13-16 In addition to inhibition of  ADAMTS13 
 activity,  anti-ADAMTS13 antibodies may also accelerate  ADAMTS13 
 clearance.17 Epitope mapping studies have shown that the cysteine-rich/
spacer  domains  contain the major binding site for human anti-ADAMTS13 
antibodies.18-21 Additional epitopes for human anti-ADAMTS13 antibodies 
 located  outside the spacer domain have also been identified.18,22,23 In a previous 
study, we have shown that amino acid residues Y658-Y665 within the spacer 
 domain comprise part of a core binding site for anti-ADAMTS13 antibodies.24

The ADAMTS13 metalloprotease domain cleaves the VWF A2 domain at 
the Y1605-M1606 scissile bond. The metalloprotease domain by  itself  cannot 
 efficiently proteolyse VWF; the proximal disintegrin-like, TSP1,  cysteine-rich 
and spacer (DTCS) domains are all required for ADAMTS13 activity under 
 static conditions.19,25-27 Comparison of the activities of C-terminally  truncated 
ADAMTS13 variants towards short substrates of VWF and inhibition  studies 
using VWF  A2-derived peptides, led to the identification of VWF A2  domain 
sequence E1660-R1668 as a high affinity exosite that  interacts with the  spacer 
domain.28,29 Additional orientation or repositioning of the  protease over the 
cleavage site occurs by interaction of the disintegrin-like  domain of  ADAMTS13 
with another exosite located closer to the cleavage site,  involving residue 
D1614 in the VWF A2 domain.30 Apart from the proximal  metalloprotease 
and DTCS domains, the TSP2-8 and CUB1-2 domains have recently been 
 implicated in the binding of the D4-CK domains of globular VWF, in the 
 absence of flow.31,32 Together, these findings suggest a model in which the 
TSP2-8/CUB1-2 domains mediate initial binding of ADAMTS13 to VWF, 
and once ADAMTS13 is docked on VWF, multiple interactions  between the 
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MDTCS domains and VWF A2 domain residues assure  correct  positioning 
of the active site for cleavage of the Y1605-M1606 scissile bond. For these 
multiple interactions to occur, VWF must change from its globular to an 
 unfolded conformation, which enables ADAMTS13 to access the cleavage site.

In this study, we specifically explored spacer domain residues within region 
Y658-Y665 that are targeted by antibodies in acquired TTP. As anti-ADAMTS13 
antibodies often directly inhibit ADAMTS13 proteolysis of VWF, we also sought 
to characterise the role of these residues in ADAMTS13 function. We provide 
evidence for an interactive surface comprising R660, Y661 and Y665 in the  spacer 
domain that is not only an important recognition site for anti-ADAMTS13 
antibodies in TTP but also plays a role in binding to and cleavage of VWF.

Patients, materials and methods

Patients

Plasma samples from a panel of patients (designated I-VI) presenting with 
acute, acquired TTP were included in this study. Patient I and II have been 
described previously.22,23 Informed consent for these studies was obtained 
from the patients and the protocol was approved by the Medical  Ethical 
 Committee of the University Medical Center Utrecht in accordance with the 
Declaration of Helsinki. ADAMTS13 activity levels in all plasma samples 
were below 5% as measured using the fluorogenic FRETS-VWF73 substrate 
assay kit  (Peptides International, Liousville, KY, USA). Patient samples were 
 selected for high inhibitor titers to obtain a clear signal in  immunoprecipitation 
analysis, see below. Inhibitor titers were measured with the Technozym 
 ADAMTS13 inhibitor ELISA (Technoclone, Vienna, Austria) (I = 54 U/ml, II = 
128 U/ml, III = 220 U/ml, IV = 156 U/ml, V = 101 U/ml and VI = 215 U/ml). 

Construction and expression of recombinant ADAMTS13 MDTCS 
 variants for epitope-mapping studies

Construction and expression of wildtype ADAMTS13 propeptide/
metalloprotease/disintegrin-like/TSP1/cysteine-rich/spacer fragment 
 (PMDTCS13, but termed MDTCS13 here), a hybrid fragment containing the 
spacer domain of ADAMTS1 (MDTCS1), a TSP2-8 fragment, and a  CUB1-2 
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domain fragment in High Five insect cells has been described previously.20 
Single alanine  mutants within region Y658-Y665 (Y658A, R659A, R660A, 
Y661A, G662A, E663A, E664A, Y665A and mutant combinations R660A/
Y661A (RY1), R660A/Y665A (RY2), Y661A/Y665A (YY), R660A/Y661A/
Y665A (RYY) were introduced into the wildtype pMIB-V5/his6 MDTCS13 
vector using Quick-Change PCR (Stratagene,  Amsterdam, the Netherlands). 
Sequences of the sense and antisense  oligonucleotide primers,  containing 
the nucleotides to be changed with 15-bp  flanking regions, are available 
upon request. All vectors were verified by  sequencing. Epitope-mapping of 
 anti-ADAMTS13 antibodies derived from  patients with TTP was performed 
 using an immunoprecipitation approach, essentially as described in Luken 
et al., 2005.20 For each immunoprecipitation reaction 35µl patient plasma 
was used. Human monoclonal anti-spacer domain antibodies I-9 and II-1 
have previously been described and were derived from immunoglobulin V 
gene phage display libraries created using B-cells from patients with TTP.22,23

Construction and expression of full-length ADAMTS13 variants for 
 functional analysis

For expression of full-length ADAMTS13 variants in HEK293T cells, the same 
mutations described above were introduced into vectors  pcDNA3.1-myc-his 
ADAMTS1333 (single point mutants) and pcDNA3.1-V5-his ADAMTS1334 (com-
bination mutations). Transient transfection of HEK293T cells was performed 
 using linear polyethylenimine PEI (Polysciences, Warrington, PA, USA). 
 Proteins were expressed in Optimem supplemented with Glutamax  (Invitrogen, 
 Carlsbad, CA, USA). Medium was harvested after 4 days,  concentrated using 100 
kDa molecular weight cut-off Amicon spin columns (Millipore,  Bedford, USA) 
and dialyzed into 20mM Tris-HCl pH7.8, 150mM NaCl, 10mM  benzamidine. 
 Expression and secretion of ADAMTS13 was confirmed by Western blotting 
 using an anti-metalloprotease antibody (Abcam, Cambridge, UK), an anti-V5 
 antibody (Invitrogen), or an anti-myc antibody (Santa Cruz Biotechnology, 
 Santa Cruz, CA, US). For binding studies, the ADAMTS13 variants were  purified 
as described previously using Ni2+ HiTrap columns coupled to an ÄKTA 
FPLC (GE Healthcare, Bio-Sciences AB, Uppsala, Sweden).30,33 ADAMTS13 
 concentration was determined using a previously developed ELISA, employing 
 purified rabbit polyclonal antibodies against ADAMTS13.33,35 Maxisorp plates 
(NUNC, Roskilde, Denmark) were coated with polyclonal antibodies depleted 
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from TSP2-4 antibodies by affinity chromatography, while bound ADAMTS13 
was detected using the polyclonal TSP2-4 antibodies labeled with biotin.35 

Expression and purification of VWF115 and VWF106

The short VWF A2 domain fragment VWF115, spanning residues 1554-
1668, was expressed in Rosetta E.coli and resolubilised and purified as 
 described.36 A VWF fragment comprising residues 1554-1659 that lacks 
the spacer binding site (VWF106) was amplified by PCR using site-specific 
 primers and cloned into pET100/D-TOPO (Invitrogen), which fuses a  his-tag 
and Xpress-epitope to the N-terminus of the protein, similar to VWF115. 
VWF106 was purified using the same method as used for VWF115. Purified 
 protein fragments were dialysed into 20mM Tris-HCl pH7.8, 500mM NaCl and 
quantified using the BCA assay (Pierce Biotechnology, Rockford, IL, USA).

Proteolysis of VWF115/VWF106 by ADAMTS13 and its variants

For determination of VWF115/VWF106 proteolysis by qualitative SDS-
PAGE analysis, 2nM of each ADAMTS13 variant was pre-incubated in 20mM 
Tris-HCl pH7.8, 150mM NaCl, 5mM CaCl2 at 37°C for 45 min before addition 
of 6-10 mM substrate (as indicated in the figure legend). At different time-
points (0-3 hours) samples were taken and 10mM EDTA was added to stop 
the  reaction. Samples were analysed on 4-12% NuPAGE gels (Invitrogen) 
 followed by staining using Imperial Protein Stain (Pierce). For  quantitative 
analysis of VWF115 proteolysis, similar experiments were performed using 
2nM ADAMTS13 variant and 2.5mM VWF115. Samples were analysed by HPLC 
analysis and catalytic efficiencies (kcat/Km) were calculated as described.36

Expression and purification of full-length recombinant VWF

Recombinant VWF was stably expressed by HEK293 cells and  purified 
using monoclonal antibody CLB-RAg20 as described  previously.37 
VWF multimers were eluted using 50mM HEPES pH 7.4, 0.1M NaCl, 
1M KSCN. Fractions containing VWF were dialyzed against 50mM 
HEPES pH 7.4, 150mM NaCl, 50% (v/v) glycerol, and stored at -20°C. 
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Binding of wild-type ADAMTS13 and ADAMTS13-RYY to VWF115, 
VWF106 and full-length VWF

The binding of purified wild-type ADAMTS13 and ADAMTS13-RYY 
for VWF was determined by surface plasmon resonance (SPR) analysis on a 
 BiaCORE3000 biosensor system (Biacore, Breda, the Netherlands). We and others 
have  previously established the validity of using SPR to study protein interactions 
 between ADAMTS13 and VWF.32,36,38,39 Purified recombinant ADAMTS13 was 
 dialysed against 10mM HEPES pH7.4, 150mM NaCl, 0.0034mM EDTA and 0.005% 
Tween20 and passed over a CM5 sensor chip at different  concentrations (12.5-
300nM) for 4 minutes at a flow of 20μl/min at 25°C. Dissociation of  ADAMTS13 
was then measured for 4 minutes using the buffer described above. The chip 
was coated with either purified VWF115 substrate (~163 fmol/mm2),  purified 
recombinant VWF106 substrate (~177 fmol/mm2), or purified  recombinant 
full-length VWF (~64 fmol/mm2), using the amine-coupling kit (Biacore). To 
enable comparison of results obtained with different sensor chips the binding 
response was expressed as mol of ADAMTS13 bound per mol VWF (fragment) 
immobilised on the chip, based on the assumption that 1000 RU corresponds 
to 1 ng bound protein per mm2. Regeneration of the sensorchip was performed 
using a buffer containing 50% ethylene glycol, 25mM lysine, 0.5M NaCl pH7.4. 
Binding was corrected for background binding to a non-coated control channel. 

Proteolysis of full-length recombinant VWF under denaturing conditions

Recombinant VWF was incubated with 1.5M guanidine-HCl at 37°C for 30 
minutes. The denatured VWF was then diluted 10-fold to a final concentration of 
40nM into 20mM Tris-HCl pH7.8, 150mM NaCl, 0.5% BSA, 5mM CaCl2 in which 
3.5nM of ADAMTS13 and its variants had been pre-incubated for 60 minutes. 
Monoclonal anti-spacer domain antibody II-1, or a control antibody were included 
at a concentration of 1.5mM during pre-incubation of ADAMTS13, as indicated in 
the figure legend. Samples were taken at sequential time-points and quenched by 
adding loading buffer (10mM Tris, 2% SDS, 8M Urea, 1mM EDTA, pH 8.0). These 
were analyzed using 2% agarose gel electrophoresis and Western blotting.40,41
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Proteolysis of newly secreted VWF on the surface of endothelial cells under 
flow

Endothelial cells were obtained from human umbilical veins (HUVEC) 
and cultured as described previously.42 Secretion and formation of UL-VWF 
strings on the surface of endothelial cells was performed using a Wide Field 
Axiovert 200 microscope (Carl Zeiss Vision Nederland BV, Sliedrecht, the 
Netherlands) and the Axiovision 4.7 software. HUVECs were grown in 
 disposable flow chambers (Flow-Through-Kit-µ-slide I-0.4 luer, 80076 IBIDI, 
München, Germany) in EGM2 medium (Invitrogen) until 100% confluency 
was reached. The assembled  chamber was connected to a syringe pump to 
perfuse  medium (Optimem, Invitrogen) containing 100μM histamine for 10 
minutes, followed by the addition of freshly isolated washed  platelets from 
three  different donors (180 × 109/L) for 5 minutes in medium and  after that 
medium containing ADAMTS13 or ADAMTS13-RYY was perfused for 5 
 minutes.  ADAMTS13 had been pre-incubated for 30 minutes at 37°C in the 
presence or absence of monoclonal antibody II-1 (0.33mM). Assays were 
 performed at a flow rate of 2.5 dyn/cm2.7 Images were collected at 10 s  intervals 
for 5  minutes following the onset of perfusion with ADAMTS13 variants. 
 UL-VWF released from endothelial cells formed strings with bound platelets 
that were quantified by counting individual strings in 3 separate image fields.

Results

Critical amino acids in a conserved region of the spacer domain are 
 involved in binding of anti-ADAMTS13 antibodies

We have previously reported that exchange of region V657-G666 in 
 ADAMTS13 for the corresponding region of ADAMTS1 abrogated binding of 
autoantibodies derived from 6 different TTP patients to ADAMTS13. As  residues 
V657 and G666 at either end of this region are conserved in the  ADAMTS1 
 spacer domain, the observed effect is likely due to the intervening residues Y658-
Y665. Although the ADAMTS13 spacer domain is poorly conserved amongst 
 ADAMTS family members, residues Y658-Y665 are highly conserved among 
species (Figure 1), with the exception of E663. In order to identify  residues  critical 
for antibody binding we performed alanine-scanning  mutagenesis of  region 
Y658-Y665. We evaluated the binding of two previously isolated  inhibitory 
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human monoclonal antibodies, I-9 and II-1, both directed towards the spacer 
domain of ADAMTS13.22,23 Inspection of the reactivity of antibody I-9 and II-1 
with MDCTS variants containing single alanine substitutions within region 
Y658-Y665 revealed that replacement of either R660, Y661 or Y665 completely 
abrogates the binding of these monoclonal antibodies to MDCTS (Figure 2A). 

We subsequently explored the involvement of residues Y657-Y665 in 
the binding of polyclonal antibodies derived from plasma of 6 patients with 
 acquired TTP (labelled I-VI in Figure 2B-D). First, to confirm that  antibodies 
against the spacer domain were present in these patients, we compared the 
 reactivity of these polyclonal antibodies with the wild-type MDTCS  fragment 
and a  recombinant protein in which the ADAMTS13 spacer domain was 
 replaced by the spacer  domain of ADAMTS1 (MDTCS1). Using this approach, 
we found that antibodies in the plasma of these patients bound to the MDTCS 
fragment, but exhibited no reactivity with the MDTCS1 variant (Figure 2B). 
In addition, these polyclonal antibodies failed to react with isolated carboxyl-
terminal TSP2-8 and CUB1-2 domain fragments (Figure 2B), thus excluding a 
major role for other antibody binding sites on ADAMTS13 that could confound 
the study of anti-spacer domain antibodies. Together, these analyses indicated 

Figure 1. Alignment of the ADAMTS13 spacer domain from different species. Above the  sequence 
alignment a schematic domain structure of ADAMTS13 is depicted with the various  different 
 domains indicated; metalloprotease domain (MP), disintegrin-like (Dis), first thrombospondin 
type-I repeat (1), cysteine-rich domain (Cys-rich), spacer domain (Spacer), 2nd-8th thrombospon-
din type-I repeats (2-8) and two CUB domains (CUB1-2). For the alignment of residues 560-681 
of the ADAMTS13 spacer domain, predicted ADAMTS13 sequences from different species were 
derived from http://www.ensembl.org and the alignment was made using the ClustalW algorithm 
(http://www.ebi.ac.uk). Identical residues are in gray and spacer domain residues Y658-Y665 are 
boxed.
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Figure 2. Binding of single alanine variants in region Y658-Y665 of the spacer domain to antibod-
ies from patients with acquired TTP. (A) Immunoprecipitation of single alanine variants in region 
Y658-Y665 of MDTCS using protein G sepharose coupled with human monoclonal  antibodies I-9 
and II-1. (B) Reactivity of IgG present in six patient samples (I-VI) with recombinant ADAMTS13 
proteins MDTCS13, MDTCS in which the spacer domain of ADAMTS13 was replaced by the spacer 
domain of ADAMTS1 (MDTCS1), TSP2-8 and CUB1-2. (C) Binding of  patient-derived IgG (samples 
I-VI) to single alanine variants in region Y658-Y665 of MDTCS. (D) Reactivity of  patient-derived IgG 
(samples I-VI) towards truncated ADAMTS13 variants containing multiple amino acid  substitutions: 
MDTCS-RY1, MDTCS-RY2, MDTCS-YY and MDTCS-RYY. Pull-down of ADAMTS13 proteins with 
anti-V5 antibody was included in all experiments as positive control (+), while in a monoclonal 
anti-pneumococcal antibody (subclass IgG1) (A), or IgG derived from normal plasma was used as 
a negative control (-), (B, C, D).



67

Chapter 3

that binding of polyclonal antibodies from all 6 TTP patients to ADAMTS13 
is dependent on the presence of the spacer domain. We then determined the 
 reactivity of  polyclonal antibodies present in plasma of patients with acquired 
TTP with the single alanine variants within region Y658-Y665 (Figure 2C). 
The antibodies present in 1 of the 6 patient samples (patient II) displayed an 
 identical  pattern of  binding to the ADAMTS13 variants as the isolated human 
 monoclonal  antibodies, in that changing either residue R660, Y661, or Y665 
 abrogated  antibody  binding (compare Figure 2A and Figure 2C, patient II). 
Replacement of Y661 also  ablated the binding of antibodies present in  plasma 
 sample VI to MDTCS, while changing Y665 almost completely abolished 
 binding of  polyclonal  antibodies present in plasma  sample V. Binding of the 
 polyclonal antibodies present in the other patient samples was more complex 
and was not completely  abolished upon changing a single amino acid residue. 
Despite this, the other  patient  samples analyzed all showed reduced binding to 
 certain single alanine  variants.  Overall, inspection of the patterns obtained for 
the  different  patient derived IgG preparations suggested that R660, Y661 and 
Y665  particularly are  important determinants for binding of anti-ADAMTS13 
 antibodies  derived from TTP patient plasmas (Figure 2C). We therefore 
 generated MDTCS  variants containing double alanine substitutions at R660, 
Y661 and Y665  (Figure 2D). Replacement of both R660 and Y661 by alanine 
(MDTCS13-RY1) abolished the binding of antibodies from 2 out of 6 patients. 
 Replacement of both R661 and Y665 (MDTCS13-RY2) yielded similar results. 
A strong  reduction in  reactivity of patient sample VI was observed when both 
Y661 and Y665 were replaced by alanine. Substitution of all three residues R660, 
Y661 and Y665 to alanine (MDTCS13-RYY) revealed reduced (patients I, IV and 
V) or even absent  (patients II, III, VI) binding of antibodies of all patient samples 
 analyzed,  confirming that these residues are critical for optimal binding of patient 
 derived antibodies to the spacer domain. Our findings thus suggest that R660, 
Y661 and Y665 are crucial residues providing an antigenic surface that is  targeted 
by anti-ADAMTS13 antibodies that develop in patients with acquired TTP. 

Proteolysis of VWF substrates by ADAMTS13 spacer domain variants 

As anti-ADAMTS13 autoantibodies in TTP patients frequently inhibit VWF 
proteolysis, we examined whether residues within region Y658-Y665 directly 
contribute to the function of ADAMTS13. We therefore introduced the  single 
point mutations in region Y658-Y665 into full-length ADAMTS13 in order to be 
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able to perform functional analyses. All ADAMTS13 variants were  expressed at 
similar level as full-length wild-type ADAMTS13, with the exception of  variant 
Y658A, which was expressed at a modestly reduced level (data not shown). 
We evaluated the activity of the single alanine variants towards the  previously 
described VWF115 substrate (VWF residues 1554-1668).36 Single alanine 
 substitutions within region Y658-Y665 of ADAMTS13 (Y658A, R659A, R660A, 
Y661A, G662A, E663A, E664A, Y665A) were all able to proteolyse VWF115 (Fig-
ure 3A). Only ADAMTS13-R660A exhibited a minor reduction in activity, as 

Figure 3. Proteolytic cleavage of VWF115 by spacer domain ADAMTS13 variants with mutations 
in Y658-Y665. (A) 2 nM of each single alanine variant in region Y658-Y665 or wild-type ADAMTS13 
was incubated with 6 μM VWF115 substrate at 37°C. After 0, 30 and 60 minutes samples were 
taken and the reaction stopped with EDTA and analyzed on SDS-PAGE. The VWF115  cleavage 
products of 10 and 7 kDa are indicated. (B) Similar reactions were set-up using ADAMTS13-RY1, 
RY2, YY and RYY. Conditioned medium derived from non-transfected cells was included as a 
 negative  control (-ve Ctrl). (C) Cleavage products generated in activity assays with 2nM wild-type 
ADAMTS13 or ADAMTS13-RYY and 2 μM VWF115 activity at the times indicated were quantified 
by HPLC. VWF115 proteolysis is depicted in percentages and mean values of 3 experiments with 
error bars representing the standard deviation are shown. (D) From the graph in C the catalytic 
 efficiencies (kcat/Km) for VWF115 proteolysis were derived and mean values ± standard deviation 
are shown in the table.
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evidenced by the amount of uncleaved VWF115 substrate after 1 hour when 
compared to wild-type ADAMTS13. However, the double RY1 and RY2 and 
triple RYY variants all exhibited reduced proteolysis of VWF115, and, although 
less prominent, also using variant ADAMTS13-YY (Figure 3B). For quantitative 
assessment of the reduction in proteolytic activity caused by these substitution, 
we analysed the VWF115 cleavage products generated using  ADAMTS13-RYY 
at different time-points by HPLC (Figure 3C). From this analysis, the cata-
lytic efficiency (kcat/Km) of ADAMTS13-RYY was found to be 0.56±0.13x105 
M-1 s-1, 12.5-fold reduced compared to wild-type ADAMTS13 (Figure 3D).

Spacer domain residues R660, Y661 and Y665 interact with the previously 
identified exosite E1660-R1668 within the VWF A2 domain 

The ADAMTS13 spacer domain mediates a high affinity interaction with 
the VWF A2 domain, more precisely through an exosite comprising VWF 
 residues E1660-R1668 that is contained within the VWF115 substrate.28 To study 
whether residues R660, Y661 and Y665 are involved in mediating the  interaction 
of the ADAMTS13 spacer with VWF residues E1660-R1668, we  examined 
the ability of ADAMTS13-RYY to cleave a shortened VWF A2  substrate that 
lacks  residues E1660-R1668 (VWF106). When compared with the cleavage of 
VWF115, proteolysis of VWF106 by wild-type ADAMTS13 proceeded slowly 
(Figure 4). Processing of VWF106 by ADAMTS13-RYY  proceeded with  similar 
time course to that observed for wild-type ADAMTS13 (Figure 4).  Proteolysis of 

Figure 4. Comparison of VWF115 and VWF106 proteolysis by ADAMTS13 and ADAMTS13-
RYY. ADAMTS13 or ADAMTS13-RYY, 2nM, was incubated with 10μM VWF115 (top panels) or 
VWF106 (bottom) substrate at 37°C. At the time points indicated samples were taken, reactions 
stopped with EDTA and analyzed on SDS-PAGE. Cleavage products of VWF115 (10 and 7 kDa) and 
VWF106 (10 and 6 kDa) are indicated.
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Figure 5. Binding of wild-type ADAMTS13 and ADAMTS13-RYY to VWF studied using SPR. 
(A) Equal amounts of the ADAMTS13 preparations, as determined by ELISA, were employed in 
binding experiments, see silver stained SDS-PAGE gel, left panel, and Western blot using a metal-
loprotease antibody, right panel. ADAMTS13-WT (B) or ADAMTS13-RYY (C), 12.5-300nM, were 
perfused over VWF115 immobilized to a CM5 sensor chip at a rate 20μl/min for 240 seconds. 
 Dissociation in the absence of ADAMTS13 was then studied for a further 240 seconds. (D&E) As 
before, but using immobilized VWF106. (F&G) As before, but using immobilized full-length VWF. 
In all graphs representative binding curves obtained using 12.5, 25, 50, 100, 200 or 300nM wild-
type ADAMTS13 or ADAMTS13-RYY are shown. Binding is represented as mol ADAMTS13/mol 
 immobilized VWF (fragment).
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VWF115 and VWF106 by ADAMTS13-RYY appeared equally  efficient, i.e. lack 
of the spacer binding region had no effect on proteolysis by  ADAMTS13-RYY. 
These results indicate that residues R660, Y661 and Y665  contribute to 
an  interactive surface within the spacer domain and that the  function of 
this site is dependent upon residues E1660-R1668 in the VWF A2 domain. 

To further confirm and extend the information on the ADAMTS13 R660-
Y661-Y665 interaction with VWF residues E1660-R1668, we performed  binding 
experiments using SPR. For this we used highly purified ADAMTS13 and 
 ADAMTS13-RYY, see silver stained gel and Western blot that confirm the 
 fidelity of the quantitative ELISA (Figure 5A). The interaction of wild-type 
 ADAMTS13 and ADAMTS13-RYY with immobilized VWF115 and VWF106 
was studied. A dose dependent increase in binding of wild-type ADAMTS13 to 
VWF115 was observed (Figure 5B&C). Conversely, ADAMTS13-RYY displayed 
strongly  reduced binding to immobilized VWF115. Both ADAMTS13 and 
 ADAMTS13-RYY  displayed a similarly reduced binding to VWF106 (Figure 
5D&E). After  correction for the small differences in the amounts of VWF115 and 
VWF106 coated on the chip, we found that the binding of ADAMTS13-RYY to 
both VWF115 and VWF106 was similar. The binding between ADAMTS13 and 
VWF fragments appeared to be dependent upon multiple interactions between 
both proteins; accordingly, we could not fit the data to simple binding and 
 dissociation models. In an attempt to quantitate the clear differences between 
wild-type and  mutant ADAMTS13 in binding to VWF115, we plotted maximal 
binding response against ADAMTS13 concentration. From this, a greater than 
25-fold difference in affinity was estimated. We then studied the binding of wild-
type ADAMTS13 and ADAMTS13-RYY to full-length VWF. Again, we observed a 
dose-dependent binding of wild-type and mutant ADAMTS13 to full-length VWF 
(Figure 5F&G). However, using this approach we detected no major  difference 
between binding affinities of wild-type ADAMTS13 and ADAMTS13 RYY. 

Influence of ADAMTS13 spacer domain residues R660, Y661 and Y665 
on cleavage of full-length VWF 

To further study the role of residues R660, Y661 and Y665 in ADAMTS13 
function, we determined proteolytic activity of wild-type ADAMTS13 and 
ADAMTS13-RYY towards full-length recombinant VWF under denaturing 
 conditions. A time-dependent loss of high molecular weight multimers was 
 observed upon incubation of denatured VWF with wild-type  ADAMTS13 
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Figure 6. Proteolytic cleavage of full-length VWF by ADAMTS13 and ADAMTS13-RYY. 
(A) Processing activity of ADAMTS13 (WT) and ADAMTS13-RYY (RYY) towards denatured, 
 multimeric recombinant VWF was determined essentially as described previously.30  Proteolysis 
of VWF multimers was determined at different time-points (0, 7.5 and 15 minutes) and  samples 
 analyzed by Western blot. These experiments were performed in the presence of a control, 
 monoclonal,  anti-pneumococcal antibody, see legend to Figure 2, which does not affect  proteolysis. 
Cleavage of full-length VWF results in a reduction in the largest VWF multimers and the  appearance 
of  characteristic triplet bands. (B) Experiments were conducted as in (A), except the  patient-derived 
inhibitory monoclonal antibody II-1 directed to the spacer domain, was used  instead of the 
 control antibody. (C) Western blot analysis of ADAMTS13 preparations in  conditioned  media. 
This  demonstrates the fidelity of ELISA quantitation of these two proteins used in this figure. (D) 
 Processing activity of ADAMTS13 (WT), ADAMTS13-RYY (RYY) and control medium (-ve Ctrl) 
 under flow on the surface of endothelial cells. The number of UL-VWF strings following the  addition 
of  ADAMTS13 is expressed as percentage of the number of UL-VWF strings that were present at 
the onset of the experiment. The number of UL-VWF strings was monitored for 5  minutes at 10 
second interval. A decline in the number of UL-VWF strings was also observed in the  absence of 
ADAMTS13,  reflecting spontaneous detachment of UL-VWF strings from the surface of  endothelial 
cells (-ve Ctrl). The inset shows the percentage of VWF strings remaining at 2.5  minutes, when 
 repeated (n=3) experiments were analyzed. * indicates p<0.05 determined by Student paired t-test. 
(E) Experiments conducted as in D, but in the presence of monoclonal antibody II-1.
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 (Figure 6A). Although ADAMTS13-RYY was still able to cleave VWF 
 multimers, the  efficiency of processing was reduced when compared with 
 ADAMTS13 -  already evident at 7.5 and 15 minutes. The ability of the patient 
derived  monoclonal antibody directed to the spacer domain, II-1, to  inhibit 
 ADAMTS13 cleavage of VWF is demonstrated in Figure 6B, which also shows 
an absence of inhibitory effect of this antibody on  ADAMTS13-RYY  activity, 
as  predicted. Once again, it was confirmed with Western blotting that these 
 differences in ADAMTS13 and ADAMTS13-RYY were not due to  concentration 
 dependent artefacts, Figure 6C. In vivo processing of UL-VWF multimers most 
likely occurs on the surface of endothelial cells under flow.6-8 We therefore 
used a previously established assay to determine the activity of ADAMTS13-
RYY on the surface of endothelial cells  under a laminar flow of 2.5 dyn/cm2.7 
 Release of UL-VWF strings was provoked by stimulation of  endothelial cells 
with 100 μM histamine. Following the  addition of  ADAMTS13, UL-VWF strings 
 rapidly disappeared (Figure 6D).  UL-VWF strings also  disappeared in a  control 
experiment in which control  medium without  ADAMTS13 was  perfused, 
 although at an appreciably slower rate.  Comparison of  ADAMTS13-RYY with 
the control revealed that  ADAMTS13-RYY was still capable of  processing 
of UL-VWF on the surface of  endothelial cells,  albeit at a slower rate than 
wild-type ADAMTS13. The rate of VWF proteolysis was dose-dependently 
 related to ADAMTS13 and ADAMTS13-RYY enzyme  concentration (data 
not shown). Repeated determination of the  percentage of VWF strings that 
 remain at 2.5 minutes, demonstrated a reproducible  reduction in cleavage by 
ADAMTS13-RYY, see inset in Figure 6D. Preincubation of  antibody II-1 with 
ADAMTS13 and ADAMTS13-RYY (in the same experiment)  demonstrated 
inhibition of the activity of the former, but not the latter, Figure 6E.

Discussion
A major antigenic determinant for antibodies that develop in patients with 

acquired TTP resides within the spacer domain of ADAMTS13.18-21 In the  current 
study, we show that ADAMTS13 residues R660, Y661 and Y665 are crucial for 
binding of two previously22,23 isolated human monoclonal  anti-ADAMTS13 
 antibodies designated I-9 and II-1 (Figure 2A). The reactivity of a panel of  patient 
plasma derived polyclonal antibodies confirms that R660, Y661 and Y665 also 
contribute to the binding of polyclonal anti-ADAMTS13 antibodies, with  similar 
binding characteristics observed for patient sample II to those of monoclonal 
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antibodies I-9 and II-1 (Figure 2C). It should be noted that antibody II-1 was 
isolated from peripheral B-cells of patient II. The restricted epitope  specificity 
observed for patient derived IgG points to a largely oligoclonal response in 
this patient. For the other patients, a more heterogeneous pattern is observed; 
while mutation of R660, Y661 and Y665 abrogates the binding of antibodies 
from patients II, III and VI, some antibodies of patients I, IV and V are still able 
to bind, although the binding signal intensity obtained is reduced. This can be 
explained by a reduction in affinity of antibodies for the RYY variant, but it is 
more likely that a mixture of polyclonal antibodies is present in these patients. 

We hypothesised that as well as being an essential part of pathogenic 
 antibody recognition, ADAMTS13 spacer domain residues R660, Y661 and 
Y665 would also form part of the binding surface recognised  specifically 
by the VWF A2 domain in its high affinity interaction with ADAMTS13. 
 Experimental  investigation of the functional role of these spacer domain 
 residues in  ADAMTS13 function is complicated potentially by several  important 
 experimental considerations. First, in past studies, the role of the ADAMTS13 
spacer domain has mostly been derived from studies on C-terminally  truncated 
 ADAMTS13 variants, such as MDTCS. Such studies are  potentially  confounded 
by the finding that MDTCS often displays a higher catalytic  efficiency than 
 full-length  ADAMTS13.21,27,43 The activity of truncated mutant MDTC, on the 
other hand, is ~25-fold reduced over MDTCS, but only ~10 times less active 
than full-length VWF.27 In this study, we have therefore introduced  mutations 
into full-length ADAMTS13 rather than truncated fragments. A  potential 
 confounder in our mutagenesis approach is that the introduced point mutations 
may have  resulted in structural changes in the ADAMTS13 spacer domain. Of 
note, however, is the recent crystal structure of the ADAMTS13 DTCS  domains44 
that was published during the preparation of this manuscript.  Residues R660, 
Y661 and Y665 align very well as a surface exposed cluster, available for 
 ligand interactions, see Figure 7. It therefore seems highly likely that there 
is an important role of these residues as a surface exposed exosite for VWF.

A second consideration is the need to unfold VWF to reveal binding sites and 
to expose the scissile bond. It has recently been shown that the isolated VWF A2 
domain can unfold almost completely when force is applied at its amino- and 
carboxyl-terminus.45 Mechanical unfolding of this domain  facilitates cleavage by 
ADAMTS13; without unfolding cleavage does not  occur.45 The  three-dimensional 
structure of the VWF A2 domain has recently been determined at 1.9 Å  resolution.46 
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The Y1605-M1606 bond is present in the middle of a β-sheet (β4) which is buried 
and inaccessible within the domain.46 In addition, tension induced unfolding is 
necessary to make its C-terminal sequence containing the E1660-R1668 alpha-
helix available for binding.28 Results obtained with ADAMTS13 mutants are 
therefore highly dependent upon the specific VWF substrate used and whether 
they need unfolding for cleavage. Full-length substrates need to be unfolded 
with denaturants or flow,30,47,48 while in shorter substrates the binding and 
cleavage sites are exposed and available under physiological conditions.28,29,36,49 

Because of this complexity, we first used short VWF substrates, VWF106 
and 115, to define the role that ADAMTS13 spacer domain interactions make 
to their cleavage. We wished to know how specific binding of  complementary 
domains influences substrate cleavage, without the need for denaturant- or 
 shear-dependent unfolding. Here, we have shown that single alanine variants 

Figure 7. Residues R660, Y661 and Y665 align as a cluster on the surface of ADAMTS13 MDTCS. 
The recent ADAMTS13 DTCS crystal structure (3GHM)44 and previously generated model of the 
ADAMTS13 metalloprotease domain30 were aligned to create a model of the ADAMTS13 MDTCS 
domains. The metalloprotease domain is shown in yellow (Met) with the catalytic zinc ion indicated 
in magenta. The disintegrin-like domain (Dis) is in green and residues R349 and D350 that have 
previously been established as exosite for VWF are shown in dark green. The TSP1, cysteine-rich 
(Cys) and spacer domains are shown in blue, pink and orange respectively. Residues R660, Y661 
and Y665 are highlighted by the box to show where they are located on the surface of MDTCS. The 
alternative representation of the side chains of these residues shows that they align in this structure 
to form a cluster that is surface exposed.
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of the spacer domain of ADAMTS13 did not by themselves display reduced 
proteolysis of the VWF115 substrate, but the triple mutant, ADAMTS13-RYY, 
displays a ~12-fold reduced conversion of VWF115, but not of the shorter 
 substrate VWF106. Reduced binding, >25-fold, of ADAMTS13-RYY to VWF115 
was demonstrated by SPR, Figure 5B, confirming that the substituted  residues 
contribute to a primary binding site on ADAMTS13 for this  fragment. Cleavage 
of VWF106 has previously been used by Gao et al. to study the  contribution 
of N-terminal VWF A2 regions to proteolysis in the absence of the proposed 
high affinity spacer interaction binding site.27 The similar  activity towards 
VWF106 of WT-ADAMTS13 and ADAMTS13-RYY suggests that residues 
E1660-R1668, which are lacking in VWF 106, interact directly with region Y658-
Y665 of the ADAMTS13 spacer domain. This was again confirmed with direct 
 binding studies, which revealed a strongly reduced, but yet residual, binding 
of both ADAMTS13 and ADAMTS13-RYY to VWF106 (Figure 5D&E). This 
 similar binding of ADAMTS13 and ADAMTS13-RYY to VWF 106  confirms 
that R660, Y661 and Y665 do not participate in ADAMTS13 binding to VWF A2 
1554-1659. In the three-dimensional structure of the VWF A2 domain  residues 
E1660-R1668 are part of alpha helix 6 (α6).46 It has been proposed that at high 
shear stress the adjacent vicinal cysteines C1669 and C1670 are  dislocated 
from the hydrophobic core and causes rapid VWF A2 domain unfolding.46 
VWF A2 domain unfolding leads to exposure of the binding site E1660-R1668, 
thereby allowing binding to residues Y658-Y665 of the spacer  domain of 
 ADAMTS13. Concurrent exposure of the Y1605-M1606 cleavage site,  allows 
processing of by the protease domain once this is correctly positioned.27,30 

To address the role and contribution of the ADAMTS13 spacer domain 
in interactions with full-length VWF, we employed denaturing conditions to 
study processing of VWF multimers by the triple mutant ADAMTS13-RYY 
(Figure 6A). Although there was a clear defect in VWF proteolysis under these 
 conditions, the defect was perhaps less than was anticipated in view of the re-
sults with the VWF115 substrate. We therefore studied full-length VWF cleavage 
under  physiological shear stress on the surface of endothelial cells.7,8 Decreased 
activity of ADAMTS13-RYY was also observed under these conditions (Figure 
6A). Newly released UL-VWF is highly hemostatically active in that it binds 
platelets very efficiently. Directly after its release, UL-VWF contains a larger 
number of VWF A2 domains that are in an ‘open’ unfolded conformation50, and 
that allows for the high affinity interaction with the spacer domain to take place. 
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It appears that in the absence of the Y658-Y665 spacer/ E1660-R1668 VWF A2 
 interaction, the binding of ADAMTS13 is less efficient but can, however, still take 
place. These results with the  full-length VWF substrate, studied under different 
 conditions, therefore point to  important functional roles of domain  interactions 
other than ADAMTS13 spacer/VWF A2, as the full-length VWF substrate can 
still be  effectively proteolysed when these specific binding interactions are 
greatly reduced by mutagenesis. Moreover, direct binding of ADAMTS13-RYY 
to  full-length VWF is similar to that observed for wild-type ADAMTS13 (Figure 
5F&G), in contrast to the binding of ADAMTS13-RYY to VWF115. Evidence has 
been obtained for involvement of the carboxyl-terminal TSP2-8 and CUB  domains 
in binding and processing of VWF.26,27,39,51 Very recently, two  independent  studies 
described a role for the C-terminal ADAMTS13 domains in the  interaction 
with globular, folded VWF, mostly likely between TSP5-8 and VWF D4-CK 
domains.31,32 Interestingly, inhibition of wild-type ADAMTS13  proteolysis by 
antibody II-1 at 1.5µM under flow is greater than the effect caused by  changing 
residues R660, Y661 and Y665 of ADAMTS13 to alanine (ADAMTS13-RYY, 
compare Figure 6D&E). We anticipate that the antibody due to its large size 
may also shield other exosites required for binding of ADAMTS13 to VWF.

In summary, we have shown that specific ADAMTS13 spacer domain 
 residues R660, Y661 and Y665 are the target for pathogenic antibodies that cause 
TTP. These same residues are part of the functional binding exosite that makes 
contact with the VWF A2 domain. While we have shown that ADAMTS13 
 residues R660, Y661 and Y665 are critical determinants of molecular recognition 
of the VWF A2 domain, we have also shown that alternative binding  interactions 
outside of the spacer/A2 domains also influence cleavage considerably. 
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Abstract 
Background: The majority of patients diagnosed with thrombotic 

 thrombocytopenic purpura (TTP) have primarily autoantibodies directed 
towards the spacer domain of ADAMTS13. Previously, we have shown that 
 residues Arg660, Tyr661 and Tyr665 are involved in binding of anti-ADAMTS13 
 antibodies.  Inspection of the three-dimensional structure of the  spacer domain 
reveals that Arg568 and Phe592 are in close proximity to Arg660, Tyr661 and 
Tyr665.  Objective: In this study we explored whether Arg568 and Phe592 
 contribute to a previously identified antigenic surface in the spacer  domain. 
We also addressed Ig class distribution as well as the presence of  antibodies 
directed towards the carboxy-terminal TSP2-8 and CUB1-2 domains in a large 
cohort of patients. Methods: The epitope specificity of anti-spacer domain 
 directed antibodies was examined using two recombinant anti-spacer domain 
 directed antibodies I-9 and II-1 and plasma of 48 patients with acute acquired 
TTP by means of immunoprecipitation of ADAMTS13 variants  containing 
 single or multiple alanine substitutions.  Reactivity of  patient-derived  antibodies 
 directed towards the TSP2-8 and CUB1-2 domains was also  addressed by 
 immunoprecipitation. Quantitative Ig class analysis was performed using 
 human monoclonal antibody II-1 as an internal reference.  Results:  Plasma from 
all 48 patients included in this study contained  anti-ADAMTS13  antibodies 
of subclass IgG; plasma of 5 patients contained  anti-ADAMTS13 IgM and in 
 plasma of 9 patients had anti-ADAMTS13 antibodies of subclass IgA1. No 
anti-ADAMTS13 antibodies of subclass IgA2 were  observed.  Plasma of some 
 patients contained anti-TSP2-8 (~17%) and anti-CUB1-2 (~35%)  domain  directed 
antibodies. Analysis of anti-spacer domain antibodies revealed that residues 
Arg568 and Phe592 contribute to an antigenic surface in the spacer  domain. 
The majority of patients (90%) lost the reactivity towards the spacer domain 
of ADAMTS13 through the introduction of multiple alanine  substitutions 
at positions Arg568, Phe592, Arg660, Tyr661 and Tyr665.  Conclusions: IgG 
 antibodies directed towards a single antigenic surface in the spacer  domain 
of ADAMTS13 predominate in plasma of patients with acquired TTP. 

Introduction
Acquired thrombotic thrombocytopenic purpura (TTP) is a rare and 

life-threatening autoimmune disease characterized by the presence of auto-



85

Chapter 4

antibodies directed towards the von Willebrand factor (VWF) cleavage  protease 
ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin type 
1 motif, member 13) [1]. ADAMTS13 regulates the accumulation of the ultra-
large or unusually-large von Willebrand factor (UL-VWF) multimers on the 
surface of endothelial cells [2]. The persistence of UL-VWF multimers pro-[2]. The persistence of UL-VWF multimers pro-. The persistence of UL-VWF multimers pro-
motes  platelet aggregation resulting in obstruction of the  microvasculature 
[3].  Symptoms  associated with acquired TTP include a major overall drop in 
platelet number, fragmentation of erythrocytes resulting in hemolytic anaemia, 
sometimes also  renal failure, neurological dysfunction and fever [3]. In vitro 
 observations showed that VWF multimers are rapidly cleaved by  ADAMTS13 
at the Tyr1605-Met1606 scissile bond in the A2 domain of VWF [4]. Shear stress 
induces unfolding of VWF multimers, thereby exposing the scissile bond in the 
A2 domain which renders it accessible for cleavage by ADAMTS13 [5]. It has 
been postulated that  multiple exosites within the DTCS  domains can  interact 
with unfolded VWFA2 domain [6, 7]. For example, Arg349 within the  disintegrin 
domain has been shown to interact with residue Asn1614 of VWF [8] and 
 residues Arg660, Tyr661 and Tyr665 interact with residues  Glu1660-Arg1668 
in the  carboxy-terminal  alpha-6 helix within the VWFA2 domain [9].  

Previously, we and others showed that the spacer domain of ADAMTS13 
 contains a  major  binding site for  antibodies in patients with acquired TTP [10-
13].  Anti-ADAMTS13  antibodies present in the plasma of acquired TTP  patients 
[14, 15] target an antigenic  surface  including residues Arg660, Tyr661 and Tyr665 
that is also involved in  binding to the  C-terminal alpha-6 helix of the VWFA2 
domain [9]. Inspection of the DTCS crystal structure [7] revealed that residues 
Arg568 and Phe592 are in close  proximity to residues Arg660, Tyr661 and Tyr665. 
Previously, Arg568 and Phe592 have been shown to contribute to the binding of 
ADAMTS13 to VWFA2 domain [7]. We explored whether  residues Arg568 and 
Phe592 also  contribute to the binding of anti-spacer  domain  antibodies  using 
plasma  samples of 48 patients with  acquired TTP. Several studies have  reported 
that antibodies  directed towards the carboxy-terminal  thrombospondin type 
 repeats 2 to 8 (TSP2-8) and the CUB1-2 domains occur in patients with  acquired 
TTP [11, 13]. This prompted us to address whether antibodies binding to 
the TSP2-8 and CUB1-2 domains are present in our cohort of patients. Most 
 anti-ADAMTS13 antibodies are of immunoglobulin class G (IgG), although in a 
limited number of patients antibodies of immunoglobulin class M (IgM) and A 
(IgA) have also been detected [16, 17]. While anti-ADAMTS13 antibodies of the 
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IgG4 subclass dominate the immune response to ADAMTS13; IgG1 and IgG2 
have been found in  approximately 50% of the patient samples analyzed [18]. 
In this study we  addressed the Ig class and subclass distribution and quan-
tity  using human monoclonal antibody II-1 as an internal standard. In agree-
ment with previous  findings IgG antibodies were found in all patients samples 
 analyzed. IgM and IgA  anti-ADAMTS13 antibodies were also found in the plas-
ma of several acquired TTP patients. Subclass analysis revealed that IgA anti-
bodies were of subclass IgA1. Together our findings suggest that the majority of 
the  anti-ADAMTS13 antibodies found in TTP patients are directed towards an 
 antigenic  surface comprising residues Arg568, Phe592, Arg660, Tyr661 and Tyr665.

Patients, materials and methods

Patients

Plasma samples from a panel of 48 patients with acquired TTP, which had 
a high antibody titer at presentation, were included in this study. The study 
protocol was approved by the Medical Ethical Committee of the  University 
 Medical Center Utrecht in accordance with the Declaration of Helsinki. 
 ADAMTS13 activity levels in all plasma samples were ≤ 10% as measured 
 using the  fluorogenic FRETS-VWF73 substrate assay kit (Peptides  International, 
 Liousville, KY, USA). Inhibitor titers measured with the Technozym  ADAMTS13 
inhibitor ELISA (Technoclone, Vienna, Austria; data not shown) or with an 
in-house developed ELISA. All patients suffered from primary TTP with a 
hemolytic anaemia with fragmented erythrocytes and thrombocytopenia.

Construction and expression of recombinant ADAMTS13 and truncated 
variants

Construction and expression of wildtype pcDNA3.1-propeptide/metal-
loprotease/disintegrin-like/TSP1/cysteine-rich/spacer-V5-HIS fragment 
 (Invitrogen, Carlsbad, CA, USA) (PMDTCS13-V5-HIS, but termed MDTCS 
here); a TSP2-8-V5-HIS fragment (TSP2-8) and a CUB1-2-V5-HIS domain 
 fragment (CUB1-2) were produced in stably transfected HEK293 cells as 
 described  previously [9]. Primers used to construct these variants are  described 
in [9, 19]. An Ig-kappa signal peptide [20] was cloned in front of the coding 
 region of the TSP2-8 and CUB1-2 constructs in order to increase  expression 
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levels of these variants. Primer sequences are available upon  request. Cells 
were grown in Optimem + Glutamax medium  (Invitrogen).  Medium was 
 harvested after four days and the expression and secretion of  ADAMTS13 
was  confirmed by Western blotting or immunoprecipitation by using a 
 monoclonal  (horseradish-labeled (HRP))  anti-V5 antibody  (Invitrogen), a 
mouse  anti-TSP5-8 monoclonal antibody (20A5) [21], a mouse anti-CUB1-2 
 domain  monoclonal antibody (20D2) and an anti-metallo protease  polyclonal 
 antibody  (Abcam, Cambridge, UK). Monoclonal antibodies 20A5 and 
20D2 were  kindly  provided by H. Feys, K.U. Leuven Belgium. A  donkey 
 anti-rabbit-HRP  labeled and a sheep-anti-mouse-HRP labeled antibody (both 
from ECL; GE Healthcare, Bio-Sciences AB, Uppsala, Sweden) were used for 
 chemiluminescence detection (Roche Applied Science, Almere, the Netherlands). 

Construction and expression of recombinant ADAMTS13 variants

Single alanine (R568A and F592A) and double alanine mu-
tants (R568A/F592A) were introduced into the wildtype vector 
 (pcDNA3.1-PMDTCS13-V5-HIS) using Quick-Change PCR (Stratagene, 
 Amsterdam the  Netherlands). The same mutants were introduced into the 
previously described  plasmid pcDNA3.1-PMDTCS13-R660A/Y661A/Y665A-
V5-HIS [9] resulting in a  total of eight variants including wild-type.  Sequences 
of the sense and antisense oligonucleotide primers, containing the  nucleotides 
to be changed with 15-bp flanking regions, are available upon  request. 
 Sequences of the coding region of all ADAMTS13 variants were verified. All 
 ADAMTS13 variants were transiently expressed essentially as described [9]. 

Epitope mapping of anti-ADAMTS13 antibodies

Recombinant antibodies or antibodies in plasma of the patients were bound 
to protein G sepharose (GE Healthcare) in 50 mM Tris pH 7.6 (Invitrogen), 500 
mM NaCl (Merck), 1% (w/v) bovine serum albumin (BSA; Merck) 1% (w/v) 
Triton X-100 (Merck) and 0.1% (v/v) Tween-20 (Sigma Aldrich, Zwijndrecht, the 
Netherlands). As a negative control an anti-pneumococcal monoclonal  antibody 
was included [22]. The two human monoclonal anti-spacer domain antibod-
ies I-9 and II-1 have previously been described [14, 15]. Monoclonal  anti-V5 
 antibody (Invitrogen) coupled to protein G sepharose (GE Healthcare) was used 
as a positive control. Normal human pooled plasma from 47 healthy donors 
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(NHP) was included as negative control. After incubation at room  temperature 
for 4 hours, unbound proteins were washed away twice with the same buffer. 
Cell culture medium containing recombinant ADAMTS13 or  hybrid  protein 
 fragments was added at ~1 μg/ml to the antibody-loaded  sepharose and 
 incubated in 50 mM Tris pH 7.6, 150 mM NaCl, 1% BSA, 1% Triton X-100 and 
0.1% Tween-20 for at least 14 hours. After washing two to three times with  buffer 
of the same  composition, and a third to fourth time with 20 mM Tris pH 7.6, 
bound  proteins were eluted with 100 mM glycine pH 2.0 and applied to either 
7.5% or 10% SDS-polyacrylamide gels depending in the size of the  fragments. 
Immunoblots were prepared on Immobilon-P PVDF membranes (Millipore, 
Bedford, USA) and stained with HRP-labeled anti-V5 monoclonal antibody 
 (Invitrogen). For detection BM chemiluminescence substrate (Roche Applied 
Science) and CL-Xposure films (Perbio Science, Etten-Leur the Netherlands) 
was used. The composition of the immunoprecipitation buffer was adjusted for 
the experiments performed with the TSP2-8 and CUB1-2 variants by lowering 
the amount of Triton X-100 from 1% to 0.5% and Tween-20 from 0.1% to 0.05%.

Construction and expression of anti-ADAMTS13 IgG1-2-3-4/M/A1-2 
antibody II-1

The variable heavy chain of antibody II-1 (IgG1; [15]) was subcloned into the 
pcDNA3.1 vector together with different constant regions of IgG2(Cγ2)-3(Cγ3)-
4(Cγ4), IgM (Cμ), IgA1(Ca1) and IgA2(Ca2) with the BamHI/NotI/KpnI 
 restriction sites/enzymes (NEB, Ipswich, United Kingdom) [23, 24]. All variants 
were transiently expressed in the Freestyle system (Invitrogen) including the 
light chain of antibody II-1 and quantified using the human IgG or IgM or IgA 
quantitation kit from Bethyl Laboratories (Montgomery, TX, USA). IgM, IgA1 
and IgA2 were co-expressed with the J-chain (present in the pcDNA3.1  vector) 
in order to let the antibodies multimerize into pentamers/hexamers (IgM) or 
dimers (IgA1 and IgA2). All antibody variants were analyzed under reducing 
conditions by Western blotting using PBS 5% milkpowder 0.1% Tween-20 and 
an anti-IgG/IgM/IgA-HRP labeled antibody (DAKO, Glostrup, Denmark).

Detection of anti-ADAMTS13 IgG/M/A1-2 antibodies from TTP plasma

The presence of anti-ADAMTS13 antibodies in plasma from patients with 
acquired TTP was determined by immobilizing an anti-V5 antibody (1 μg/ml) 
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on Maxisorp microtiter plates (NUNC, Roskilde, Denmark) in 50 mM NaHCO3 
(pH 9.8) overnight at 4°C. Wells were subsequently blocked with PBS 2% BSA 
0.1% Tween-20. After washing three times with PBS 0.1% Tween-20,  purified 
 recombinant V5-tagged ADAMTS13 (1 μg/ml) was incubated in blocking  buffer 
for 2 hrs at 37°C. The purification and analysis of ADAMTS13 has been described 
 previously [9]. This assay allows antibodies to bind ADAMTS13 in solution, which 
allows conformational dependent antibodies to bind instead of losing them when 
ADAMTS13 is coated directly to a plate. Subsequently, unbound ADAMTS13 
was washed away and plasma samples and  recombinant  anti-ADAMTS13 
 antibodies (standard) (starting dilutions for IgG detection: 100 times, IgM 
 detection: 20 times and IgA1-2 detection: 50 times) diluted in  buffer were added 
to the wells and incubated for 2 hours at 37°C. After  washing,  immunoglobulins 
were detected with a mix of HRP-labeled  monoclonal  anti-human IgG1, IgG2, 
IgG3 and IgG4 (1:2000; Sanquin Reagents,  Amsterdam, the Netherlands) for 
the detection of total IgGs, HRP-labeled monoclonal  anti-human IgM (1:750; 
Sanquin Reagents) and HRP-labeled monoclonal  anti-human  specific for 
IgA1 or 2 (1:1000; Southern Biotech, Birmingham, Alabama, USA). A pool of 
 normal human plasma (NHP) derived from 47 donors and plasma from two 
 congenital TTP patients were used as negative controls. IgG recombinant 
 antibodies (mix of IgG1-2-3 and 4) were incubated at a start dilution of 100 ng/
ml, IgM was incubated at a start dilution of 1 μg/ml and the IgA1 and IgA2, 
used in separate dilutions, were incubated at a start concentration of 200 ng/ml.

Online docking of homology models I-9 and II-1 with the crystal structure 
of the ADAMTS13 spacer domain

Homology models of I-9 and II-1 scFv fragments were made with the 
MODELLER 9v7 software package [25] using five structures: 1F3R, 2GKI, 
1LMK, 1QOK and 1DZB (downloaded at http://www.rcsb.org), which share 
~60% sequence homology with both scFv’s. Structures were chosen based 
on a search using the fold and recognition program LOOPP (http://cb-
suapps.tc.cornell.edu). Homology structures were generated and minimized 
 surrounded by a waterbox using the MOE (Molecular Operating Environment 
2008.10 (http://www.chemcomp.com)) software package using the MMFF94x 
force field).  Beforehand, hydrogens were added and charges were assigned 
using the AMBER99 force field. The same procedure was executed for the 
spacer domain (residues 556-682) that was derived from the crystal structure 
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of the DTCS protein [7]. Both models were uploaded to the patchdock server 
(http://bioinfo3d.cs.tau.ac.il/PatchDock/) without the water molecules as 
an antigen-antibody complex option [26]. Results were refined and re-scored 
[27] using the firedock algorithm (http://bioinfo3d.cs.tau.ac.il/FireDock/). 
An unbiased docking approach was executed as no specific  residues were 
 assigned to the receptor and ligand binding site. Top ten results were  provided 
from the 1000 initially generated by the Patchdock docking procedure.

Results

Quantification of anti-ADAMTS13 immunoglobulins in plasma of 
 patients with acquired TTP 

Plasma samples of a panel of 48 patients with acquired TTP were  analyzed for 
the presence of IgG, IgM and IgA. In all patients ADAMTS13 activity  levels were 
≤ 10% as determined by FRETS-VWF73 assay [28] (see Table 1). The levels of the 
immunoglobulins were quantified using human monoclonal  anti-ADAMTS13 
antibody II-1 as an internal reference. The variable domains of antibody II-1 were 
fused to the constant regions of human IgG1, IgG2, IgG3, IgG4, IgM, IgA1 and 
IgA2. Analysis of supernatants of transfected 293 cells by  Western blot revealed 
that all variants were expressed (see Supplemental Fig.1). An anti-ADAMTS13 
IgG was present in plasma samples of all 48  patients  analyzed (Table 1). Levels 
of anti-ADAMTS13 IgGs ranged primarily around 0.50 – 1.50 μg/ml; higher 
values of anti-ADAMTS13 IgG were found in 7  plasma  samples. The highest 
level of anti-ADAMTS13 IgG was detected in plasma of  patient 7. Remarkably, 
a residual level of ADAMTS13 activity of 10% was  present in plasma of this 
patient. Levels of anti-ADAMTS13 IgG did not correlate with residual levels 
of ADAMTS13 activity (data not shown).  Anti-ADAMTS13 IgM was found in 
5 out of 48 patients. In a previous study the presence of  anti-ADAMTS13 IgM 
was reported in 4 out of 58 patients [18]. Levels of anti-IgM varied  between 
0.16 – 1.20 μg/ml. Anti-ADAMTS13 IgA was detected in 9 out of 48 patients. 
This value closely corresponds to results from a previous study in which 10 
out of 47 patients had anti-ADAMTS13 IgAs [18]. Anti-ADAMTS13 IgA  levels 
were low (0.02 – 0.60 μg/ml) when compared to anti-ADAMTS13 IgG in most 
 patients with the exception of patient 3 (Table 1). The number of  patients 
 positive for the combinations of IgG/IgA, IgG/IgM and IgG/IgM/IgA were 
similar to values reported in a previous study [17]. IgA  antibodies can be 
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Table 1. Data on the ADAMTS13 activity and inhibitor levels of patients with acquired TTP. 
Most patients were female, with a female to male ratio of approximately 3 to 1. The mean age of 
all 48 patients was approximately 47 years, ranging from 21 to 71. ADAMTS13 activity levels in all 
plasma samples were ≤ 10% as measured using the fluorogenic FRETS-VWF73 substrate. Plasma 
samples that were negative for the presence of antibodies were denoted as non-detected (ND). The 
limit of detection for IgGs was < 0.01 μg/ml; IgA1 < 0.01 μg/ml and IgM < 0.02 μg/ml. Normal 
 human pooled plasma from 47 healthy donors (NHP) was used as a negative control.

 Sex Age Act. (%) IgG (μg/ml) IgA1 (μg/ml) IgM (μg/ml)
1 V 63 6 0.95 0.07 1.15
2 V 40 2 0.45 ND 0.50
3 V 52 1 0.50 0.60 0.50
4 V 26 0 3.30 0.30 0.75
5 V 50 6 6.70 0.10 0.15
6 V 63 2 3.50 ND ND
7 V 58 10 19.50 0.20 ND
8 M 38 0 1.00 ND ND
9 V 42 0 1.80 ND ND
10 V 67 0 1.30 ND ND
11 V 21 0 1.70 ND ND
12 V 68 10 2.10 0.02 ND
13 V 48 10 1.90 ND ND
14 M 55 6 1.35 ND ND
15 V 48 4 0.85 ND ND
16 M 65 0 1.05 0.30 ND
17 V 22 10 0.90 ND ND
18 V 37 0 0.75 ND ND
19 V 48 7 0.90 ND ND
20 V 32 3 1.35 ND ND
21 V 70 1 1.35 ND ND
22 M 71 0 0.75 ND ND
23 M 55 1 0.75 ND ND
24 M 56 1 0.70 ND ND
25 V 47 0 0.50 ND ND
26 V 34 7 0.60 ND ND
27 V 60 5 1.60 ND ND
28 M 56 1 0.45 ND ND
29 V 62 1 0.55 ND ND
30 M 55 2 2.70 ND ND
31 V 37 1 0.95 ND ND
32 M 38 5 0.70 ND ND
33 V 37 0 0.60 0.12 ND
34 V 28 0 0.45 ND ND
35 V 37 1 0.35 ND ND
36 M 55 3 1.60 ND ND
37 M 46 5 0.50 ND ND
38 V 46 2 0.25 ND ND
39 V 30 5 0.60 0.07 ND
40 V 59 1 0.35 ND ND
41 V 68 4 0.40 ND ND
42 V 30 7 0.50 ND ND
43 V 39 0 0.50 ND ND
44 M 62 7 0.60 ND ND
45 V 35 2 0.35 ND ND
46 M 47 4 0.70 ND ND
47 V 48 6 0.40 ND ND
48 V 22 0 1.35 ND ND
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 further  subdivided into IgA1 and IgA2. IgA1 is the major  component of serum 
IgA and secretory IgA in saliva whereas secretory IgA2 constitutes the majority 
of IgA found at other mucosal surfaces (e.g. gastro-intestinal and  urinogenital 
tracts [29]. We show that patients only have subclass anti-ADAMTS13 IgA1 
in their plasma; no anti-ADAMTS13 IgA2 was detected. Taken  together, 
we found that majority of the anti-ADAMTS13 response is due to IgG, but 
 significant amounts of IgM and IgA1 antibodies can be found in some patients. 

Arg568 and Phe592 contribute to the binding of human monoclonal anti-
spacer domain antibodies. 

Previously, we have shown that Arg660, Tyr661 and Tyr665 in the  spacer 
domain are essential for the binding of two human monoclonal  antibodies (I-9 
and II-1) derived from B cells of patients with acquired TTP [9].  Inspection of the 
three-dimensional structure of the spacer domain reveals that  exposed  residues 
Arg568 and Phe592 are in close proximity of Arg660, Tyr661 and Tyr665 (Fig.1) [7]. 

Figure 1. Crystal Structure of the ADAMTS13 fragment. (A) The ADAMTS13 molecule  consisting 
of the DTCS is depicted with the modeled metalloprotease domain (disintegrin domain (DIS) in 
green; the thrombospondin type repeat 1 (TSP1) in blue; the cysteine-rich domain (Cys) in pink and 
the spacer domain (Spacer) in light blue) [7]. The crystal structure of the metalloprotease  domain of 
ADAMTS1, 4 and 5 were used as a template to model the metalloprotease domain of ADAMTS13 
(Met in light red) and was modeled using the HHPred server as described previously [8]. Loops 
that were lacking in the DTCS crystal structure (323TFAREHLD330 and 459RSSPGGA465) were  modeled 
 using the MODELLER 9v7 program. (B) Highlighted in red are the residues Arg568, Phe592, 
Arg660, Tyr661 and Tyr665, which provide an exposed surface in the spacer domain.
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This raises the possibility that Ag568 and Phe592 also  contribute to the  binding of 
anti-spacer domain antibodies. We assessed the binding of two patient-derived 
monoclonal antibodies I-9 and II-1 to the  single R568A, single F592A and the 
R568A/F592A variant (Fig.2). As a  control, we monitored the reactivity of these 
antibodies with the  previously described R660A/Y661A/Y665A (MDTCS-RYY) 
variant [9]. Also binding to RYY  variants containing R568A, F592A and R568A/
F592A substitutions was evaluated. All variants were produced in MDTCS  format 
in HEK293 cells; expression levels were similar to that of wild-type MDTCS 
protein (data not shown). Antibody II-1 did not react with MDTCS-R568A and 
MDTCS-F592A (Fig.2). Antibody I-9 retained its reactivity towards MDTCS–
F592A whereas binding to MDTCS-R568A was abrogated (Fig.2). In agreement 
with  previous findings antibodies II-1 and I-9 did not bind to MDTCS-RYY or 
 additional alanine mutations (Fig.2). These results show that Arg568 and Phe592 
 contribute to the epitope of human monoclonal anti-spacer domain antibodies. 

Figure 2. Immunoprecipitation of pro-spacer 
alanine(-hybrid)-mutants with recombinant 
monoclonal anti-ADAMTS13 antibodies I-9 
and II-1. The reactivity of patient-derived anti-
ADAMTS13 monoclonal antibodies I-9 and II-1 
was determined by immunoprecipitation. An 
IgG1 isotype control antibody (-) and anti-V5 
(+) antibody were used as controls. The first 
four lanes depict MDTCS, MDTCS-R568A, 
MDTCS-F592A and the MDTCS-R568A/F592A 
double mutant. The second four lanes depict 
the triple mutant R660A/Y661A/Y665A (RYY), 
MDTCS-RYY-R568A, MDTCS-RYY-F592A and 
MDTCS-RYY-R568A/F592A.

Spacer domain residues Arg568, Phe592, Arg660, Tyr661 and Tyr665 
provide a major target for antibodies in patients with acquired TTP

We have previously evaluated the binding of patient-derived IgG to 
MDTCS-RYY in a limited number of patients [9]. For 3 out of 6 patient  plasma’s 
analyzed no binding to MDTCS-RYY was observed whereas for 3  other 
 patient’s reduced binding to the MDTCS-RYY fragment was observed [9]. This 
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 observation  suggested that additional residues contributed to the  binding of 
anti-spacer domain antibodies. Here, we analyzed the contribution of Arg660, 
Tyr661 and Tyr665 to binding of spacer domain antibodies in a cohort of 48 
patients with acquired TTP. We also determined whether residues Arg568 
and Phe592 contribute to binding of anti-ADAMTS13 antibodies. Binding of 
all patient samples to MDTCS-R568A, MDTCS-F592A, MDTCS-R568A/F592A, 
MDTCS-R660A/Y661A/Y665A (in short MDTCS-RYY),  MDTCS-RYY-R568A, 
MDTCS-RYY-F592A and MDTCS-RYY-R568A/F592A was evaluated. No 
 reactivity was observed when binding of MDTCS-variants to IgG derived of 
pooled plasma of 47 healthy donors was evaluated (Fig.3; (-) panel). To check 
the amount of input of the  MDTCS-variants immunoprecipitation  using an 
anti-V5 tag antibody was employed (Fig.3; (+) panel). Replacement of Arg568 
by an alanine had little impact on binding of patient-derived IgG; all patient 
samples with the exception of patient sample 3 bound to this variant (Fig.3). 
Replacement of Phe592 resulted in a decline in reactivity with the fragment 
for 11 out of 48 patients (patient samples 1, 4, 7, 12, 16, 22, 25, 28, 38, 43 and 
47).  Reactivity with MDTCS-R568A/F592A was absent or strongly reduced for 
15 out of 48 patient samples analyzed (samples 1, 3, 4, 5, 7, 9, 12, 16, 22, 25, 
28, 38, 39, 43 and 47). Together these findings indicate that residues Arg568 
and Phe592 contribute to the binding of  antibodies to the MDTCS-fragment 
in a  significant number of patients. Next, we determined the binding of 
 patient-derived IgG to MDTCS-RYY (Fig.3). In 33 out of 48 samples analyzed, 
significant reduced binding was obtained when compared to “wild-type” 
MDTCS.  Introduction of F592A into the RYY-variant resulted in a decrease in 
binding for all  samples analyzed (see for instance patient 11, 14, 34 and 41 in 
Fig.3). In contrast,  substitution of Arg568 for Ala had little impact on binding of 
patient derived IgG to the MDTCS-RYY fragment (see for instance patient 8, 19 
and 41 in Fig.3). Binding of patient derived IgG to MDTCS-RYY was completely 
abrogated for 43 out of 48 patients analyzed when both Arg568 and Phe592 
were replaced by Ala (Fig.3). Residual binding to MDTCS-RYY-R568A/F592A 
was still observed for patient samples 6, 16 and 37 indicating the  presence of 
antibodies targeting other residues within the MDTCS-fragment. Collectively, 
our findings show that residues Arg568 and Phe592 contribute to an  antigenic 
surface in the spacer domain of ADAMTS13. Loss of reactivity  associated 
with these amino acid substitutions suggests that especially Phe592 provides 
an important contact-residue for binding of anti-spacer domain antibodies.
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Figure 3. Immunoprecipitation of pro-spacer alanine(-hybrid)-mutants with plasma samples of 
patients with acquired TTP. The reactivity of anti-ADAMTS13 antibodies present in plasma of 48 
patients with acquired TTP was determined by an immunoprecipitation experiment using the 8 
MDTCS-variants described in the Legend of Fig.2. Normal human pooled plasma (-) and anti-V5 
(+) antibody were used as controls.
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Antibodies directed towards the TSP2-8 and CUB1-2 domains of 
 ADAMTS13 in patients with acquired TTP

Several studies have shown that antibodies reactive with the proximal 
 thrombospondin repeats (TSP2-8) and CUB domains are present in plasma of 
 patients with acquired TTP [11, 13]. We therefore determined whether  antibodies 
 directed towards TSP2-8 and CUB1-2 domains were present in plasma of the 48 
acquired TTP patients included in this study. Only a few patients had  anti-TSP2-8 
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directed antibodies (Fig.4). IgG derived from one patient sample  (patient 3) 
 reacted very well with the TSP2-8 fragment; for 2 other patient  samples  (patients 
4 and 16) weak signals were observed whereas 5 additional patient samples 
(patients 6, 13, 18, 26 and 28) showed weak but detectable binding to  TSP2-8 
(Fig.4). These findings show that TSP2-8 directed antibodies are present in 
17% of patient samples analyzed. Considerable amounts of antibodies  directed 
 towards the CUB1-2 domains were detected in 5 patient samples (patients 8, 9, 
24, 26 and 28) (Fig.5). In 6 samples (patient 3, 4, 10, 11, 34 and 43) lower levels 
of anti-CUB1-2 domain antibodies were present whereas very low levels were 
 observed for patient samples 1, 40, 41, 42, 44 and 45 (Fig.5). Anti-CUB1-2  domain 
antibodies were found in approximately 35% of patient samples analyzed. Only 
patients 3, 4, 26 and 28 had both anti-TSP2-8 and anti-CUB1-2 domain directed 
antibodies, although levels of anti-CUB1-2 and anti-TSP2-8  antibodies varied 
considerably. For instance, patient 3 had high levels of anti-TSP2-8  directed 
antibodies whereas levels of CUB1-2 directed antibodies were very low (Fig.4 
and 5). Conversely, patient 26 and 28 had relatively high levels of  anti-CUB1-2 
domain antibodies whereas levels of anti-TSP2-8 antibodies were low.

Figure 4. Immunoprecipitation of TSP2-8 domains with TTP plasma. Reactivity of auto-
antibodies present in the plasma of 48 patients used in this study with a fragment corresponding 
to  thrombospondin type repeats 2 to 8 (TSP2-8). Normal human pooled plasma (-) and anti-V5 (+) 
antibody were used as controls.



98

IgG antibodies towards a single antigenic surface in spacer domain of ADAMTS13

Discussion
The majority of patients with acquired TTP have antibodies directed 

 towards the spacer domain of ADAMTS13. We recently reported that  residues 
Arg660, Tyr661 and Tyr665 contribute to an antigenic surface in the spacer 
 domain [9]. Residual binding of patient IgGs to an ADAMTS13 variant in which 
Arg660, Tyr661 and Tyr665 were replaced by Ala suggested that additional 
residues are also involved in antibody binding. Recently, the crystal structure 
of the DTCS domains of ADAMTS13 has been resolved [7].  Residues Arg660, 
Tyr661 and Tyr665 are part of an exposed surface on the spacer  domain (Fig.1). 
In this study we show that Arg568 and Phe592, which are in close  proximity 
to Arg660, Tyr661 and Tyr665 also contribute to the binding of anti-spacer 
 domain antibodies. The antigenic surface covered by the  variable domains 
of an  antibody usually covers around 1500 Å2 [30]. The surface accessibility 
of an arginine is ~211 Å2, a tyrosine can cover ~104 Å2 and a  phenylalanine 
~123 Å2 [31]. The surface area covered by Arg568, Phe592, Arg660, Tyr661 
and Tyr665 is approximately 750Å2. This value was confirmed by using a 
surface  accessibility calculator [32]. Arg568, Phe592 and Arg660, Tyr661 and 
Try665 originate from three distinct surface loops. It is attractive to speculate 
that other residues within these surface loops such as Leu591, Leu668 and 
Thr669 can also contribute to the antigenic surface  recognized by anti-spacer 
 domain  antibodies. All patient samples with the exception of samples 6 and 
37  display a strong reduction in binding to an MDTCS fragment in which 
Arg568, Phe592, Arg660, Tyr661 and Tyr665 have been replaced by Ala (see 
Fig.3). This  observation strongly suggests that Arg568, Phe592, Arg660, Tyr661 
and Tyr665 comprise an immunodominant region that is targeted by  antibodies 

Figure 5. Immunoprecipitation of the CUB1-2 domains with TTP plasma. Immunoprecipitations 
performed with the CUB1-2 domains (CUB1-2) of ADAMTS13. Normal human pooled plasma (-) 
and anti-V5 (+) antibody were used as controls.
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that  developed in all patients with acquired TTP. We and others have  reported 
that anti-ADAMTS13 antibodies are encoded by variable heavy chain  segment 
VH1-69 [15, 33]. We hypothesize that residues within the antigen  binding 
loops CDRH1 and CDRH2 that are encoded by the VH1-69 gene segment 
 mediate binding to the antigenic surface in the spacer domain of ADAMTS13. 
 Co-crystallization studies of complexes of VH1-69 encoded human monoclonal 
antibody II-1 with ADAMTS13 fragments are needed to support this hypothesis.

Recently, the crystal structure of a VH1-69 encoded monoclonal antibody 
bound to the hemagglutinin protein of influenza virus has been resolved 
[30, 34]. Multiple contacts between the antigen binding loops encoded by the 
 variable heavy chain were observed. We performed docking studies for human 
 monoclonal antibodies I-9 and II-1 employing the three-dimensional structure 
of the spacer domain. For both I-9 and II-1 structures were found in the top ten of 

Figure 6. Docking of I-9 and II-1 scFv’s with the spacer domain of ADAMTS13. Antibody I-9 
(A&B) and II-1 (C&D) were docked in the scFv format with the spacer domain of ADAMTS13 us-
ing the online Patchdock and Firedock server. The R660Y661Y665-motif on the spacer domain is 
 highlighted in red whereas the Phe592 and Arg568 in yellow. The complementary determining re-
gions (CDRs) of the heavy chain are depicted in light blue and the CDRs of the light chain in orange.
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1000  docking solutions in which the antigen binding loops of the antibody were 
 oriented towards the antigenic surface comprising Arg568, Phe592, Arg660, 
Tyr661 and Tyr665 (Fig.6). Interestingly, residue Phe592, which is not involved in 
binding of antibody I-9 (see Fig. 2) is pointing outwards of the structure (Fig.6). The 
different docking results obtained for antibody I-9 and II-1 suggest that Arg568, 
Phe592, Arg660, Tyr661 and Tyr665 comprise a versatile antigenic surface.

IgG, IgM and IgA autoantibodies directed to ADAMTS13 are found in 
 plasma of patients with acquired TTP [16, 17] with IgG as the dominant  isotype 
(see Table 1). IgG levels ranged from 0.25 – 20 μg/ml; IgM levels ranged from 
0.16 – 1.20 μg/ml whereas IgA levels ranged from 0.02 – 0.60 μg/ml. In this 
study we show that anti-ADAMTS13 IgM and IgA are present in a  subset of 
 patients with acquired TTP. Our findings are in agreement with previous  studies 
on the presence of anti-ADAMTS13 IgA and IgM in patients with  acquired 
TTP [16, 17]. IgA consists of two subclasses IgA1 and IgA2; IgA1 has a unique 
hinge region containing O-linked glycans that most likely  mediate  binding to 
lectins [29]. IgA2 does not contain this hinge region; binding of  J-chain and the 
 secretory component results in dimerization and  polymerization of IgA2. IgA1 
is the major serum component of monomeric serum IgA whereas polymeric 
IgA2 is transported to mucosal surfaces of the gastro-intestinal,  respiratory 
and urinogenital tracts where it prevents pathogen penetration, interacts 
with  dietary antigens and controls commensal microbes through immune 
 exclusion [29][35]. IgA in serum has been suggested to comprise a second line 
of  defense for incoming pathogens, which are eliminated by FcaRI expressed 
on  monocytes and neutrophils and Kupffer cells of the liver [36]. This FcaRI 
interacts exclusively with serum IgA, but not secretory IgA and can mediate 
a strong degranulation of neutrophils and release of  inflammatory  mediators 
upon receptor crosslinking [24, 35, 36]. Deposits of systemic IgA  immune 
 complexes can indeed give rise to purpura in the skin and kidney failure in 
patients with Henoch-Schönlein purpura and patients with IgA  nephropathy 
[37].  High titers of anti-ADAMTS13 IgA and the presence of several Ig  isotypes 
have also been suggested to contribute to the severity of the disease [17, 18]. 
Here we show that anti-ADAMTS13 IgA is exclusively composed of  subclass 
IgA1. Presently, it is not known whether immune complexes  consisting 
of anti-ADAMTS13 IgA1 contribute to the pathogenesis of acquired TTP.

In this study we also explored whether antibodies directed towards the 
proximal TSP2-8 repeats and CUB1-2 domains were present in our cohort of 
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patients. Anti-TSP2-8 antibodies were found in 17% of patients analyzed. Weak 
signals were observed when the TSP2-8 fragments were precipitated with 
patient-derived immunoglubulins (see Fig.4). Anti-TSP2-8 antibodies were 
found in 37% and 28% of patient samples analyzed in two previous studies 
[11, 13]. Anti-CUB1-2 antibodies were observed in 35% of patients  analyzed. 
This value is similar to the value of 31% reported by Xheng and  co-workers 
[13]. In an early study anti-CUB1-2 domain antibodies were found in 64% of the 
patients analyzed [11]. The observed discrepancies are  potentially  explained 
by differences in patient characteristics. Alternatively, the weak  signals of the 
precipitated TSP2-8 and CUB1-2 domains observed in our study may be due 
to the relatively stringent condition of our  immunoprecipitation assay. So, in 
this large cohort of patients we checked anti-spacer domain  antibodies with 
a new target on Arg568 and Phe592. Moreover, in a  subgroup  anti-TSP2-8 
and anti-CUB1-2 antibodies were found. Based on these results and that 
 reported in previous studies we propose that the spacer domain provides 
the initial target for antibodies that develop in patients with acquired TTP. 
Subsequent epitope spreading may result in the appearance of  antibodies 
directed towards the carboxy-terminal TSP2-8 and CUB1-2 domains.
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Supplemental Figure 1. Western blot analysis of II-1 antibodies of different isotype formats 
(IgG1-2-3-4, IgM, IgA1 and IgA2). Antibodies were subjected to SDS-PAGE analysis and detected 
with an anti-IgG/M/A antibody by Western blotting. Although the same amount was  administered 
to the gel under reducing conditions, the detecting antibody was not able to recognize the IgM, 
IgA1 and IgA2 antibody as well as the IgGs. Both heavy chain (H) and light chain (L) are  indicated. 
The heavy chain of IgG1, IgG2 and IgG4 (~58kDa) migrate at the same apparent molecular weight 
whereas IgG3 (~65kDa), IgM (~80kDa) and both IgAs (~65kDa) migrate at a higher apparent 
 molecular weight.
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Abstract 
Background: The size of the ultra-large von Willebrand factor (VWF) 

 multimers is regulated by the metalloprotease ADAMTS13. Multiple  domains 
of ADAMTS13 contribute to the binding and proteolysis of VWF. Exosites 
present on ADAMTS13 responsible for binding to VWF have not yet been 
fully elucidated. Objective: Here, we employ chemical footprinting of 
 recombinant ADAMTS13 or truncated variants to investigate the  interaction 
of  ADAMTS13 with VWF. Methods: Mass spectrometry analysis of purified 
 ADAMTS13 and its variants was performed. Lysine and tyrosine residues were 
 modified  using sulpho-NHS-LC-biotin and N-acetylimidazole,  respectively. 
 Binding of chemically modified ADAMTS13 to VWF was  studied. Results: 
The  sequence coverage of ADAMTS13 was significantly enhanced (~15%) by 
removal of the N-linked glycans by PNGase F (total of 80% ± 3). In  addition 
to the  identification of the N-linked glycosylation sites on  ADAMTS13, we 
were able to show that recombinant ADAMTS13 is C-mannosylated and 
 O-fucosylated.  Modification of exposed lysines reduced the binding of 
full-length  ADAMTS13 to VWF, the VWFA1A2A3 domains and the small 
 A2-derived substrate VWF115. Modification of exposed tyrosines had little 
effect on binding of full-length ADAMTS13 to the different VWF substrates. 
 However, tyrosine modification of the truncated variant after the spacer  domain 
of ADAMTS13 resulted in a major decrease in binding to VWF  substrates. 
 Conclusions: Our findings suggest that surface exposed lysine residues are 
 involved in binding of full-length ADAMTS13 to VWF. Exposed tyrosines are 
involved in binding of a truncated variant of ADAMTS13 (MDTCS) to VWF.

Introduction
ADAMTS13 is a metalloprotease present in plasma, which is  capable of 

cleaving ultra-large von Willebrand factor (UL-VWF)  multimers into less 
 thrombogenic smaller VWF multimers [1]. Platelet-reactive  UL-VWFs are 
 retained in plasma when ADAMTS13 is absent due to a  congenital or acquired 
deficiency [2-4]. ADAMTS13 deficiency  promotes formation of platelet-rich 
clots in the microcirculation which is a  characteristic feature of thrombotic 
thrombocytopenic purpura (TTP) [5]. 

Von Willebrand factor multimers are stored in cigar-shaped organelles 
called Weibel-Palade bodies (WPBs) in endothelial cells [6].  Agonist-induced 
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stimulation of endothelial cells results in the release of the contents of the 
WPBs in the bloodstream [7]. During WPB exocytosis, newly released  UL-VWF 
 multimers unfold by shear force and assemble into UL-VWF strings on the 
 surface of endothelial cells [8, 9]. ADAMTS13 is able to process the  exocytosed 
UL-VWF strings on the endothelial cell surface by cleavage of the Tyr1605-
Met1606 bond in the A2 domain [10, 11]. The A2 domain acts as a  force-sensing 
domain, which unfolds and exposes the Tyr1605-Met1606 peptide bond  under 
the influence of shear stress [12]. Over the past years, it has been shown that 
exosites present on the amino-terminal domains of  ADAMTS13  promote 
 cleavage by interacting with specific regions of the unfolded VWFA2  domain 
[13-17]. More specifically, residue Arg349 [18] within the  disintegrin  domain 
is involved in binding the Asp1614 residue of VWF. Residues Arg660, Tyr661 
and Tyr665 [19, 20] located at the spacer domain bind to the  C-terminal 
 region of the A2 domain (1660EAPDLVLQR1668). The latter exosite, which 
also includes spacer domain residues Arg568 and Phe592, is targeted by the 
 majority of autoantibodies present in plasma of acquired TTP patients [21]. 

Although ADAMTS13 is present in plasma as a constitutively  active 
 enzyme, it does not cleave circulating VWF in plasma [22]. Through its 
 TSP5-8 and CUB1-2 domains ADAMTS13 interacts with the  carboxy-terminal 
 D4-CK domains of globular VWF [23, 24]. The exact locations of the  exosites 
within the TSP5-8/CUB1-2 domains of ADAMTS13 have not yet been  fully 
 elucidated. Interestingly, autoantibodies present in plasma of a few  acquired 
TTP patients, which are directed against the TSP2-8 and CUB1-2 domains [2, 
21, 25], could potentially interfere with binding of ADAMTS13 to  globular 
VWF [21]. We examined the surface exposure of lysine and tyrosine  residues 
on ADAMTS13 by chemical footprinting and their influence on binding of 
ADAMTS13 with VWF. Chemical modification of lysines was monitored by 
biotinylation (with the use of sulpho-NHS-LC-biotin) and tyrosine  residues 
monitored by acetylation (using N-acetylimidazole). The effect of these 
 modifications on the binding of ADAMTS13 to different VWF substrates 
was determined. The binding studies suggest that tyrosines contribute to the 
 interaction of a truncated ADAMTS13 variant (MDTCS) to different VWF 
substrates whereas lysines contribute to the binding of ADAMTS13 to VWF.
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Materials and methods

Construction, expression and purification of recombinant ADAMTS13 
and truncated variants

Construction and expression of wild type full-length 
 pcDNA3.1-ADAMTS13-V5-HIS (Invitrogen, Carlsbad, CA, USA), the 
 propeptide/metalloprotease/disintegrin-like/TSP1/cysteine-rich/spacer-V5-
HIS fragment (MDTCS); a thrombospondin 2-8-V5-HIS fragment (TSP2-8) and 
a CUB1-2-V5-HIS domain fragment were produced in stable HEK293 cells as 
described previously [19, 21]. For binding studies, ADAMTS13 and variants 
were concentrated and purified as described previously [19] using Ni2+  HiTrap 
columns coupled to an ÄKTA FPLC (GE Healthcare, Bio-Sciences AB,  Uppsala, 
Sweden). ADAMTS13 (or variants) was dialyzed against phosphate buffered 
saline (PBS) with 40% glycerol and stored at -20°C until use. The  purity of 
ADAMTS13 and variants was determined by SDS-PAGE and  silver-staining 
(Fig.1A). The protein concentration was determined by Bradford assay.

Expression and purification of recombinant VWF variants

Recombinant VWF was stably expressed in HEK293 cells and purified  using 
monoclonal antibody CLB-RAg20 as described previously [26]. All chemicals 
were purchased from Merck (Darmstadt, Germany) unless  stated otherwise. 
VWF multimers were eluted using 50 mM HEPES pH 7.4, 0.1 M NaCl, 1 M 
KSCN. Fractions containing VWF were dialyzed against 50 mM HEPES pH 
7.4, 150 mM NaCl, 50% (v/v) glycerol, and stored at -20°C.  Multimer  analysis 
[19] confirmed the presence of high molecular weight multimers.  Purified 
 VWFA1A2A3 fragment was kindly provided by Prof. dr. Ph.G. de Groot 
(UMCU, Utrecht, the Netherlands). VWFA1A2A3 was expressed in BHK 
cells, purified as described previously and [27] and quantified by  Bradford 
 analysis. The short VWFA2 domain fragment VWF115, spanning residues 1554-
1668, was kindly provided by Prof. dr. D.A. Lane (Imperial College,  London, 
UK). VWF115 was expressed in Rosetta E.coli and purified as described [15]. 
 Purified VWF115 was dialysed into 20 mM Tris-HCl pH 7.8, 500 mM NaCl and 
 quantified by Bradford analysis. Purity of the last two VWF protein  variants 
was assessed by SDS-PAGE and followed by staining with Coomassie  Brilliant 
Blue (Imperial Protein Stain, Pierce Biotechnology, Rockford, IL, USA).
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Chemical modification of proteins

Purified full-length ADAMTS13 or variants (200 nM) were modified in 
 solution at 37°C by 2 different chemical compounds. Sulpho-NHS-LC-biotin 
(Pierce) was used to modify lysine residues (100 μM) and N-acetylimidazole 
(Alfa Aesar, Ward Hill, USA) was used to modify tyrosine residues (5 mM). 
 ADAMTS13 was incubated in PBS at different time points (0, 30 and 120  minutes) 
in a volume of 50 μl. The reaction was stopped by adding an excess of 1 M Tris-
HCl pH 7.4 for biotinylation and 5 mM free tyrosines for tyrosine modification. 
All reactions were subjected to dialysis to PBS at 37°C using Slide-A-Lyzer MINI 
Dialysis Units (Pierce) for 2 times 1 hour to remove free ligands/chemicals. 

Mass spectrometry sample preparation

The chemically modified or unmodified fractions (200 nM) were  incubated 
with 1 unit of Peptide N-Glycosidase F (PNGase F; Roche  Diagnostics,  Almere, 
the Netherlands) and incubated overnight at 37°C to  enzymatically  remove the 
N-linked glycans. The protein mixture was  incubated with 6 M ureum for 15 
minutes at room temperature (RT). The ureum  concentration was  reduced to 
1 M by adding 50 mM ammonium bicarbonate buffer (ABC) and the  mixture 
was chemically modified with 10 μl of 100 mM  1.4-dithiothreitol freshly 
 prepared in 50 mM ABC for 30 minutes at RT to reduce the disulfide bonds. 
The  mixture was then incubated with 25 μl of 50 mM of  iodoacetamide freshly 
prepared for 30 minutes in the dark at RT. Furthermore, the  modified protein 
mixture was incubated with 0.1 μg of trypsin (Promega, Promega  Benelux, 
the Netherlands). After overnight incubation with trypsin at 37°C, the  peptide 
mixture was acidified with 5 μl of formic acid (Biosolve,  Valkenswaard, the 
Netherlands) to reduce trypsin activity and concentrated using Zip tip  pipette 
desalting tips (Millipore, Amsterdam, the Netherlands). The acetonitril used 
for elution of the peptides was removed by incubating the samples for 5 
minutes at 35°C in a vacuum-pump from Thermo Fisher Scientific (Bremen, 
Germany) before mass spectrometric analysis of the peptide mixtures.

Mass spectrometric analysis of the peptide mixture

The peptides were separated using a reverse phase C18 column (50 μm 
i.d.   × 40 cm, 5 μm particles) (Nanoseparations, Nieuwkoop, the Netherlands) 
 running at 100 nl/min with a gradient from 0% - 60% (v/v) acetonitril in 0.1% 
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hydrogen acetate (Biosolve). Peptides were sprayed directly from the column 
into a LTQ XL Orbitrap mass spectrometer (Thermo Fisher  Scientific)  using a 
 nanoelectrospray source with a spray voltage of 1.9 kV. The LTQ was  operated 
in a  data-dependent mode by performing collision induced  dissociation (CID) in 
the ion trap (35% normalized collision energy) for the five most intense  precursor 
ions selected from each full scan in the Orbitrap (350-2000 m/z,  resolving  power 
30.000). An isolation width of 2 Da was used for the  selected ions (charge ≤ 2) 
and an  activation time of 30 ms.  Dynamic  exclusion was  activated for the MS/
MS scan with a repeat count of 1 and  exclusion duration of 30 sec. Peptides 
were  identified employing the Sequest Search  algorithm running the Proteome 
 Discoverer 1.0 software (Thermo Fisher  Scientific) against the human entries in the 
NCBI fasta database (http://www.ncbi.nlm.nih.gov). The database was manu-
ally adjusted to allow for  inclusion of V5- and HIS-tags. Also truncated versions 
of ADAMTS13  (PMDTCS-V5-HIS, TSP2-8-V5-HIS and CUB1-2-V5-HIS) were 
added to the  database. The  Sequest Search was included with the identification 
of oxidation on methionine (+15.994 Da). Peptides were monitored for a PNGase 
F-catalyzed induced conversion of asparagine to aspartic acid at the site of car-
bohydrate attachment (Asn → Asp; -0.9840 Da), serines were monitored for the 
presence of a Glucose-Fucose group (+308.1126 Da [28]; with leaving group H2O) 
and tryptophans for the presence of a carbohydrate group (+162.0528 Da). In 
 addition, modification on cysteine residues (carbamidomethyl groups; +57.0214 
Da) was also found. When necessary, lysines were checked for the presence of 
a biotin-group (+452.2457 Da) and tyrosines for an acetyl-group (+42.0105 Da).

Plate binding assay

Full-length VWF or VWFA1A2A3 (20 nM) was immobilized in 50 mM sodium 
carbonate buffer (pH 9.8) on Maxisorp plates (NUNC, Roskilde, Denmark). The 
plate was washed 3 times with PBS 0.1% Tween-20 and the wells were blocked 
with 200 μl PBS 2.5% bovine serum albumin (BSA) for 1 hour at 37°C. After 
 repeated washing, increasing concentrations of purified full-length ADAMTS13 
or purified MDTCS (0-200 nM) were administered for 2 hours at 37°C in PBS 1% 
BSA containing 10 mM EDTA. At the same time of incubation, wells were add-
ed with full-length ADAMTS13 and MDTCS which were chemically modified 
by either sulpho-NHS-LC-biotin or N-acetylimidazole for 0 or 120 minutes as 
 described earlier. Bound ADAMTS13 was detected by incubating a horseradish-
labelled (HRP) anti-V5 in PBS 1% BSA containing 10 mM EDTA for 1 hour at 37°C. 
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Subsequently, 100 μl/well TMB-substrate was added upon which colour was 
 allowed to develop before the reaction was stopped by adding 100 μl/well H2SO4.

Surface plasmon resonance of unmodified and chemically modified 
 ADAMTS13 with VWF115

The binding of chemically modified and unmodified ADAMTS13 and 
 variants (200 nM or 400 nM) for VWF was determined by surface  plasmon 
 resonance (SPR) analysis on a BiaCORE3000 biosensor system (Biacore, 
Breda, the Netherlands). Chemically modified full-length ADAMTS13 and 
MDTCS were dialysed against 10 mM HEPES pH 7.4, 150 mM NaCl, 0.0034 
mM EDTA and 0.005% Tween-20 and passed over a CM5 sensor chip for 4 
minutes at a flow rate of 20 μl/min at 25°C. Dissociation of ADAMTS13 was 
then  measured for 4 minutes using the buffer described above. The purified 
recombinant VWF115 substrate was immobilized (~99.5 fmol/mm2) using the 
 amine-coupling kit (Biacore). Regeneration of the sensor chip was performed 
using a buffer containing 50% ethylene glycol, 25 mM lysine, 0.5 M NaCl pH7.4. 
Binding was corrected for background binding to a non-coated control channel. 

Modeling of the metalloprotease domain 

The three dimensional structure of ADAMTS-1, 4 and 5 were used to model the 
metalloprotease domain of ADAMTS13  using the HHPred server as described pre-
viously [18]. Loops that were lacking in the DTCS  crystal  structure (323TFAREHLD330 
and 459RSSPGGA465) were modeled using the MODELLER 9v7 program. 

Results

Sequence coverage of ADAMTS13 is enhanced by protein treatment with 
PNGase F

Full-length ADAMTS13 contains 10 consensus sites (NX(S/T) for N-linked 
glycosylation [29]. Two are present within the metalloprotease domain (N142 
and N146), four near or in the spacer domain (N552, N579, N614 and N667), one 
in the second (N707) and fourth thrombospondin type repeat (N828) and two 
in the CUB1-2 domains (N1235 and N1354). Purified full-length ADAMTS13, 
MDTCS, TSP2-8 and the CUB1-2 variants were subjected to PNGase F  treatment 
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and loaded on gel to visualize the loss of  N-linked glycans.  Full-length 
 ADAMTS13, which normally migrates at ~195 kDa (Fig.1A),  migrated at ~175 
kDa due to loss of N-linked glycan  structures. Since  mammalian  N-linked 
 glycosylation moieties are suggested to be around 2-3 kDa [30] we  suspected 
that most  N-glycans were removed by the PNGase F treatment. When 
PNGase F treated and untreated ADAMTS13 was  subjected to MS  analysis, 
we  observed an increase in sequence coverage of the  full-length  protein 
from 65% ± 4  towards 80% ± 3. A  representation of the sequence  coverage is 
 presented in Fig.1B. Some of the  ADAMTS13 derived peptides  generated by 
trypsin  digestion are out of mass range and can therefore not be detected by 
mass spectrometry. We showed that 8 of the 10 predicted  N-glycosylation 

Figure 1. Deglycosylation of purified ADAMTS13 and truncated variants. (A) Full-length 
 ADAMTS13 (~195 kDa), MDTCS (~80 kDa), TSP2-8 (~80 kDa) and the CUB1-2 domains (~38 
kDa) were purified from conditioned serum free medium and subjected to PNGase F treatment. 
 Full-length ADAMTS13, MDTCS and TSP2-8 and CUB1-2 domains untreated (-) and treated 
(+) were analyzed under non-reducing conditions by SDS-PAGE. Proteins were visualized by 
 silver-staining. PNGase F migrating at 32 kDa is indicated by an asterisk (*). (B) Amino acid se-
quence coverage of trypsin-digested full-length ADAMTS13. Underlined grey residues show pep-
tides, which are out of mass range and can therefore not be detected by MS. Bold residues shows 
trypsin cleavage sites at lysine (K) and arginine (R). Green residues belong to peptides with high 
confidence; yellow residues belong to peptides with medium confidence and red residues belong to 
peptides with low confidence.
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sites were  glycosylated. We could not detect the peptide containing N828 due 
to its mass range (Fig.1B). The peptide harboring N707 was detected in the 
 absence of PNGase F  treatment  indicating that N-glycosylation at this site is not 
 complete. The MS/MS  spectrum of  deglycosylated peptide is given in Fig.2A. 
We were not able to detect any  peptides derived from the signal or propeptide 
of  ADAMTS13. The most  amino-terminal peptide identified, started with Ala75 
which is  immediately  beyond the consensus site (RX(K/R)R) at 71RQRR74 for 
cleavage of the  propeptide [31]. This indicates that processing of the  propeptide 
is  complete in our  recombinant ADAMTS13 preparation. Incubation of a 
 truncated  variant after the spacer domain (MDTCS) with PNGase F resulted 
in multiple  deglycosylated protein variants ranging from its original size of 80 
kDa to 70 kDa (Fig.1). This shows that not all N-linked sugars were  successfully 
removed by PNGase F, a phenomenon we observed before [4].  Because of 
the large  number of N-linked glycosylation sites in MDTCS the sequence 
 coverage was increased from 58% ± 4 to 77% ± 2 following PNGase F treatment. 
As  observed for the full-length ADAMTS13 protein, peptides with N-linked 
 consensus sites were  glycosylated and therefore only detected after PNGase F 
treatment. The  difference in apparent molecular weight observed or PNGase F 
treated TSP2-8 did not differ dramatically from that of the non-treated TSP2-8 
fragment. This is possibly due to a lack of N-linked glycosylation (e.g. at N707). 
As observed for full-length ADAMTS13 N-linked glycosylation at N828 was not 
detected because of the large size of the peptide. Also for the TSP2-8 fragment 
the  presence of an  N-linked glycan at N707 was not detected. Consequently, we 
did not  observe an increase of sequence coverage for the TSP2-8 fragment upon 
 treatment with PNGase F. Surprisingly, no difference in apparent  molecular 
weight was  observed when the CUB1-2 domains were incubated with PNGase 
F (Fig.1). Previous data showed that the N-linked moieties could be removed in 
the  presence of denaturing agents [29]. Although no difference could be  observed 
on gel, deglycosylated peptides from the CUB1-2 domains were  detected by 
MS enhancing the coverage from 69% ± 1 to 87% ± 4 following treatment with 
PNGase F. In general, the peptides found for MDTCS, TSP2-8 and  CUB1-2 
domains were identical to the peptides found for full-length ADAMTS13.
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Figure 2. LC-MS/MS spectra of tryptic peptides derived from ADAMTS13. Tryptic peptides were 
obtained as described in the materials and methods. The MS/MS spectrum of the precursor of b-ion 
series of the single charged fragments are displayed in yellow. (A) LC-MS/MS of tryptic peptide 
YGEEYGnLTRPDITFTYFQPKPR (residues 661-683) derived from PNGase F cleaved ADAMTS13. 
Peptide 661-683 was not found in non-PNGase F-treated ADAMTS13. Positions of the b-ions of 
the MS/MS spectrum are indicated by the yellow vertical lines. The distance between the verti-
cal  yellow lines corresponds to the sequential loss of amino acid residues from peptide 661-683. 
The shift in mass that corresponds to the loss of asparagine is indicated by the red arrow. (B) LC-
MS/MS of the O-fucosylated tryptic peptide WHVGTWMECSVsCGDGIQR (residues 1076-1094) 
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Thrombospondin type repeats are O-fucosylated and TSP1 is C-manno-
sylated

It has been previously shown that O-fucosylation of TSP2-8 is required 
for efficient secretion of ADAMTS13 [28]. All eight, except TSP4, of the 
 thrombospondin type repeats contains a consensus site for O-fucosylation 
 (C1X2-3(S/T)C2X2G) [32]. HEK293 cells can add a glucose-β1,3-fucose group 
 (denoted as Fuc-Glc or Hex-dHex) to serines within this consensus site in the 
TSP repeats. The mass of the added Fuc-Glc group is 308 Da. In agreement 
with previous findings we observed that peptides surrounding S399, S698, 
S757, S907, S965, S1027 and S1087 were modified by O-fucosylation [28]. The 
 peptide containing the fucosylation site in the first TSP repeat was not  retrieved 
here and also not in previous work [28]. This modification was  included 
in the  standard modification list during the peptide-search; this enhanced 
 sequence coverage obtained for full-length ADAMTS13. The MS/MS data of a 
 fucosylated peptide at thrombospondin type repeat 8 is given in Fig.2B. We also 
assessed whether the TSP repeats were C-mannosylated since this  modification 
has been also observed on thrombospondin type I repeats [32]. A consensus 
site (W0XXW+3), in which a mannose group is added to the C2 atom of the 
first tryptophan residue resulting in a mass increase of 162 Da, is found at the 
first TSP1 repeat. Although the peptide containing the O-fucosylation was not 
found, we were able to identify the C-mannosylation modification on  residues 
Trp387 or Trp390 in the first TSP1. The MS/MS data of a  C-mannosylated 
peptide at the first thrombospondin type repeat is given in Fig.2C. This 
finding shows that ADAMTS13 is C-mannosylated on Trp387 or Trp390.

is presented. Positions of the b-ions of the MS/MS spectrum are indicated by vertical yellow lines. 
The distance between the vertical lines corresponds to the sequential loss of amino acid residues 
from peptide 1076-1094. The shift in mass that corresponds to the loss of the fucosylated serine 
residue is indicated by the red arrow. (C) LC-MS/MS of C-mannosylated tryptic peptide SLVET-
PIAAVHGRwSSWGPR (residues: 373-393).  Positions of the b-ions of the MS/MS spectrum are 
indicated by vertical yellow lines. The distance between the vertical lines corresponds to the se-
quential loss of amino acid residues from peptide 373-393. The shift in mass that corresponds to the 
loss of the mannosylated Trp-Ser is indicated by the red arrow. Inspection of the MS/MS spectrum 
of the y-ion series of the single charged fragments also revealed mass differences corresponding 
to  C-mannosylation of Trp387. We also found MS/MS spectra of peptide 373-393 in which Trp390 
but not Trp387 was mannosylated. Also, MS/MS spectra were identified in which both Trp387 and 
Trp390 were not mannosylated but we did not observe MS/MS spectrum in which both Trp387 and 
Trp391 were mannosylated.



118

Protein surface probing of ADAMTS13 and the influence on VWF binding

Chemical modification of ADAMTS13 by sulpho-NHS-LC-biotin

After optimization of the ADAMTS13 sequence coverage, we incubated 
ADAMTS13 with the commonly used modifier sulpho-NHS-LC-biotin which 
specifically target lysines. Chemical modification with  sulpho-NHS-LC-biotin 
results in covalent attachment of a biotin moiety to free amino-groups (Fig.3A). 
Mature full-length ADAMTS13 contains 24 lysines (1.7%). Modification of 
the lysines with this chemical modifier (or other modifiers used in this study) 
did not result in any cross-linked protein aggregates or degradation products 
(data not shown). It has been previously shown that biotinylation  patterns 
of proteins are highly reproducible and folding and unfolding of a protein 
 correlates well with the accessibility of the biotin derivative to specific  lysine 
residues [33]. We examined which lysines in ADAMTS13 are modified by 
 sulpho-NHS-LC-biotin. Lys130, Lys852 and Lys1252 were not checked for 
 biotinylation because peptides containing these residues could not be  detected 
due to undetectable mass range. Lysine at positions 318, 364, 368, 440, 496, 559, 
608, 681, 778, 879, 938, 958, 1017, 1118, 1256, 1265, 1396, 1422, 1424 and 1436 
were all modified after two hours of incubation with  sulpho-NHS-LC-biotin 
(Fig.4A). Lysine at position 716 within TSP2 (indicated in magenta) was not 
modified by sulpho-NHS-LC-biotin indicating that this residue is not  surface 

Figure 3. Chemical modification of lysine and tyrosine residues. (A) The reaction for modification 
of lysine residues is depicted. The reaction occurs as a novel amide bond is formed and the biotin 
moiety is covalently attached to the respective amino group, often separated by a spacer of defined 
size. (B) N-acetylimidazole is able to acetylate the phenolic hydroxyl group of tyrosine residues.
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exposed. Already at time-point zero, a lot of the lysines were modified 
 suggesting that most lysines in the ADAMTS13 protein are surface exposed. 
Inspection of the positions of lysines within the three-dimensional model of 
the MDTCS domains supports this notion (Fig.4A). No differences in the  extent 
of modification of ADAMTS13 between the 30 and 120 minutes time-points 
was observed suggesting that sulpho-NHS-LC-biotin efficiently  modifies 
lysine-residues within ADAMTS13 under our experimental conditions.

Chemical modification of ADAMTS13 by N-acetylimidazole

We incubated ADAMTS13 with N-acetylimidazole that specifically  target 
 tyrosine residues. N-acetylimidazole has been used in a variety of studies to 
modify exposed tyrosines and to investigate their involvement in  enzymatic 
 activity and protein-protein interactions (Fig.3B) [34, 35]. Full-length  ADAMTS13 
contains 24 tyrosines (1.7% of total number of amino acids). All tyrosines in 
 ADAMTS13 were identified except for Tyr603 and Tyr976 because these residues 
were contained within peptides that could not be identified by mass  spectrometry 
due to undetectable mass range. Tyrosines at positions 104, 177, 584, 617, 628, 
745, 1074, 1286, 1296 and 1405 were unmodified indicating that these residues 
are not exposed (Fig.4B). Tyrosines at positions 304, 305, 468, 570, 658, 661, 665, 
677, 708, 957, 1357, and 1378 were modified by N-acetylimidazole (Fig.4B). 
Modification of tyrosines at amino acid positions 570, 708 and 1357 is an early 
event since these residues were immediately modified following the  addition 
of N-acetylimidazole (data not shown). After 30 minutes, tyrosines at position 
304, 305, 468, 658, 661, 665 and 677 were modified (Fig.4B). After 120  minutes, 
tyrosine residues at position 957 (TSP6) and position 1378 (CUB2  domain) were 
 modified. We speculate that these tyrosines are less surface  exposed when 
 compared to tyrosine residues modified at earlier time-points. The spacer  domain 
contains 9 tyrosine residues of which 5 are modified by  N-acetylimidazole. 
 Interestingly, Tyr661 and Tyr665 are modified by N-acetylimidazole. These 
residues are part of a surface exposed loop that has been implicated in  binding 
of autoantibodies present in plasma of patients with acquired TTP [19]. 

Effect of chemical modification on binding of ADAMTS13 to VWF

As shown in the previous paragraph, chemical modification can be used to 
define surface exposed residues within different domains of ADAMTS13. Here, 



120

Protein surface probing of ADAMTS13 and the influence on VWF binding



121

Chapter 5

Figure 4. Chemical modification of lysine and tyrosine residues in ADAMTS13. (A) Modification 
of lysine residues in ADAMTS13. Positions of modified lysines are indicated in red and unmodified 
lysines that are not surface exposed are indicated in magenta. Lysines present in tryptic peptides 
that were out of mass range are indicated in yellow. Positions of modified and unmodified lysines 
in the three dimensional model of the MDTCS domain are shown below the domain structure of 
ADAMTS13. (B) Modification of tyrosine residues in ADAMTS13. Positions of modified  tyrosines 
are indicated in red and unmodified tyrosines are presented in magenta. Tyrosines present in 
 tryptic peptides that were out of mass range are indicated in yellow. Positions of modified and 
unmodified tyrosines in the three dimensional model of the MDTCS domain are shown below the 
domain structure of ADAMTS13.

we explored whether modification of lysines and tyrosines affects the  binding 
of ADAMTS13 to different VWF substrates. VWF  fragments (full-length 
 multimeric VWF and the VWFA1A2A3 fragment) were directly  immobilized 
on a microtiter plate and incubated with increasing  concentrations of 
 chemically modified or unmodified ADAMTS13. Modification of  ADAMTS13 
with  sulpho-NHS-LC-biotin resulted in a reduced  binding to full-length VWF 
(Fig.5A). In contrast, no effect on binding was observed when ADAMTS13 was 
modified using N-acetylimidazole (Fig.5A). Inspection of binding of  full-length 
ADAMTS13 to the purified VWFA1A2A3 domains yielded similar results. 
 Sulpho-NHS-LC-biotin modified ADAMTS13 displayed a  reduced binding 
to VWFA1A2A3 (Fig.5B). We also explored whether different  ADAMTS13 
 fragments interact with VWF. No binding of purified TSP2-8 and CUB1-2 
 fragments to VWF was  observed (data not shown). An ADAMTS13 variant 
 truncated beyond the spacer  domain (MDTCS) was able to bind to full-length 
VWF and the VWFA1A2A3  fragment (Fig.5A). Similar to full-length  ADAMTS13 
modification of exposed lysines by sulpho-NHS-LC-biotin  resulted in a  reduction 
of binding of MDTCS to full-length VWF and VWFA1A2A3 (Fig.5A and B). 
Remarkably, also  modification of tyrosines by N-acetylimidazole  resulted in 
reduced binding of MDTCS to full-length VWF and VWFA1A2A3 fragment 
(Fig.5A and B). We also determined the effect of chemical  modification of 
 lysines and tyrosines on the binding of full-length ADAMTS13 and the MDTCS 
variant to a small VWFA2- derived substrate designated VWF115  using SPR 
[15]. Reduced binding of full-length ADAMTS13 to VWF115 was  observed 
 following modification of lysines and to a lesser following  modification of 
 tyrosines (Fig.6; left panel). Binding of MDTCS to VWF115 was strongly 
 reduced  following modification of lysine residues in the MDTCS. Interestingly, 
binding was almost completely reduced when tyrosine residues within MDTCS 
were specifically modified (Fig.6; right panel). The latter findings suggest that 
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Figure 5. Binding of chemically modified full-length ADAMTS13 or MDTCS to VWF. Plate 
binding assay results for binding of chemically modified full-length ADAMTS13 and MDTCS with 
sulpho-NHS-LC-biotin or N-acetylimidazole to VWF. Full-length VWF (A) and the VWFA1A2A3 
fragment (B) were coated (20 nM) onto a Maxisorp plate and different concentrations of chemically 
modified and unmodified full-length ADAMTS13 or the truncated MDTCS variant were added to 
the wells. The amount of protein bound was detected with a HRP-labeled anti-V5 antibody. The 
panels show binding of biotinylated ADAMTS13 to VWF (upper left) and binding of biotinylated 
MDTCS to VWF (lower left); different time-points of biotinylation were used (t = 0 min and t = 120 
min). Binding of non-modified full-length ADAMTS13 or MDTCS was used as a control (ctrl). The 
other two right panels show binding of acetylated full-length ADAMTS13 to VWF (upper right) 
and binding of acetylated MDTCS to VWF (lower right); different time-points of acetylation were 
used (t = 0 min and t = 120 min). Binding of non-modified full-length ADAMTS13 or MDTCS to 
VWF was used as a reference (ctrl).
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tyrosine residues determine the binding of MDTCS to VWF whereas binding of 
full-length ADAMTS13 to VWF is less dependent on modification of tyrosines.

Discussion
Chemical modification of amino acids combined with mass spectrometry 

provides a versatile tool to identify residues involved in enzymatic activity or 
protein-protein interactions [36]. Here in this report, we employed  chemical 
modification and mass spectrometry to identify surface exposed residues in 
 ADAMTS13. A number of previous studies have used mass  spectrometric 
 analysis of ADAMTS13. ADAMTS13 peptides harboring an  N-linked 
 glycosylation site were identified following a proteomic screen of the  human 
plasma  N-glycoproteome [37]. Of the ten possible N-linked  glycosylation 

Figure 6. Surface plasmon resonance analysis of full-length ADAMTS13 and MDTCS binding 
to VWF115. Chemically modified or unmodified full-length ADAMTS13 (200 nM) or the truncated 
MDTCS variant (400 nM) was perfused over VWF115 immobilized to a CM5 sensor chip at a rate 
of 20 μl/min for 240 seconds. Dissociation in the absence of ADAMTS13 was then studied for 240 
seconds. The panels show binding of biotinylated ADAMTS13 to VWF (upper left) and binding of 
biotinylated MDTCS to VWF (lower left); different time-points of biotinylation were used (t = 0 min 
and t = 120 min). Binding of non-modified full-length ADAMTS13 or MDTCS was used as a control 
(ctrl). The other two right panels show binding of acetylated full-length ADAMTS13 to VWF (upper 
right) and binding of acetylated MDTCS to VWF (lower right); different time-points of acetylation 
were used (t = 0 min and t = 120 min). Binding of non-modified full-length ADAMTS13 or MDTCS 
to VWF was used as a reference (ctrl).
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sites, three were  identified; two in the spacer domain (N614 and N667) and 
one in the CUB2 domain (N1354) [37]. Because  mammalian N-linked  moieties 
are versatile in nature, it is difficult to identify the exact  composition of these 
structures even with mass spectrometry. Lectin binding analysis of plasma 
and  recombinant  ADAMTS13 revealed that ADAMTS13 contains  sialic acid 
and galactose  residues, indicating the presence of complex  versatile  glycans 
structures [38]. Binding studies with Galanthus Nivalis Lectin (GNL), which is 
specific for high mannose structures showed that  ADAMTS13 also  contained 
a small portion of basic high mannose glycans [38]. Treatment of  ADAMTS13 
with the bacterial sialidase A enzyme resulted in a decrease in migration on 
SDS-PAGE indicating that  N-linked  glycans on  ADAMTS13  contain sialic 
acid moieties [31]. By  comparison of mass  spectrometric  analysis of PNGase F 
 digested and non PNGase F digested  ADAMTS13, we were able to show that 
8 out of 10 potential N-linked  glycosylation sites were indeed  glycosylated. 
Glycosylation at the N707 site in the TSP2 was incomplete since peptides 
containing this residue were also recovered in the absence of PNGase F 
 treatment. We observed an increase in sequence coverage of  ADAMTS13 
 following removal of the N-linked glycans on ADAMTS13 (65% ± 4 towards 
80% ± 3). Cleavage of ADAMTS13 with chymotrypsin did not  result in a 
 significant increase in sequence coverage (data not shown). As yet, we did not 
assess whether digestion of ADAMTS13 with other enzymes such as AspN, 
GluC, LysC or LysN resulted in a further increase in sequence coverage.

Our results confirms the presence of O-linked glycosylation moieties in 
the thrombospondin type I repeats TSP2, TSP3 and TSP5 till TSP8 as  reported 
 previously [28]. Tryptic peptides containing the consensus O-fucosylation site 
in the first TSP repeat were not recovered and therefore we could not  determine 
whether this site was modified. Recently, the crystal structure of a truncated 
form of ADAMTS13 (DTCS) showed the presence of a  glucose-ß1,3-fucose 
on Ser399 in the first TSP repeat [17]. Mutational analysis of serine in the 
 consensus-site for O-fucosylation suggests that O-fucosylation is required for 
efficient secretion of ADAMTS13 [28]. Furthermore, ADAMTS13 is able to 
bind to the endothelial cell surface via its carboxy-terminal domains [39] and 
 possibly O-fucosylation of the TSP repeats is required to promote binding 
to CD36 [40]. In this study we show that Trp387 or Trp390 within the TSP1 
 domain of ADAMTS13 are modified by C-mannosylation. C-mannosylation of 
 tryptophan residues provides a common post-translational modification of TSP 
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type I domains [32]. TSP2-8 do not contain a consensus-site for  C-mannosylation 
(W0XXW+3). It as been shown that TSP type I domains can be C-mannosylated 
in the absence of this consensus sequence. Future studies are needed to show 
whether TSP2-8 are also modified by C-mannosylation. Inspection of the  amino 
acid sequence reveals that the consensus sequence within the TSP1  domain 
is also present in other ADAMTS family members. The precise  function of 
 C-mannosylation has not yet been fully elucidated. Mutational analysis of the 
consensus sequence indicates that C-mannosylation is required for ER to  Golgi 
trafficking of the erythropoietin receptor [41]. These data suggest that both 
 O-fucosylation and C-mannosylation may stabilize the conformation of the first 
TSP type I domain; absence of these post-translational modification may result 
in misfolding leading to retention in the endoplasmic reticulum.  Interestingly, 
C-mannosylation of Trp387 or Trp390 has not been  observed in the  crystal 
structure of the DTCS domains of ADAMTS13 [17]. This is mostly likely due 
to the expression system used for the production of the DTCS-fragment. 
 Together with previous studies our data provide evidence for  N-glycosylation, 
O-fucosylation and C-mannosylation of ADAMTS13. We  cannot rule out 
that ADAMTS13 contains additional post-translational  modifications such 
as sulfation or phosphorylation. In this respect, it is interesting to note that 
some ADAMTS family members are sulfonated and phosphorylated [42]. 

Chemical modification of ADAMTS13 by sulpho-NHS-LC-biotin  reveals that 
the majority of lysine residues in ADAMTS13 are surface exposed.  Modification 
of ADAMTS13 with N-acetylimidazole revealed that at least 9  residues were 
not surface exposed (Fig.4). Interestingly, the spacer  domain contains 9 of the 14 
tyrosines present within the MDTCS domains (see Fig.5B). Of those 9  tyrosine 
amino acids 7 are conserved among species (see  alignment in [19])  indicating the 
structural or functional importance of these residues.  Exposed tyrosines within 
the spacer domain form a hydrophobic patch on one side of the spacer domain. 
This hydrophobic patch contains residues Tyr661 and Tyr665 which are involved 
in binding to the C-terminal part of the VWFA2 domain [19]. In  agreement 
with these findings we observed a severely  reduced binding of MDTCS to 
VWF115 following incubation with N-Acetylimidazole (Fig.5). This observation 
is  consistent with the proposed modulation of the interaction  between spacer 
domain and VWFA2 domain by Tyr661 and Tyr665.  Acetylation of tyrosines 
in full-length ADAMTS13 protein did not affect  binding to full-length VWF 
and VWFA1A2A3. A small decrease in binding of full-length  ADAMTS13 to 



126

Protein surface probing of ADAMTS13 and the influence on VWF binding

VWF 115 was observed following  incubation with  N-acetylimidazole (Fig.6). 
These findings suggest that in contrast to MDTCS,  tyrosine residues within full-
length ADAMTS13 do not provide a  major  contribution to binding to VWF. It 
has been postulated that ADAMTS13 needs to unfold in order to process VWF 
[43]. The observed  differences in of N-acetylimidazole modified MDTCS and 
 ADAMTS13 in binding to VWF support this hypothesis. The VWF binding site 
in the spacer domain may not be fully accessible in full-length ADAMTS13 
due to  interdomain interaction with the carboxy-terminal TSP2-8 or CUB1-2 
domains. The  ADAMTS13 spacer domain has a typical single globular  domain 
with 10 β-strands in a  jelly-roll topology, forming 2  antiparallel β-sheets that lie 
almost parallel to each other [17]. Domains with a similar  structural  organization 
have been shown to be involved in lectin binding [44] and  membrane 
 binding (C2 domain of FV/FVIII [45]). It is interesting to note that the  spacer 
 domain of  ADAMTS1 and 4 has been implicated in binding to cell surface 
 glucosaminoglycans [46, 47]. Based on this, we speculate that the spacer domain 
might not only bind to the C-terminal part of the VWFA2 domain but also  interact 
with N- or O-linked sugar moieties present in the TSP2-8 or CUB1-2 domains. 

In agreement with previous studies, we did not observe binding of the isolated 
(modified or unmodified) TSP2-8 and CUB1-2 domains to VWF [48].  Fragments 
containing both TSP2-8 and CUB1-2 were able to interact with VWF [48]. This 
provides evidence for cooperative binding of TSP2-8 and CUB1-2 domains to 
VWF. We propose that TSP2-8 and CUB1-2 domains also interact in a cooperative 
manner with the spacer domain thereby preventing binding of the spacer  domain 
to VWF. Following application of shear stress the TSP2-8/CUB1-2 domains no 
longer interact with the spacer domain. This exposes the interactive surface in 
the spacer domain that promotes binding of ADAMTS13 to unfolded VWF.
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Vascular endothelial cells line the blood vessel thereby separating blood 
from the underlying tissues. The dynamic properties of the  endothelial  barrier 
are involved in regulation of leukocyte adhesion and transport,  angiogenesis, 
regulation of vascular tone and also maintain vascular homeostasis.  Perturbation 
of endothelial cells results in the release of  endothelial cell specific organelles 
designated Weibel-Palade bodies. The adhesive  multimeric glycoprotein 
von  Willebrand factor (VWF) is a major constituent of these  organelles. VWF 
 assembles into multimers through the formation of  inter-subunit  disulfide 
bonds at its amino- and carboxy-terminus during its  biosynthesis. High 
 molecular weight multimers present in Weibel-Palade bodies can  efficiently 
bind to circulating platelets and mediate platelet plug  formation. The affinity 
of VWF for  platelets is dependent on its multimeric size; the larger  multimers 
bind with a higher  affinity to platelets when compared to less  polymerized 
VWF. To  prevent  excessive binding of platelets newly  secreted VWF  multimers 
are  rapidly  processed by a cleaving protease  designated ADAMTS13, which 
cleaves the Tyr1605-Met1606 peptide bond within the VWFA2 domain. This 
reduces the size of newly  secreted VWF  multimers and thereby prevents 
 prolonged adhesion of blood platelets at sites of vascular perturbation.  Patients 
suffering from  thrombotic thrombocytopenic purpura (TTP) display systemic 
platelet  aggregation in the microcirculation which results in thrombocytopenia 
and hemolytic anemia due to destruction of circulating red blood cells. TTP 
is caused by a deficiency of the VWF cleaving protease  ADAMTS13 which 
 results in  accumulation of high  molecular weight multimers in the  circulation. 
 Mutations in the ADAMTS13 gene are found in patients with congenital TTP 
(also known as  Upshaw-Schulman syndrome). Autoantibodies directed towards 
 ADAMTS13 develop in the  majority of  acquired TTP  patients that  interfere 
with the  processing of high molecular weight VWF multimers. In this thesis we 
show that the majority of autoantibodies are  directed towards a single antigenic 
 surface in the spacer domain. In this chapter we discuss why the spacer domain 
of  ADAMTS13 provides a target for antibodies that develop in patients with 
acquired TTP. Antibodies are assembled by re-arrangement of different gene 
segments early during  B-cell development. The variable part of the heavy chain 
(VH) is generated by fusion of variable heavy chain segments (VH) to a diversity 
(D) and a joining segment (JH). The variable part of the light chain is generated 
by fusion of a variable light chain (VL) gene segment to a joining segment (JL) 
[1]. In this thesis we also show that autoantibodies directed towards ADAMTS13 
 preferentially incorporate heavy chain gene segment VH1-69. The preferential 
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use of the VH gene segment for assembly of anti-ADAMTS13 antibodies is 
 surprising in view of the availability of a large number of other VH gene  segments. 
It is now well  established that circulating antibodies towards ADAMTS13 can 
persist in  patients with TTP who do not suffer from clinical symptoms. It has 
been shown that relapses do occur frequently in patients with low levels of 
ADAMTS13 due to persisting levels of anti-ADAMTS13 antibodies. As yet, the 
events that trigger remission in these patients have not been defined. Also, we 
do not know what triggers the development of autoantibodies to ADAMTS13 in 
apparently healthy individuals. These questions are addressed with reference 
to findings reported in this thesis and studies performed by other investigators.

TTP and the potential trigger during remission

In this thesis, we show that the majority of anti-ADAMTS13  antibodies present 
in the plasma of acquired TTP patients are directed towards the spacer  domain 
[2]. More specifically, anti-ADAMTS13 antibodies target a  conformational 
epitope comprising residues Arg568, Phe592, Arg660, Tyr661 and Tyr665 (see 
chapter 4 [3]). We have isolated a panel of human monoclonal anti-ADAMTS13 
 antibodies using phage-display [4-6]. Two recombinant  anti-ADAMTS13 
 antibodies isolated from the B-cells from two  different TTP  patients inhibit the in 
vitro cleavage of VWF [4, 5]. As yet, we do not know  whether these antibodies can 
inhibit ADAMTS13 in vivo. Future studies will show whether this  antibody can 
induce “typical” TTP symptoms in vivo.  Recently, it was shown that  infusion of 
a murine monoclonal antibody directed towards the metalloprotease  domain of 
ADAMTS13 resulted in severe  thrombocytopenia,  microangiopathic  hemolytic 
anemia and presence of platelet-rich thrombi in heart, brain,  kidney and spleen 
[7]. Surprisingly, no additional triggers were necessary for the  induction of 
TTP symptoms in this animal model. Patients with TTP often have low levels 
of ADAMTS13 due to circulating levels of anti-ADAMTS13 antibodies, which 
 resemble human monoclonal antibodies I-9 and II-1 [5].  Nevertheless, patients 
with  circulating antibodies usually do not present clinical symptoms associated 
with acute  acquired TTP. The observed  differences can potentially be  attributed 
to  differences in epitope specificity. The murine monoclonal  anti-protease 
domain antibody completely blocks VWF processing activity of ADAMTS13 
whereas the human anti-spacer domain antibody II-1 does not fully inhibit 
 conversion of a small fluorogenic VWF substrate (see chapter 2; [5]). Based 
on this observation, we hypothesize that the presence of  anti-spacer domain 
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 antibodies does not suffice to induce clinical symptoms in patients with  acquired 
TTP.  Apparently, “a second hit” or “second trigger” is required to  induce 
thrombotic microangiopathy in patients with circulating antibodies  directed 
 towards the spacer domain of ADAMTS13. At present, the nature and origin 
of this  putative “second trigger” has not been identified. A number of  potential 
candidates have been suggested to contribute to the onset of acquired TTP.

Recent evidence suggests that ADAMTS13 is bound to the surface of 
 endothelial cells [8]. Binding of ADAMTS13 to endothelial cells is mediated 
by the carboxy-terminal TSP2-8 repeats and CUB1-2 domains of ADAMTS13 
[8]. Endothelial cell bound ADAMTS13 has been shown to exhibit enhanced 
 cleavage of VWF [8]. These studies suggest that cell bound ADAMTS13 may 
participate in the processing of newly released UL-VWF multimers from Weibel-
Palade bodies. CD36 is a receptor found on endothelial cells and platelets which 
can bind to ADAMTS13 in vitro [9]. Presently, it is not known whether CD36 
expressed on endothelial cells is involved in binding to ADAMTS13. Plasma 
of >70% TTP patients has been shown to contain anti-CD36 antibodies [10]. 
These antibodies might disrupt the binding of ADAMTS13 to the endothelial 
cell surface and thereby limit the processing of newly released UL-VWF strings. 

Besides ADAMTS13, thrombospondin-1 (TSP-1) provides another potential 
regulator of VWF multimer size. TSP-1 acts as a disulfide-reductase which has 
been shown to reduce the size of VWF multimers in vitro [11]. Interestingly, both 
TSP-1 and ADAMTS13 can bind to the A3 domain of VWF [12, 13]. Reduced 
 platelet adhesion to A23187-stimulated mesenteric venules has been observed 
in TSP-deficient mice [14]. Platelet adhesion was restored by administration of 
neutralizing anti-ADAMTS13 antibodies derived from plasma of patients with 
acquired TTP [14]. Based on these results, the authors proposed a model in 
which TSP-1 protects newly released UL-VWF multimers from proteolysis by 
 ADAMTS13 by competing for a common binding site in the A3 domain of VWF. We 
 speculate that elevated levels of TSP-1 in patients with acquired TTP can prolong 
the persistence of UL-VWF strings on the surface of stimulated endothelial cells 
thereby potentially contributing to the initiation of microvascular thrombosis.

ADAMTS13 activity in plasma might be regulated by plasmin or thrombin 
[15, 16]. Recombinant ADAMTS13 is proteolytically inactivated  following 
 incubation with thrombin or plasmin. Recently, a truncated ADAMTS13 
 fragment was observed in a plasma sample collected during the acute phase 
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of a patient with TTP [17]. The proteolytic fragment of ADAMTS13 was not 
observed in plasma samples collected during remission. Inhibitor screening 
 revealed that addition of a2-antiplasmin prevented processing of recombinant 
ADAMTS13 spiked into patient plasma collected during the acute phase.  During 
the acute phase, the patient had low levels of a2-antiplasmin which  normalized 
following monoclonal anti-CD20 antibody therapy. These  observations 
 suggest that an acquired a2-antiplasmin deficiency results in processing and 
inactivation of ADAMTS13 by plasmin. Whether cleavage of ADAMTS13 
by plasmin also occurs in other patients with TTP remains to be established.

The initial onset of a TTP relapse could be a result from a significant 
 decrease in the expression of ADAMTS13 in stellate cells [18].  Inflammatory 
cytokines such as interferon-γ (IFN-γ), tumor necrosis factor-a (TNF-a) 
and interleukin-4 (IL-4), which are released during systemic  inflammation, 
are markedly elevated in patients during an acute episode of TTP [19-
21].  Decreased ADAMTS13 mRNA levels are observed in stellate and 
 endothelial cells treated with (IFN-γ), tumor necrosis factor-a (TNF-a) 
and interleukin-4 (IL-4). In addition, some of these cytokines are able to 
 induce the secretion of VWF from endothelial cells, thereby increasing the 
amount of ultra-large VWF multimers on the surface of endothelial cells [22]. 

Furthermore, the VWF propeptide provides a sensitive marker for acute 
endothelial cell activation [23]. Increased levels of VWF  propeptide were 
measured in a cohort of patients with acquired TTP [23]  suggesting that 
 endothelial cell perturbation contributes to microvascular  thrombosis in 
patients with persisting levels of circulating anti-ADAMTS13  antibodies. 
The presence of increased levels of “active” VWF in the  circulation 
of patients with acquired TTP is consistent with this hypothesis [24].

Molecular properties of anti-ADAMTS13 autoantibodies

In chapter 2, we show that antibodies directed towards ADAMTS13 
 preferentially incorporate heavy chain gene segment VH1-69 [5, 6].  Presently, 
we do not know why this germline gene segment is  incorporated into 
 anti-ADAMTS13 antibodies. The HCDR2 of the VH1-69 germline  contains 
a unique hydrophobic “Ile-Ile-Pro-Ile-Phe” motif (see alignment of the 
 antibodies in chapter 2 [5]). We propose that these HCDR2 residues can 
 interact with  hydrophobic residues Phe592, Tyr661 and Tyr665 present on 
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the  antigenic  surface in the spacer domain. Preferential usage of the  VH1-69 
 germline has also been observed for patient-derived broadly neutralizing 
 antibodies  directed towards a highly conserved region on the  hemagglutinin 
 ectodomain of  influenza virus [25, 26]. Antigenic sites on viral antigens 
are  often  composed of a combination of charged and aromatic residues. We 
 therefore propose that antibodies directed against the spacer domain  originate 
from  “polyreactive  antibodies” that target antigens during a viral or  bacterial 
infection.  Molecular mimicry between viral or bacterial antigens and the 
 antigenic site  contained within the spacer domain of ADAMTS13 underlies 
the  development of  acquired TTP. This model predicts that acquired TTP is 
induced by a  viral or bacterial infection. Several reports have suggested that 
viral or  bacterial infections precede the symptoms of acquired TTP. Recently, 
influenza A infection has been suggested to induce acquired TTP [27]. Besides 
influenza A infection, it has been shown that HIV patients can  develop acquired 
TTP [28]. Infection with parvovirus [29], Helicobacter pylori [30],  hepatitis 
C [31], brucella [32] and legionella [33] have also been linked to TTP [34]. 

Several studies have shown that IgG antibodies predominate in plasma of 
patients with acquired TTP [3, 35, 36]. In addition to IgG, also IgM and IgA 
 antibodies directed towards ADAMTS13 have been detected in plasma of 
 patients with acquired TTP. Here, we show that anti-ADAMTS13 IgA1 and not 
the IgA2 isotype is present in plasma of patients with acquired TTP (chapter 4 [3]). 
The presence of anti-ADAMTS13 IgA1 can also be explained by  cross-reactive 
epitopes on ADAMTS13 expressed by pathogens present on mucosal  surfaces. 
We propose that circulating anti-ADAMTS13 IgA antibodies arise from 
 cross-reactive IgAs directed against pathogens present in the  gastro-intestinal, 
respiratory and urinogenital tracts. High titers of anti-ADAMTS13 IgAs have 
been suggested to correlate with poor outcome in patients with acquired 
TTP [35]. Immune complexes containing IgA have been shown to activate 
 complement via the mannan-binding lectin pathway [37]. At present, it is not 
known whether anti-ADAMTS13 IgA contributes to the severity of acquired TTP. 

Stuck in the middle: on the antigenicity of the spacer domain

The spacer domain of ADAMTS13 can be divided into an N-terminal half in 
which several hydrophobic amino acids are highly conserved among  ADAMTS 
family members (Fig.1A; residues colored from blue to yellow color) and a 
 variable C-terminal half (Fig.1A; residues colored yellow to red). The spacer 
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 domains of ADAMTS family members display limited sequence homology with 
domains of other proteins present in the human proteome. The ADAMTS13 
spacer domain is composed of 10 anti-parallel ß-strands which are organized in 
a jellyroll-like fashion [38]. The spacer domain of ADAMTS7 is encoded by the 
largest DNA sequence whereas the spacer domain of ADAMTS6 is encoded by a 
short DNA sequence [39]. Loops evolving from the anti-parallel β-strands of the 
spacer domain of ADAMTS family members are non-conserved and can  mediate 
a variety of functional interactions [40, 41]. In chapter 3 and 4, we show that 
the majority of anti-ADAMTS13 antibodies target a single epitope  (comprising 

Figure 1. Structural properties of the spacer domain of ADAMTS13. Different representations of 
the spacer domain of ADAMTS13. Molecular graphics were prepared with the PyMOL program 
(DeLano Scientific, Palo Alto, CA). (A) The N-terminus starts with the blue color towards the red 
colored C-terminus. (B) The consurf representation allows the projection of evolutionary conserva-
tion scores of residues on protein structures [43]. The least conserved residues are depicted in pale 
yellow, towards light blue, to pink, to light purple and most conserved residues in dark purple. The 
alignment of the spacer domain of ADAMTS13 among species (shown in chapter 3) has been used 
to perform this analysis [42]. Residues Arg568, Phe592, Arg660, Tyr661 and Tyr665 are depicted 
in stick format. (C) Sphere presentation shows the bulkyness of the domain whereas electrostatic 
parameters (D) show the charges throughout the surface, an important notification of important 
protein-protein interaction areas.
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Arg568, Phe592, Arg660, Tyr661 and Tyr665) on the outer surface of the spacer 
domain (see chapter 3 [42] and 4 [3]). Also, we could show that these residues 
are part of exosite which mediates binding to VWF (see Fig.4). We observed that 
the exosite is able to bind to the C-terminal alpha-6 helix of the VWFA2 domain 
(see chapter 3 [42] and Fig.4). The aromatic residues  comprising this epitope 
are highly conserved among ADAMTS13 proteins from different species. This 
is illustrated by mapping the alignment among species (see  chapter 3) onto 
the 3D crystal structure [38] of the spacer domain (Fig.1B) [43]. These aromatic 
 residues are probably conserved in their function e.g. binding to the C-terminal 
alpha-6 helix of the VWFA2 domain (Fig.2B and 2C). Also, this region of the 

Figure 2. The structural properties of the A2 domain of von Willebrand factor. Different 
 representations of the three-dimensional structure of the VWFA2 domain are depicted. (A) The 
 N-terminus starts with the blue color which develops into a red colored C-terminus. (B) The 
 Consurf  representation allows the projection of evolutionary conservation scores of residues on 
protein structures [43]. The least conserved residues are depicted in pale yellow, towards light blue, 
to pink, to light purple and most conserved residues in dark purple. An alignment of the A2  domain 
of VWF of different species has been used to perform this analysis. Sequences were retrieved from 
the http://www.ensembl.org website and an alignment was made using the ClustalW algorithm 
(http://www.ebi.ac.uk). Residues Tyr1605 and Met1606 are depicted in stick format. (C)  Consurf 
presentation of the alpha-6 helix of the VWFA2 domain in detail; residues are shown in stick 
 format. (D) Sphere presentation shows the bulkiness of the VWFA2 domain whereas electrostatic 
 parameters (E) show surface charges of the VWFA2 domain [52].
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VWFA2 domain also shows high sequence conservation among 16 species (see 
consurf mapping [43] in Fig.2B; sequence data are not shown). Determination 
of the three-dimensional structure of a VH1-69 germline encoded antibody in 
complex with the spacer domain is required to confirm whether the paratope 
of anti-ADAMTS13 antibodies interact with the hydrophobic residues  within 
the spacer domain and to resolve which additional residues are involved. 

The spacer domain contains three potential N-linked glycosylation sites at 
amino acid positions 579, 614 and 667. The presence of the N-linked  glycans 
at these sites has been confirmed by PNGase F treatment and MS analysis of 
 recombinant full-length ADAMTS13 (see chapter 5 [44]). Asn667 is closely 
 located to residues Arg568, Phe592, Arg660, Arg661 and Tyr665 that  comprise 
the antigenic surface. Potentially, this epitope on the outer surface of the  spacer 
domain can be covered by the N-linked glycan moiety at Asn667 (Fig.3A). 
 Because of their size, the N-linked glycans can shield large regions of the spacer 
domain. Aberrant or incomplete N- or O-linked glycosylation of ADAMTS13 in 
plasma can expose new epitopes for recognition by the immune system thereby 
providing a trigger for the formation of autoantibodies. The crystal structure 

Figure 3. The N-linked glycosylation moieties on the spacer domain of ADAMTS13. (A) The 
spacer domain of ADAMTS13 harbors three N-linked glycosylation sites. Glycans were modeled 
with the glycam webserver (http://glycam.ccrc.uga.edu/ccrc/). The N-linked glycans are  depicted 
as high mannose structures. Residues Arg568 (yellow), Phe592 (yellow), Arg660 (red), Tyr661 (red) 
and Tyr665 (red) are presented in stick format (see chapter 4). Rotation of the glycan linked to 
Asn667 could potentially cover these residues (indicated by an arrow). (B) Model of the variable part 
of antibody II-1 in complex with the spacer domain containing the N-linked glycans. II-1  contains a 
hypermutation in the HCDR1 region, which results in the addition of an additional  N-linked glycan 
(see Supporting information chapter 2 [5]). The HCDRs of antibody II-1 are depicted in light blue 
whereas the CDRs of the light chain are depicted in orange.
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of the DTCS domains was not resolved with any N-linked  glycan at Asn667 
because of the high mobility of this region during  crystallization [38]. Our 
 biochemical findings suggest that the N-linked glycans on the spacer  domain 
do not limit the spacer-VWFA2 protein-protein  interaction [45] or  antibody 
binding (see model in Fig.3B). In chapter 5, we proposed that the spacer  domain 
is not only able to bind VWF but also interacts with the C-terminal TSP2-8/
CUB1-2 domains [44]. Here, we employed chemical  footprinting to  identify 
exposed tyrosine residues in ADAMTS13 and their possible  involvement 
in binding to VWF. We observed no significant decreased binding to VWF 
when chemically modified full-length ADAMTS13 was used (see  chapter 
5 [44]). However, a significant decrease in binding of an ADAMTS13 vari-
ant truncated after the spacer domain (MDTCS) was observed when tyrosine 
residues were chemically modified [44]. Residues Tyr661 and Tyr665 present 
within the spacer domain have been implicated in binding to VWF in chapter 
3 [42]. Our results suggest that Tyr661 and Tyr665 are less accessible within 
 full-length ADAMTS13 when compared to the MDTCS variant. Further  studies 
using  isobaric tandem mass tags (TMT) are needed to quantify the extent of 
 chemical modification of individual tyrosines within ADAMTS13 and MDTCS. 
This will provide quantitative information on the  accessibility of tyrosine 
residues within ADAMTS13 and variants derived thereof. A model showing 
multiple interactions between unfolded VWF73 substrate and the truncated 
MDTCS variant is depicted in Fig.4 [38, 42, 46-48]. Results reported in chapter 
5  suggest that exposure of the interactive surface composed of Arg660, Tyr661 
and Tyr665 is modulated by the TSP2-8 and CUB1-2 domains. Similarly, we 
anticipate that other interactive sites present within the MDTCS fragment 
can also be modulated by the carboxy-terminal TSP2-8 and CUB1-2 domains. 

We hypothesize that the incorporation of the spacer domain in the 
 ADAMTS family is a result of the integration of retroviral sequences more than 
25 million years ago since the spacer domain of ADAMTS family  members 
display limited sequence homology with domains of other proteins present 
in the human proteome. Eight percent of the human genome is derived 
from these retroviral sequences [49]. Although some of these elements show 
 mutations and deletions, some human endogenous retroviruses (HERVs) are 
transcriptionally active and produce functional proteins. This  mechanism 
could give rise to autoimmune diseases because HERV-proteins may act as 
superantigens [50]. Superantigens are a class of antigens which cause non-
specific activation of T-cells resulting in polyclonal T-cell activation [51]. 
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Interestingly, residues contributing to the antigenic surface within the 
spacer domain are encoded by three different exons. Arg568 is encoded by 
 genetic information derived from exon 15, Phe592 by exon 16 and the Arg660, 
Tyr661 and Tyr665 on exon 17. No hetero- or homozygous mutations at 
these specific amino acid positions have been reported in TTP patients so far.

Figure 4. Interactive sites on MDTCS fragment of ADAMTS13 involved in binding to unfolded 
VWF73. Displayed on the left site are residues Asp1596 to Arg1668 (VWF73), which comprise a 
part of the unfolded VWFA2 domain. The Tyr1605-Met1606 peptide bond, Asp1614 [46, 47] and the 
alpha-6 helix [38, 42, 48] are depicted in magenta showing the crucial binding sites on the VWFA2 
fragment. On the right, the truncated MDTCS variant is shown (M is the metalloprotease domain, D 
is the disintegrin domain, 1 is the first thrombospondin type 1 repeat, C is the cysteine-rich  domain 
and S is the spacer domain). The essential binding sites are located in the disintegrin  domain 
(Arg349 [46, 47] and a V-loop at residues F324-D330 [38]), a region in the cysteine-rich domain 
 (V-loop at residues V474-A481 [38]) and in the spacer domain (β7-β8 loop at residues L632-R639 
[38] and residues located in close vicinity of the β9-β10 loop [38]; Arg568, Phe592, Arg660, Tyr661 
and Tyr665 [42, 48]).
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Future perspectives

Our studies show that patients with acquired TTP develop  antibodies 
 directed towards a single antigenic surface on the spacer domain of  ADAMTS13. 
 Functional studies revealed that these antibodies inhibit the  binding of 
 ADAMTS13 to the VWFA2 domain. The precise role of anti-spacer domain 
 antibodies in the pathogenesis of TTP is unknown. In some patients antibodies 
directed towards the carboxy-terminal TSP2-8 and CUB1-2  domains are present. 
We do not know whether anti-TSP2-8 and/or CUB1-2  antibodies also  inhibit 
the VWF processing activity of ADAMTS13. Generation of  patient-derived 
 monoclonal anti-CUB1-2 and anti-TSP2-8 antibodies is needed to  address this 
 issue. The presence of anti-ADAMTS13 IgA1 in some patients with acquired TTP 
is intriguing. A recent study suggests that the presence of  anti-ADAMTS13 IgA 
is related to poor clinical outcome. As yet, we do not know why  anti-ADAMTS13 
IgAs develop in a subset of patients with acquired TTP. A considerable number 
of patients have persistent levels of circulating  antibodies in the absence 
of  clinical  manifestations. This observation suggests that  anti-ADAMTS13 
 antibodies  provide a risk factor for development of TTP but do not by themselves 
induce TTP. Recurrence of TTP is most likely induced by  additional triggers. 
 Identification of triggering events in patients with circulating  anti-ADAMTS13 
antibodies will increase our understanding of the pathogenesis of this  disorder. 
Human leukocyte antigen (HLA) class II typing revealed an increased frequency 
of HLA-DRB1*11 in patients with acquired TTP. This observation suggests that 
CD4+ T cell also contribute to the pathogenesis of the disease.  Characterization 
of CD4+ T cell responses that develop in patients with acquired TTP will 
most likely help to increase our understanding of the molecular events that 
trigger the formation of anti-ADAMTS13 antibodies in healthy individuals.
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Summary of

“Characterization of human antibodies against 
 ADAMTS13 that develop in patients with acquired TTP”

Thrombotic thrombocytopenic purpura (TTP) is a thrombotic 
 micro-angiopathy characterized by the absence or dysfunction of the von 
 Willebrand factor cleaving protease ADAMTS13. Functional absence of 
 ADAMTS13 results in impaired cleavage of newly released ultra large von 
Willebrand factor (UL-VWF) multimers on the surface of  endothelial cells. 
 Accumulation of these UL-VWF multimers results in formation of  VWF-rich 
 platelet thrombi in the microcirculation resulting in  thrombocytopenia, 
 haemolytic anemia, neurological symptoms and/or renal  dysfunction. The 
 majority of patients with TTP develop autoantibodies directed  towards 
 ADAMTS13. This thesis describes the functional characterization of the 
 autoantibodies  directed to ADAMTS13 that develop in TTP patients. 
 Chapter 1  summarizes our  current knowledge on the biology and function 
of  ADAMTS13 with emphasis on the properties of  antibodies that develop 
in  patients with  acquired TTP. Chapter 2 describes work on the isolation of a 
 panel of  patient-derived monoclonal  antibodies via phage-display. We show 
that two of the isolated antibodies,  designated I-9 and II-1, inhibited the  activity 
of  ADAMTS13 in vitro using  different VWF substrates. Both antibody I-9 
and II-1 were encoded by heavy chain germline gene segment VH1-69. This 
 prompted us to explore whether this VH gene segment was also incorporated 
into  anti-ADAMTS13 antibodies present in plasma of  additional patients with 
acquired TTP. We used an  anti-idiotypic antibody that  specifically  recognized 
human  antibodies incorporating the VH1-69 gene  segment. The plasma of a 
large cohort of acquired TTP patients was positive for VH1-69 encoded anti-
ADAMTS13 antibodies. These findings show that gene segment VH1-69 is 
 frequently used for the assembly of anti-ADAMTS13  antibodies in patients 
with acquired TTP. In Chapter 3 we show that two patient-derived mono-
clonal anti-ADAMTS13 antibodies (I-9 and II-1) target a single epitope on the 
outer surface of the spacer domain of ADAMTS13 comprising residues Arg660, 
Tyr661 and Tyr665. We also show that this exposed interactive surface on the 
spacer  domain  promotes binding of ADAMTS13 to a complementary exosite 
 comprising residues Glu1660-Arg1668 in the VWF A2 domain. The contribution 
of Arg660, Tyr661 and Tyr665 to ADAMTS13 activity was determined  using 
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different VWF  substrates. These studies suggested that Arg660, Tyr661 and 
Tyr665 are  critical for  processing of small VWF substrates.  Additional  exosites 
on  ADAMTS13 contribute to the processing of full length VWF  multimers. 
We speculate that the  C-terminal TSP2-8 and CUB1-2  domains of ADAMTS13 
provide these  additional  binding sites for VWF. Residues Arg660, Tyr661 and 
Tyr665  involved are part of one surface loop on the outer surface of the spacer 
domain.  Inspection of the three dimensional structure of the  spacer domain 
 revealed two surface loops in close proximity to residues Arg660, Tyr661 and 
Tyr665. We  assessed  whether Arg658 and Phe592 present in these other surface 
loops contribute to the  binding of anti-ADAMTS13  antibodies. The reactivity 
of  polyclonal  antibodies present in the plasma of a large cohort of acquired 
TTP  patients was lost after  replacement of Arg660, Tyr661, Tyr665, Arg658 
and Phe592 by an Ala (chapter 4). These data suggest the presence of a  single 
 antigenic surface  comprising Arg568, Phe592, Arg660, Tyr661 and Tyr665 is 
 targeted by  autoantibodies in patients with acquired TTP. We also measured 
the class of antibodies in the plasma of this cohort of acquired TTP patients. 
We concluded that the  majority of  anti-ADAMTS13 antibodies were composed 
of IgG. Some patients also have circulating levels of  anti-ADAMTS13 IgM and 
IgA1. The presence of  anti-ADAMTS13 IgA1 is intriguing but its  significance is 
not yet known.  Binding of ADAMTS13 to VWF is mediated by multiple  domains 
on either  protein. We assessed whether chemical modification of  surface 
 exposed lysine and  tyrosine residues on the surface of ADAMTS13  affected its 
 binding to  different VWF substrates (chapter 5). Chemically  modified  residues 
were identified by mass  spectrometry. Our data show that lysines play a 
 minor role whereas the  tyrosine residues on the spacer domain show to have a 
 major role in the  interaction of ADAMTS13 with small substrates. These data 
are  consistent with previous findings that Tyr661 and Tyr665 are involved in 
 binding of  ADAMTS13 to VWF. Together, these studies increase our knowledge 
of the characteristics of anti-ADAMTS13 antibodies that develop in patients 
with  acquired TTP. Also novel insight into the structure-function relationship 
of  ADAMTS13 has been obtained. In the General Discussion (chapter 6) our 
 findings are discussed with reference to studies performed by other investigators. 
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Nederlandse samenvatting van

“De karakterisering van autoantistoffen gericht te-
gen ADAMTS13 die zich ontwikkelen bij patiënten met                   

verworven TTP”
Trombotische trombocytopenische purpura (TTP) is een zeldzame 

 auto-immuunziekte die gekenmerkt wordt door afwezigheid of  dysfunctie van 
het “von Willebrand factor” (VWF) knippende protease ADAMTS13.  Functionele 
afwezigheid van ADAMTS13 resulteert in een verminderde  proteolyse van 
von Willebrand factor multimeren (UL-VWF-mm) op het  oppervlak van 
 endotheelcellen. Accumulatie van deze ultragrote VWF  multimeren leid tot de 
vorming van VWF-rijke stolsels (thrombi) in de  microcirculatie. Dit  resulteert 
in trombocytopenie, hemolytische anemie, neurologische  symptomen en/of 
 nierfunctiestoornissen. De meerderheid van de patiënten met TTP  ontwikkelen 
autoantilichamen die gericht zijn tegen ADAMTS13. Dit  proefschrift 
 beschrijft de functionele karakterisering van de autoantistoffen gericht 
 tegen ADAMTS13 die zich ontwikkelen in patiënten met verworven TTP. 

Hoofdstuk 1 geeft een overzicht van onze huidige kennis over de biolo-
gie en de functie van ADAMTS13 met de nadruk op de eigenschappen van 
 antilichamen zoals die voorkomen bij patiënten met TTP. 

Hoofdstuk 2 beschrijft de isolatie van een panel van patiënt afgeleide 
 monoklonale antilichamen via een moleculair biologische techniek genaamd 
faag-display. Met behulp van verschillende VWF substraten is aangetoond dat 
twee van de geïsoleerde antilichamen, I-9 en II-1, de activiteit van ADAMTS13 
in vitro remmen. Voor assemblage van de zware keten van beide antilichamen 
(I-9 en II-1) is het VH1-69 gen segment gebruikt. Dit bracht ons op het idee om te 
onderzoeken of dit VH-gen segment ook wordt gebruikt voor de anti-ADAMTS13 
antilichamen die aanwezig zijn in plasma van patiënten met verworven TTP. 
We hebben gebruik gemaakt van een anti-idiotypisch antilichaam dat specifiek 
antilichamen herkent waarin het VH1-69 gen segment voorkomt. VH1-69 gen 
segment bevattende antistoffen gericht tegen ADAMTS13 werden inderdaad 
aangetroffen bij analyse van een groot cohort van verworven TTP patiënten. Deze 
bevindingen laten zien dat het VH1-69 gen segment vaak wordt gebruikt voor de 
assemblage van anti-ADAMTS13 antilichamen bij patiënten met verworven TTP.
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In hoofdstuk 3 laten we zien dat de twee monoklonale anti-ADAMTS13 
 antilichamen (I-9 en II-1) tegen hetzelfde epitoop gericht zijn op de buitenkant 
van het spacer domein van ADAMTS13. Dit epitoop bestaat uit residuen Arg660, 
Tyr661 en Tyr665. Dit interactieve oppervlak op het spacer domein  bevordert 
de binding van ADAMTS13 aan het A2 domein van VWF wat  suggereert dat 
Arg660, Tyr661 en Tyr665 een belangrijke rol spelen bij de proteolyse van 
(kleine) VWF substraten. Aanvullende exosites op ADAMTS13 kunnen de 
binding aan VWF verder moduleren. Mogelijk bevatten de C-terminale  TSP2-8 
en CUB1-2 domeinen van ADAMTS13 extra bindingsplaatsen voor VWF. 

Residuen Arg660, Tyr661 en Tyr665 maken deel uit van een ”loop” aan 
de buitenkant van het spacer domein. Twee andere loops liggen  dichtbij 
de residuen Arg660, Tyr661 en Tyr665. De flankerende residuen Arg568 
en Phe592, die aanwezig in deze andere loops, dragen inderdaad bij aan de 
binding van anti-ADAMTS13 antilichamen. De reactiviteit van polyklonale 
antilichamen die aanwezig zijn in plasma van een cohort van verworven 
TTP patiënten, gaat verloren na het vervangen van Arg660, Tyr661, Tyr665, 
Arg568 en Phe592 door een alanine residu (hoofdstuk 4). Deze gegevens 
suggereren dat tegen ADAMTS13 gerichte antistoffen zoals die voorkomen 
bij patiënten met verworven TTP binden aan een geëxposeerd  oppervlak 
dat gevormd wordt door Arg568, Phe592, Arg660, Tyr661 en Tyr665. 

We hebben ook de klasse van tegen ADAMTS13 gerichte antistoffen 
bepaald. De meerderheid van de anti-ADAMTS13 antilichamen  bestaat uit 
IgG. Sommige patiënten hebben ook circulerende IgM en IgA1  antistoffen 
die aan ADAMTS13 binden. De aanwezigheid van  anti-ADAMTS13 
IgA1 is intrigerend, maar de betekenis ervan is nog niet bekend. 

De binding van ADAMTS13 aan VWF wordt gemedieerd door  verschillende 
domeinen. We hebben bekeken wat het effect is van de modificatie van lysine 
en tyrosine residuen op binding van ADAMTS13 aan verschillende VWF 
 substraten (hoofdstuk 5). Chemisch gemodificeerde lysine en tyrosine residuen 
zijn geïdentificeerd met behulp van massa spectrometrie. Onze gegevens  tonen 
aan dat lysines een ondergeschikte rol spelen en dat tyrosine residuen in het 
spacer domein een belangrijke rol spelen bij de binding van ADAMTS13 aan 
VWF. Deze gegevens komen overeen met eerdere bevindingen dat residuen 
Tyr661 en Tyr665 betrokken zijn bij de binding van ADAMTS13 aan VWF. 
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Samenvattend, de studies verhogen onze kennis van de eigenschappen 
van  anti-ADAMTS13 antilichamen zoals die voorkomen bij patiënten met 
 verworven TTP. Daarbij is nieuw inzicht verkregen in de structuurfunctie van 
ADAMTS13. In de algemene discussie (hoofdstuk 6) worden onze bevindingen 
verder bediscussieerd.
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Dankwoord

Stelling:

“Het maken van een schilderij en het schrijven van een proefschrift hebben 
dit met elkaar gemeen: het is nooit af maar men moet wel op het juiste moment 
kunnen stoppen.......”

Na vier jaar wordt er van je verwacht dat je dan een stuk tekst schrijft met 
passages waarin meerdere mensen uitgebreid bedankt worden. Ook ik moet 
er dus aan geloven. Eerst zou ik een pagina met een grote “iedereen bedankt” 
laten afdrukken om er maar vanaf te zijn (heb ik vaker mensen zien doen) maar 
omdat dit het stuk tekst is dat ook daadwerkelijk iedereen het eerste en enige 
leest van een proefschrift ga ik toch een poging doen.

Er zijn mensen die het schrijven en de tot stand koming van dit proefschrift 
versoepelt hebben en er zijn mensen die dit ook gedaan hebben maar die niet 
echt een substantiele bijdrage geleverd hebben. Er zijn ook mensen die totaal 
niets te maken hebben gehad met dit proefschrift maar toch genoemd worden 
omdat ze er nou eenmaal hun naam in zo’n dankwoord terug willen zien staan. 
lol.

Om te beginnen is er een catgorie die hier eigenlijk niet in thuishoort maar 
die toch heel belangrijk zijn geweest. Ik heb ze helaas tijdens dit onderzoek 
nooit persoonlijk ontmoet: namelijk de TTP patienten. Ik hoop dat door dit 
onderzoek een heel klein steentje is bijgedragen aan de opheldering van deze 
ziekte en dat in de toekomst nog betere behandelmethoden ontwikkelt worden. 
Zonder de patienten was “dit proefschrift” nooit gelukt.

Om vervolgens over te gaan op de persoonlijke, te beginnen mijn begelei-
der en co-promotor tijdens de vier jaar, Jan. Bedankt voor al jouw tomeloze 
inzet, zeer snelle schrijverij, visie en hulp bij mijn wetenschappelijke toekomst! 
Vaak hebben we behoorlijke pittige discussies gehad waarbij we het oneens 
waren maar toch een middenweg vonden. Zo moet het natuurlijk gaan in de 
wetenschap! Bedankt dat je het die vier jaar met mij hebt uitgehouden. Ik hoop 
dat de weddenschappen om de experimenten die we hebben gehad voortgezet 
worden! De wijn was lekker! Promotor Koen, bedankt voor al jouw input en hulp 
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tijdens en bij het afhandelen van de promotie. Brenda, mijn  voorgangster op dit 
project, heel erg bedankt voor al jouw hulp en visie die je mij hebt  gegeven in 
het begin van mijn OIO-schap! Ik vond het erg leuk om met je samen te werken 
en erg leuk om veel van je te leren. We hebben een mooie paper samen kunnen 
maken en schrijven! Succes met jouw wetenschappelijke toekomst.

De diagnostiek afdeling en Rob (mijn andere co-promotor), bedankt voor 
jullie hulp bij mijn werk als OIO dat erg cruciaal was m.b.t. inzicht van de 
 patienten en plasmasamples. Rob, de werkbesprekingen in Utrecht waren 
erg leuk om te doen en ik hoop dat ze nog steeds voortgezet worden met de 
 (mogelijk) nieuwe TTP OIO’s. 

De analisten op het TTP project wil ik ook zeker niet vergeten namelijk        
Ellen. Tijdens het begin van mijn promotie heb ik erg veel van je geleerd. Later 
werd Karina (of krientje) met mij opgezadeld. Ik vond het erg fijn om met jullie 
samen te werken! Jammer genoeg niet tot de eindstreep. Er wordt wel eens op 
de afdeling gegrapt dat ik de enige OIO ben die zoveel analisten heeft versleten 
i.p.v. andersom.

De congresbezoekjes wil ik zeker niet vergeten op te noemen: Koudekerke, 
Geneve, Atlanta, San Francisco, Boston en als laatst Wurzburg. Iedereen die 
mee was, bedankt voor de gezellige tijd! Simon en Sander bedankt voor jullie 
uithoudingsvermogen om een kamer te willen delen! De “stinkende schoenen” 
en de “pokergame” worden niet vergeten! 

De popquiz die ik ooit gehouden heb op het lab moet zeker nog een 
paar keer gehouden worden maar wie dan de quizmaster zou moeten 
zijn.....? Het  vrijdagmiddag-discussiegroepje met Eszter, Simon, Alexandra, 
Nicoletta en soms Eveline, bedankt voor jullie enthousiasme, gezelligheid en 
 wetenschappelijke commitment om van deze meeting een succes te maken! De 
game-avondjes waren erg leuk. Nicoletta, mijn opvolgster op het TTP project, 
succes met alles wat er in de toekomst voor je staat. Ik weet zeker dat jouw OIO-
schap een succes wordt!

De oude generatie OIO’s, Pauline, Ruben, Maartje en Fabian: het was erg 
gezellig om met jullie samen te werken, op congres te gaan en ik wens jullie 
heel veel succes met jullie loopbaan in de wetenschap! De analisten van het lab 
Gunny, Paul, Marleen, Marriëtte, Herm-Jan, Jacqueline, Ria, Erica en Carmen 
bedankt voor alle hulp die jullie mij geboden hebben tijdens mijn  OIO-schap. 



155

Dankwoord

Dankzij jullie jarenlange rotsvaste kennis werd het een stuk makkelijker om  de 
sommige lastige experimenten uit te voeren. 

De nieuwe generatie OIO’s en medewerkers, ook jullie wens ik het  allerbeste 
voor jullie wetenschappelijke toekomst! Misschien komen we allemaal elkaar 
nog eens tegen! Vrienden en familie, pa en ma, bedankt voor jullie interesse 
voor mijn onderzoek alhoewel het lastig was om iedereen het goed uit te leggen 
wat het nou allemaal was ..... dat “TTP”. En tenslotte Yvonne, dankjewel voor 
al je steun die je mij geboden hebt! We gaan er wat van maken in Boston! -X-.

Above and Beyond around the world!
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