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Chapter 1

Thrombotic thrombocytopenic purpura
Thrombotic thrombocytopenic purpura (TTP) is a rare and life-threatening disorder of 
the blood coagulation system that mainly affects adult patients;1 the annual incidence 
is approximately 4 cases per million people.2,3 TTP is characterized by systemic 
aggregation of platelets within the vasculature (generally arteries and arterioles) 
causing microvascular thrombosis, hemolytic anemia and thrombocytopenia.4,5 
The systemic clumping of platelets in brain, kidney and other organs is due to lack 
of von Willebrand factor (VWF) cleaving protease ADAMTS13 (a disintegrin and 
metalloproteinase with a thrombospondin type 1 motif, member 13).6,7 The first 
case of TTP was described by Moschowitz in 1924.8 In 1982 Moake and co-workers 
observed the presence of unusually large VWF multimers in plasma of 4 patients 
and postulated that TTP was due to a deficiency of a VWF cleaving protease.9 
Furlan and co-workers and Tsai developed an assay for measuring the activity of 
VWF cleaving protease which confirmed the absence of the protease in patients 
with TTP.10,11 The identity of the VWF cleaving protease was disclosed following 
its purification from plasma.6,10,12 Levy et al. used genome-wide linkage analysis 
to identify ADAMTS13 as the VWF cleaving protease involved in the pathogenesis 
of congenital TTP.13 Similar to the phenotype observed in patients with congenital 
TTP development of autoantibodies targeting ADAMTS13 in patients with acquired 
TTP results in sustained VWF-dependent accumulation of platelets in small vessels 
that eventually results in microvascular thrombosis. Congenital TTP, also know as 
Upshaw-Schulman Syndrome (USS),14 has an autosomal recessive inheritance and is 
caused by mutations in the ADAMTS13 gene (located on chromosome 9q34, spans 
29 exons and is about 37Kb).13,15 It represents 5% of all TTP cases associated with 
ADAMTS13 deficiency.2 More than 140 different mutations have been identified 
so far and have been shown to cause reduced secretion and/or reduced catalytic 
activity of ADAMTS13.16 Half of the patients with USS remain asymptomatic until 
early adulthood while others manifest the disease within their first years of life.17,18 
The high variability of the phenotype of congenital TTP has been associated with 
disease modifiers that can influence the clinical manifestations, such as defects in 
other genes (complement factor H), pregnancy, infections, traumas and/or heavy 
alcohol intake.19-22 Acquired TTP is caused by development of autoantibodies that 
bind and neutralize the proteolytic activity of ADAMTS13 and/or accelerate clearance 
of ADAMTS13 in vivo.23-25 A severe deficiency of plasma ADAMTS13 activity (less 
than 5%) and the presence of autoantibodies are considered to be highly specific for 
the diagnosis of acquired TTP.4,26,27 To date, plasma infusion and/or plasma exchange 
remains the first-line therapy regardless of the etiology and pathophysiology 
of TTP.28-31 In addition to plasma exchange other methods are necessary to treat 
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patients because of a high frequency of relapse especially for patients affected by 
acquired TTP presenting high titer inhibitors.32,33 Adjunctive immunosuppressive 
therapies such as cyclophosphamide, cyclosporine and rituximab are found to be 
effective in attaining remission and reducing relapse rates.17,21,22

ADAMTS13: structure and function
ADAMTS13 is synthesized in both hepatic stellate cells in the liver 6,34 and endothelial 
cells.35,36 It is present in plasma of normal individuals at a concentration of about 
1 μg/ml (approximately 10 nM).37 The half-life of ADAMTS13 is relatively long; 
approximately 2-3 days.38 ADAMTS13 is a multidomain protein belonging to the 
ADAMTS family (a disintegrin and metalloproteinase with thrombospondin type 1 
repeats).39 As the other members of ADAMTS family, it consists of a signal peptide 
(S), propeptide (P), metalloprotease domain, disintegrin-like domain (Dis), several 
thrombospondin type 1 repeats (TSRs), a cysteine-rich domain (Cys) and a spacer 
domain (Figure 1).7,39 

Figure 1. Domain organization and three-dimensional structure of ADAMTS13. (A) Schematic 
representation of the domain structure of ADAMTS13: signal peptide (S), propeptide (P), 
metallo-protease, disintegrin domain (Dis), cysteine-rich domain (Cys), spacer domain, 
thrombospondin type-1 repeats (1-8) and CUB domains (CUB). Interactive sites on ADAMTS13 
involved in binding to VWF are indicated in the model. (B) Crystal structure of ADAMTS13 DTCS 
domains (PDB ID code 3GHM; ADAMTS13 disintegrin, thrombospondin type 1 repeat, cysteine-
rich and spacer domain) highlighting the RYY motif, crucial for antibody and VWF binding. 
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Unlike other ADAMTS family members ADAMTS13 contains two additional CUB 
domains that are highly homologous to complement components C1r and C1s, 
embryonic sea urchin epidermal growth factor (UEGF) and the bone morphogenic 
protein 1 (BMP-1).40 These domains have been found in a different metalloproteinase 
family that includes procollagen C-proteinase and the mammalian tolloid-like proteins 
1 and 2 where they have been shown to be involved in substrate recognition.41,42 Also 
the propeptide of ADAMTS13 differs from that of the other ADAMTS proteases.7,43 
It consists of only 41 amino acids and does not contain a cysteine-switch motif.7 
Although the propeptide is cleaved off by furin, cleavage is not required for VWF 
proteolysis while propeptide cleavage is required for development of full activity 
of most ADAMTS family members.44 Several reports have shown that N-linked and 
O-linked glycans modulate secretion of ADAMTS13.45-47 

Cleavage of von Willebrand factor (VWF) by ADAMTS13
VWF is a large glycoprotein that is produced by endothelial cells and megakaryocytes 
as ultra large multimers (UL-VWF).48,49 Most of the synthesized VWF is constitutively 
secreted from endothelial cells; however, part of it is stored in cell-specific organelles 
designated Weibel-Palade bodies and released after stimulation with agonists such 
as thrombin or histamine.50,51 Under normal conditions, VWF circulates in plasma 
as a multimeric molecule (ranging from 20- to 40- but even 100- or 200- covalently 
linked VWF subunits)52,53 adopting a quiescent globular conformation, which hides 
its platelet binding site. When vascular damage occurs UL-VWF binds to collagen 
through its A3 domain.54 Under high shear stress the newly released UL-VWF 
multimers are able to unfold and assemble into string-like structures and bind 
platelets, leading to the formation of a platelet plug. Newly released UL-VWF strings 
are rapidly processed by ADAMTS13 (Figure 2).55 In the absence of ADAMTS13 UL-
VWF strings are retained on the surface of endothelial cells promoting platelet 
adhesion which eventually can result in microvascular thrombosis (Figure 2).56 
Unlike the majority of the hemostatic proteases, ADAMTS13 activity is not 
regulated by a specific inhibitor. Thrombin, plasmin57, hemoglobin58 and IL-659 have 
been shown to inhibit ADAMTS13 activity, although the physiological relevance of 
these findings is presently unclear. Under normal conditions ADAMTS13 is unable 
to cleave the Tyr1605-Met1606 scissile bond in the A2 domain of VWF, but is able 
to bind VWF through its C-terminal TSR 5-8 and CUB domains.60,61 This interaction 
allows the formation of VWF and ADAMTS13 complexes which have been shown to 
circulate in plasma.62 Even if only a small percentage of ADAMTS13 (3%) circulates 
bound to VWF, it is considered to be particularly effective at colocalizing VWF and 
ADAMTS13 to the site of vascular injury.53,63 Under conditions of elevated shear 
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stress, which can occur upon secretion, collagen binding and/or passage through 
microcirculation, the VWF A2 domain is unfolded and ADAMTS13 can bind and 
cleave VWF.64,65 Unfolding of VWF results in exposure of additional binding sites 
for ADAMTS13. The exosite region Arg660, Tyr661 and Try66566-68 within the spacer 
domain of ADAMTS13 can interact with the partially unfolded VWF A2 domain 
(Glu1660-Arg1668).69-71 Thereafter, a critical low affinity interaction between VWF 
(Asp1614) and the disintegrin domain of ADAMTS13 (Arg349) helps to orientate the 
scissile bond toward the active site of ADAMTS13.72-74 This enables and facilitates the 
interaction between the metalloproteinase domain (Leu198, Leu232 and Leu274) 
with the A2 domain (Leu1603).53 Together these interactions precisely position 
the Tyr1605-Met1606 scissile bond for cleavage by the catalytic metalloprotease 
domain of ADAMTS13.54,75

Figure 2. Processing of von Willebrand factor in healthy individuals and in patients with TTP. 
Upon stimulation endothelial cells release UL-VWF multimers from intracellular storage pools. Due 
to shear stress UL-VWF multimers unfold thereby exposing the VWF A2 domain for cleavage by 
the metalloprotease ADAMTS13. Upper panel shows ADAMTS13 cleavage of UL-VWF in healthy 
individuals. UL-VWF is cleaved into smaller VWF multimers that circulate in plasma and are less 
efficient in binding platelets. Lower panel represents patients with TTP that lack ADAMTS13. Deficiency 
of the enzyme leads to accumulation of UL-VWF on the surface of endothelial cells. Platelets are able to 
bind to these UL-VWF multimers forming platelet aggregates occluding small arteries and capillaries.
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Autoantibodies in patients with acquired TTP
Anti-ADAMTS13 antibodies are found in the majority of the patients (94-
97%) suffering from acquired TTP and are considered to be strongly involved in 
the pathogenesis of the disease.16 Although most of these antibodies inhibit 
the proteolytic activity of ADAMTS13 towards VWF, 11.5-17% of the patients 
suffering from acute TTP have non-neutralizing antibodies and severe ADAMTS13 
deficiency.24,76,77 Such antibodies are considered to enhance the clearance of 
ADAMTS13 from the circulation or interfere with ADAMTS13 interaction with cells 
and/or other plasma proteins.24 Anti-ADAMTS13 antibodies are comprised mainly 
of the immunoglobulin class G isotype (IgG), predominantly of subclass IgG4 that is 
present in 90% of the patients, followed by IgG1, IgG2 and IgG3 that is observed in 
30-50% of the patients.76-78 High levels of IgG4 are found in relapsed cases of TTP 
and therefore are considered to be a risk factor for recurrence of TTP.76 Moreover, 
a limited number of patients also have circulating anti-ADAMTS13 IgM and/or IgA 
antibodies.78 The clinical relevance of these subclasses, which are found in 17-
20% of TTP patients, is at present unclear.76,77 Recently it has been observed that 
significant amounts of ADAMTS13-specific immune complexes (ICs) can be detected 
in plasma of patients with acquired TTP. ICs can perpetuate a pro-inflammatory 
state promoting thrombosis and predisposing to relapse.79 

The majority of the antibodies in patients affected by acquired TTP target an 
antigenic site in the ADAMTS13 spacer domain. Fine epitope mapping of the 
ADAMTS13 spacer domain revealed Arg660, Tyr661 and Tyr665 as the primary 
antigenic target of these inhibitory antibodies.66 These residues contribute to the 
binding of ADAMTS13 to the A2 domain of VWF66 and therefore such antibodies 
are likely to interfere with the binding and limit processing of VWF.66,68 Although 
90% of the antibodies found in plasma of TTP patients bind the spacer domain,80-82 
patients suffering from acquired TTP can also have antibodies directed towards 
the C-terminal half of ADAMTS13 including the TSR 2-8 repeats and/or the CUB1-
2 domains.80,81,83 Only very few TTP patients harbor anti-ADAMTS13 antibodies 
that specifically target these domains without having antibodies binding to the 
spacer domain of ADAMTS13.80 It has been shown that the inhibitory antibodies 
directed towards ADAMTS13 preferentially incorporate the heavy chain (VH) gene 
segment VH1-69 during assembly.83-85 Diversity of antibodies is created by several 
rearrangements that lead to joining of a variable heavy gene segment VH to a 
diversity segment DH and a joining segment JH and joining of a variable light chain 
segment VL to a joining segment JL. Although the clinical relevance of the restricted 
VH1-69 gene usage in patients with acquired TTP remains unclear, usage of the 
VH1-69 germline has been observed in neutralizing antibodies directed towards a 
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highly conserved region in the hemagglutinin ectodomain of influenza virus.86 This 
suggests that anti-ADAMTS13 spacer domain antibodies might originate from pre-
existing cross reactive antibodies that target viral antigens during an infection.

Initiation of development of anti-ADAMTS13 antibodies 
The mechanisms involved in loss of tolerance and development of autoantibodies 
in patients affected by acquired TTP are still unknown. As in other autoimmune 
disorders both genetic and environmental factors contribute to the development 
of autoimmune responses. Several observations provide evidence for a genetic 
predisposition related to the development of acquired TTP. First, the MHC class 
II allele HLA-DRB1*11 was found to be overrepresented in patients suffering from 
acute TTP when compared with a control population.87-89 In addition HLA-DRB1*04 
was underrepresented in patients suffering from acquired TTP.87-89 Second, a case 
report described the development of inhibitory anti-ADAMTS13 antibodies in 
identical twin sisters not carrying the HLA-DRB1*11 allele.90 This indicates that 
additional, not yet identified, genetic risk factors are involved. The observation of 
a link between the MHC class II allele and development of acquired TTP implies 
a role for helper T cells in the initiation of the autoimmune reactivity against 
ADAMTS13. Moreover, clonal and subclass analysis revealed that anti-ADAMTS13 
antibodies are composed of subclasses IgG1 and IgG4 and that the variable domains 
are highly modified by somatic hypermutation.23,78,84 Both isotype switching and 
somatic hypermutation of antibodies depends on activation of specific CD4+ T cells. 
Activation of antigen-specific T cells requires endocytosis and processing of the 
antigen by antigen presenting cells (APCs) such as dendritic cells. Antigen derived 
peptides are then presented on the surface of APCs in complex with MHC class II 
molecules. This allows the appropriate activation of specific T cells and subsequent 
secretion of cytokines that stimulate B cells and initiate isotype switching (Figure 3). 
Further evidence for a role of T cells in the immune response in acquired TTP comes 
from the clinical observation during plasma exchange treatment. About 30-50% 
of TTP patients with severe acquired ADAMTS13 deficiency experience a clinical 
exacerbation often associated with an increase of ADAMTS13 inhibitor titers. This 
phenomenon, however, is not observed in patients treated with cyclosporin A and 
bortezomib, potent T and B cell immunosuppressants.91,92 
Microbial agents have been implicated in the onset of a variety of autoimmune 
disorders.93  Microbial stimuli can induce up-regulation of MHC class II proteins on 
the cell surface of antigen presenting cells (APCs).94,95 This results in an enhanced 
presentation of self-derived peptides which may overcome the activation 
threshold of T cells that have escaped negative selection in the thymus and have 



General  introduction

17

Chapter 1

an intermediate/low affinity for MHC-class II/peptide complexes (Figure 3).96,97 
Moreover, molecular mimicry between foreign and self-antigens can lead to self-
activation of these T cells.93 A large number of case reports have suggested a role 
for viral or bacterial infections in the etiology of acquired TTP.23 Influenza A,98 HIV,99 
parvovirus,100 Helicobacter pylori,101 Hepatitis C,102 Brucella103 and Legionella,104 

infections have been suggested as a priming event for the development of acquired 
TTP. This suggests that triggering of the innate system plays a role in the onset 
and perhaps in the recurrence of TTP by lowering the threshold for activation of 
ADAMTS13-specific T cells. In addition to microbial agents high levels of steroids, 
for instance during pregnancy, have also been suggested to contribute to the onset 
of acquired TTP by an as yet undefined mechanisms. Indeed, it is well established 
that pregnant women develop inhibitory anti-ADAMTS13 antibodies and typical 
features of the disease.20,105-107 Moreover, other malignancies, collagen diseases and 
use of drugs have been related to the development of acquired TTP, in particular 
the anti-platelet agents ticlopidine and clopidogrel.108-110 
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Figure 3. Generation of self-reactive CD4+ T and B cell responses. Left panel indicates the negative 
selection of CD4+ T cells. Self-antigens are endocytosed by antigen presenting cells (APCs) processed into 
peptides and presented on the cell surface in complex with MHC class II molecules. T cells binding with 
low affinity to self-antigens survive and become naive T cells while those that bind with high affinity to 
self-antigens undergo apoptosis. Intermediate affinity CD4+ T cells may escape from negative selection in 
the thymus and therefore become potentially auto-reactive. Right panel shows how auto-reactive T cells 
can contribute to the formation of auto-antibodies. Once primed, T cells can activate B cells in an antigen-
specific manner, which leads to formation of long-living plasma cells, producing high-affinity auto-
antibodies. Co-stimulatory molecules and the different receptors are indicated in the inset of the figure.
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Scope of the thesis

At present the mechanisms involved in development of autoantibodies targeting 
ADAMTS13 in previously healthy individuals is unclear. In this thesis we explored 
how ADAMTS13 interacts with the immune system and how this may lead to the 
initiation of auto-immune responses in acquired TTP. First, we analyzed the epitope 
specificity of anti-ADAMTS13 antibodies in a large cohort of patients with acquired 
TTP (Chapter 2). We observed that the majority of anti-ADAMTS13 antibodies are 
directed towards a specific epitope within the spacer domain. Subsequently we 
analyzed how ADAMTS13 is recognized by antigen-presenting cells. In Chapter 3 
we identified the mechanism of endocytosis of ADAMTS13 by human dendritic 
cells. ADAMTS13 is efficiently endocytosed by monocyte-derived dendritic cells 
in a mannose receptor-dependent manner. In Chapter 4 we identified, for the 
first time, the repertoire of naturally MHC class II presented ADAMTS13-derived 
peptides. Recently the MHC class II allele HLA-DRB1*11 has been recognized as 
a risk factor for the development of acquired TTP, indicating a role for CD4+ T 
cells in the onset of the disease. Interstingly our findings demonstrate that HLA-
DRB1*11 positive donors exclusively present a CUB2 domain derived peptide. In 
Chapter 5 we analyzed N- and O-glycosylation profile of plasma derived ADAMTS13. 
Nine N-linked glycosylated, six O-fucosylated and two C-mannosylated sites were 
identified. In Chapter 6 we investigated the endocytic mechanisms contributing to 
the uptake of ADAMTS13 by macrophages and their possible role in clearance of 
ADAMTS13 from the circulation. Taken together, our findings provide novel insights 
into the immune recognition and processing of ADAMTS13 by antigen presenting 
cells thereby contributing to a better understanding of the development of anti-
ADAMTS13 antibodies in patients with acquired TTP. 
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Abstract 

Background: The majority of patients diagnosed with thrombotic thrombocytopenic 
purpura (TTP) have autoantibodies directed towards the spacer domain of 
ADAMTS13. Design and methods: In this study we explored the epitope specificity 
and Ig class and IgG subclass distribution of anti-ADAMTS13 antibodies. The epitope 
specificity of anti-spacer domain antibodies was examined using plasma of 48 
patients with acute acquired TTP by means of immunoprecipitation of ADAMTS13 
variants containing single or multiple alanine substitutions. Using similar methods, 
we also determined the presence of anti-TSP2-8 and CUB1-2 domain antibodies in 
this cohort of patients. Results: Antibody profiling revealed that anti-ADAMTS13 
IgG1 and IgG4 predominate in plasma of patients with acquired TTP. Analysis of anti-
spacer domain antibodies revealed that Arg568 and Phe592, in addition to residues 
Arg660, Tyr661, and Tyr665, also contribute to an antigenic surface in the spacer 
domain. The majority of patients (90%) lost the reactivity towards the spacer domain 
following introduction of multiple alanine substitutions at Arg568, Phe592, Arg660, 
Tyr661 and Tyr665. Anti-TSP2-8 and anti-CUB1-2 domain directed antibodies were 
present in 17% and 35% of patient samples analyzed, respectively. Conclusions: IgG 
directed towards a single antigenic surface comprising residues Arg568, Phe592, 
Arg660, Tyr661 and Tyr665 predominates in plasma of patients with acquired TTP. 
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Introduction

Acquired thrombotic thrombocytopenic purpura (TTP) is a rare and life-threatening 
autoimmune disease characterized by the presence of autoantibodies directed 
towards ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin 
type 1 motif, member 13).1 Most autoantibodies directed towards ADAMTS13 are 
IgG’s although IgM and IgA have also been detected.2,3 Subclass analysis revealed 
that IgG4 and to a lesser extent IgG1 dominate the immune response to ADAMTS13.4 
ADAMTS13 regulates the accumulation of ultra-large or unusually-large von 
Willebrand factor (UL-VWF) multimers on the surface of endothelial cells.5,6 The 
persistence of UL-VWF multimers promotes platelet aggregation resulting in 
obstruction of the microvasculature.7 VWF multimers are rapidly cleaved by 
ADAMTS13 at the Tyr1605-Met1606 scissile bond in the A2 domain of VWF.8 Shear 
stress induces unfolding of VWF multimers, thereby exposing the scissile bond in 
the A2 domain for cleavage by ADAMTS13.9,10 It has been postulated that multiple 
exosites within the disintegrin-like/TSP1/cysteine-rich/spacer (DTCS) domains 
interact with unfolded A2 domain.11,12 For example, Arg349 within the disintegrin 
domain has been shown to interact with residue Asn1614 of VWF13 whereas spacer 
domain residues Arg660, Tyr661 and Tyr665 interact with residues Glu1660-Arg1668 
in the carboxy-terminal alpha-6 helix within the VWF A2 domain.14 Previously, we 
and others showed that the spacer domain of ADAMTS13 contains a major binding 
site for antibodies in patients with acquired TTP.15-19 Anti-ADAMTS13 antibodies 
present in the plasma of acquired TTP patients target an antigenic surface including 
residues Arg660, Tyr661 and Tyr665.14 However in 3 out of 6 patients analyzed 
residual binding was observed to an MDTCS variant in which Arg660, Tyr661 and 
Tyr665 were replaced by an alanine.14 This observation suggested that additional 
residues present within the spacer domain participate in binding of anti-ADAMTS13 
antibodies. Previously, Arg568 and Phe592 have been shown to contribute to 
the binding of ADAMTS13 to VWF A2 domain.12 Therefore, 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 the presence of antibodies directed towards the carboxy-terminal 
thrombospondin type repeats 2 to 8 (TSP2-8) and the CUB1-2 domains in patients 
with acquired TTP.16,19 The availability of a large cohort of patients allowed us to 
simultaneously address whether antibodies binding to the TSP2-8 and CUB1-2 
domains are present in our cohort of patients with acquired TTP. 
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Materials and methods

Patients

Plasma samples from a panel of 48 patients with acquired TTP containing high 
titers of anti-ADAMTS13 antibodies 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).20 Inhibitor titers 
measured with the Technozym ADAMTS13 inhibitor ELISA (Technoclone, Vienna, 
Austria) or with an in-house developed ELISA. All patients included had a history 
or were at presentation with primary acquired TTP with hemolytic anemia with 
fragmented erythrocytes and thrombocytopenia. ADAMTS13 inhibitor levels of 
plasma samples included in this study were >50 U/ml as measured by Technozym 
ADAMTS13 inhibitor ELISA. 

Construction and expression of recombinant ADAMTS13 and truncated variants

Construction and expression of wild-type pcDNA3.1-propeptide/metalloprotease/
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.14,21 An Ig-kappa signal peptide22 
was cloned in front of the coding region of the TSP2-8 and CUB1-2 constructs in 
order to increase expression levels of these variants. Primer sequences are available 
upon request. Cells were grown in Optimem supplemented with glutamax medium 
(Invitrogen). Medium was harvested after four days and expression of ADAMTS13 
was confirmed by Western blotting or immunoprecipitation using a monoclonal 
(horseradish-labeled (HRP)) anti-V5 antibody (Invitrogen), a mouse anti-TSP5-8 
monoclonal antibody (20A5),23 a mouse anti-CUB1-2 domain monoclonal antibody 
(20D2) and a rabbit anti-metalloprotease polyclonal antibody (Abcam, Cambridge, 
UK). Monoclonal antibody 20D2 was prepared essentially as described previously.24 A 
sheep-anti-mouse-HRP labeled antibody (in conjunction with 20A5 and 20D2) and a 
donkey anti-rabbit-HRP labeled (in conjunction with the rabbit anti-metalloprotease 
antibody) both obtained from GE Healthcare (Bio-Sciences AB, Uppsala, Sweden) 
were used for chemiluminescence detection (Roche Applied Science, Almere, the 
Netherlands).
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Single alanine (R568A and F592A) and double alanine mutants (R568A/F592A) were 
introduced into the wild-type 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 (termed MDTCS-RYY)14 resulting in a total of eight variants 
including wild-type. Sequences of the sense and antisense oligonucleotide primers 
used for construction of these variants are available upon request. All vectors 
were verified by sequencing. All ADAMTS13 variants were transiently expressed 
essentially as described previously.14

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.25 
The two human monoclonal anti-spacer domain antibodies I-9 and II-1 have been 
described previously.18,26 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 (NHP) was included as negative control. 
Thirty microliters of patient plasma was incubated with protein G sepharose for 
1 hour at room temperature. Cell culture medium containing 1 µg of recombinant 
ADAMTS13 fragments was added to 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 on the size of the fragments. Immunoblots were 
prepared on Immobilon-P polyvinylidene fluoride 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) were 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% in order to facilitate antibody binding 
towards these carboxy-terminal fragments.
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Results

Anti-ADAMTS13 immunoglobulins in plasma of patients with acquired thrombotic 
thrombocytopenic purpura

Plasma samples of a panel of 48 patients with acquired TTP were analyzed for the 
presence of IgG, IgM and IgA as outlined in the Supplementary Information. Anti-
ADAMTS13 IgM was found in 5 of these 48 patients (Figure 1). Anti-ADAMTS13 
IgA was detected in 9 out of 48 patients (Figure 1). IgA antibodies can be further 
subdivided into IgA1 and IgA2. In all IgA positive samples anti-ADAMTS13 IgA1 was 
found suggesting that IgA1 (and not IgA2) antibodies develop in patients with acquired 
TTP. IgG was present in all patient samples analyzed. Levels ranged from 0.25 to 19.5 
µg/ml. Analysis of the subclass of anti-ADAMTS13 IgG revealed that IgG1 was present 
in 35 out of 48 samples and IgG4 in 33 out of 48 samples analyzed (Figure 1). Low 
levels of IgG2 and IgG3 were observed in 7 and 4 patients respectively (Figure 1). Anti-
ADAMTS13 IgG1 and IgG4 co-existed in 15 out of 48 patients. These results show that 
anti-ADAMTS13 IgG1 and IgG4 predominate in plasma of patients with acquired TTP. 

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

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 (Figure 2A and B).12 This raises the possibility that Arg568 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 MDTCS-R568A, MDTCS-
F592A and MDTCS-R568A/F592A variant (Figure 2C). As a control, we monitored 
the reactivity of these antibodies with the previously described R660A/Y661A/
Y665A (MDTCS-RYY) variant.14 Binding to RYY variants containing R568A, F592A 
and R568A/F592A substitutions was also evaluated. All variants were produced in 
HEK293 cells; the levels of expression of all variants were similar to that of wild-
type MDTCS (data not shown). Antibody II-1 did not react with MDTCS-R568A and 
MDTCS-F592A (Figure 2). Antibody I-9 retained its reactivity towards MDTCS–F592A 
whereas binding to both MDTCS-R568A and MDTCS-R568A/F592A was abrogated 
(Figure 2C). As described previously, antibodies II-1 and I-9 did not bind to MDTCS-
RYY. As expected MDTCS-RYY variants containing R568A, F592A or R568A/F592A 
mutations also did not interact with antibodies II-1 and I-9 (Figure 2C). 
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Figure 1. Characteristics of anti-ADAMTS13 antibodies. Samples from 48 patients with acquired TTP 
were included in this study. Residual ADAMTS13 activity and antibody levels as measured by Technozym 
inhibitor ELISA are displayed. Levels of anti-ADAMTS13 IgG, IgA1, IgA2 and IgM are also included. 
IgG subclasses were measured in a qualitative manner. High levels (above 100-500 ng/ml) of anti-
ADAMTS13 IgG1, IgG2, IgG3 and IgG4 are indicated by (++), intermediate or low levels (up to 100-500 
ng/ml) are indicated by (+). Absence of IgG’s, IgM and IgA’s is indicated as ND (not detectable). The 
limit of detection for IgG’s was 0.01 µg/ml; IgG1 0.002 µg/ml; IgG2-4 0.004 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. Experimental details on Ig class and subclass measurements are included in the supplementary 
information.

Act. (%) Techz. (U/ml) IgG (μg/ml) IgA1 (μg/ml) IgM (μg/ml) IgG1 IgG2 IgG3 IgG4
1 6 97.2 0.95 0.07 1.15 ++ ND + ND
2 2 156 0.45 ND 0.5 + ND ND ++
3 1 590 0.5 0.6 0.5 ++ ND ND ND
4 0 400 3.3 0.3 0.75 ++ + ND ND
5 6 300 6.7 0.1 0.15 ++ ND ND ND
6 2 269.6 3.5 ND ND ++ ND ND ND
7 10 269 19.5 0.2 ND ++ ND ND ND
8 0 223 1 ND ND ++ + ND ++
9 0 220 1.8 ND ND ++ ND ND ++

10 0 215 1.3 ND ND ++ ND ND ++
11 0 181 1.7 ND ND ++ ND ND ++
12 10 166.5 2.1 0.02 ND ++ ND ND ND
13 10 151 1.9 ND ND ++ ND ND ND
14 6 121 1.35 ND ND ++ ND + ND
15 4 112.5 0.85 ND ND ++ ND ND +
16 0 111 1.05 0.3 ND ++ ND + ND
17 10 105.8 0.9 ND ND ++ ND ND ++
18 0 101 0.75 ND ND + ND ND ++
19 7 100.2 0.9 ND ND ++ ND ND +
20 3 96.6 1.35 ND ND + ND ND +
21 1 91 1.35 ND ND + ND ND ND
22 0 85 0.75 ND ND ++ ND ND ND
23 1 82.2 0.75 ND ND ++ ND ND +
24 1 77 0.7 ND ND + ND ND +
25 0 77 0.5 ND ND + ND ND +
26 7 76.6 0.6 ND ND ND ND ND ++
27 5 75.6 1.6 ND ND ND + ND ++
28 1 75 0.45 ND ND ND ND ND +
29 1 73.8 0.55 ND ND ND ND ND ++
30 2 73 2.7 ND ND ++ + ND ND
31 1 72.6 0.95 ND ND ND ND ND ++
32 5 71.6 0.7 ND ND + ND ND +
33 0 70 0.6 0.12 ND ND ND ND +
34 0 69 0.45 ND ND ND ND ND +
35 1 69 0.35 ND ND ND ND ND +
36 3 68.5 1.6 ND ND ++ + + +
37 5 64.5 0.5 ND ND + + ND +
38 2 61.7 0.25 ND ND + ND ND ND
39 5 60.8 0.6 0.07 ND ND ND ND ++
40 1 60.3 0.35 ND ND ND ND ND +
41 4 58 0.4 ND ND ND + ND +
42 7 58 0.5 ND ND ND ND ND +
43 0 57.6 0.5 ND ND + ND ND +
44 7 57.5 0.6 ND ND + ND ND ND
45 2 53.8 0.35 ND ND + ND ND +
46 4 52.9 0.7 ND ND ND ND ND ++
47 6 51.8 0.4 ND ND + ND ND +
48 0 156 1.35 ND ND + ND ND +

NHP 100 15 ND ND ND ND ND ND ND

Act. (%) Techz. (U/ml) IgG (μg/ml) IgA1 (μg/ml) IgM (μg/ml) IgG1 IgG2 IgG3 IgG4
0 - 5 0 - 50 ND ND ND ND ND ND ND
5 -10 50 - 250 0 - 1.5 0 - 0.4 0 - 1.00 + + + +
>10 >250 >1.5 >0.4 >1.00 ++ ++ ++ ++
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Figure 2. (A) Three-dimensional presentation of ADAMTS13 fragment consisting of the DTCS-domains 
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).12 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.13 Loops that were lacking in the DTCS crystal 
structure (323TFAREHLD330 and 459RSSPGGA465) were modeled using the MODELLER 9v7 program. 
(B) Residues Arg568, Phe592, Arg660, Tyr661 and Tyr665 are highlighted in red; these residues provide 
an exposed surface in the spacer domain. (C) Immunoprecipitation of MDTCS 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 show 
MDTCS, MDTCS-R568A, MDTCS-F592A and the MDTCS-R568A/F592A double mutant. The second four 
lanes show 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 thrombotic thrombocytopenic 
purpura

We analyzed the contribution of Arg660, Tyr661 and Tyr665 to binding of spacer 
domain antibodies in a cohort of 48 patients with acquired TTP. In addition, we 
determined whether residues Arg568 and Phe592 contribute to the binding of 
patient-derived anti-ADAMTS13 antibodies. Binding of patient IgG to MDTCS, 
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. Replacement of Arg568 by an alanine had little impact 
on binding of patient-derived IgG; all patient samples bound to this variant (Figure 3). 
Replacement of Phe592 resulted in a decline in reactivity with the MDTCS-fragment 
for 12 out of 48 patients (patient samples 1, 4, 7, 10, 12, 16, 22, 25, 28, 38, 43 and 
47). Reactivity with MDTCS-R568A/F592A was absent or strongly reduced for 16 out 
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of 48 patient samples analyzed (patients 1, 3, 4, 5, 7, 9, 10, 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 (Figure 3). In 33 out of 48 samples analyzed, the binding was significantly 
reduced compared to that with “wild-type” MDTCS. The introduction of F592A into 
the RYY-variant resulted in a decrease in binding in all samples analyzed (see, for 
example, patient 11, 14, 34 and 41 in Figure 3). In contrast, substitution of Arg568 for 
Ala had little impact on binding of patient derived IgG to the MDTCS-RYY fragment 
(see, for example, patient 8, 19 and 41 in Figure 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 an alanine residue (Figure 3). Residual binding 
to MDTCS-RYY-R568A/F592A was still observed for patient samples 6, 16 and 37.

Figure 3. Immunoprecipitation of MDTCS alanine(-hybrid)-mutants with plasma samples from 
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 MDTCS-
variants described in the Legend of Figure 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 thrombotic thrombocytopenic purpura

We determined whether antibodies directed towards TSP2-8 and CUB1-2 domains 
were present in plasma from the 48 patients with acquired TTP included in this study. 
Only a few patients had anti-TSP2-8 directed antibodies (Figure 4). IgG derived from 
one patient’s sample (patient 3) reacted very well with the TSP2-8 fragment; for 2 other 
samples (from patients 4 and 16) weak signals were observed whereas 5 additional 
patient samples (from patients 6, 13, 18, 26 and 28) showed weak but detectable 
binding to TSP2-8 (Figure 4). Thus, TSP2-8 directed antibodies were present in 17% of 
patient samples analyzed. 

Figure 4. Immunoprecipitation of TSP2-8 
domains with TTP plasma. Reactivity of 
autoantibodies 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. 

Considerable amounts of antibodies directed towards the CUB1-2 domains were 
detected in 5 samples (from patients 8, 9, 24, 26 and 28) (Figure 5). In 6 samples (from 
patients 3, 4, 10, 11, 34 and 43) lower levels of anti-CUB1-2 domain antibodies were 
present whereas very low levels were observed in samples from patients 1, 40, 41, 
42, 44 and 45 (Figure 5). Anti-CUB1-2 domain antibodies were found in approximately 
35% of the 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 in these 
patients were very low (Figure 4 and 5). Conversely, patient 26 and 28 had relatively 
high levels of anti-CUB1-2 domain antibodies but low levels of anti-TSP2-8 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.

TSP2-8

CUB1-2
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Discussion

IgG, IgM and IgA autoantibodies directed towards ADAMTS13 are found in plasma 
of patients with acquired TTP3,4 with IgG as the dominant isotype. In agreement 
with previous studies3,4 we found that anti-ADAMTS13 IgM and IgA are present in 
a subset of patients with acquired TTP.3,4 IgA consists of two subclasses IgA1 and 
IgA2; we found that only anti-ADAMTS13 IgA1 is present in plasma of patients with 
acquired TTP. The possible significance of this observation is presently unclear (see 
also discussion in the supplementary information). Our findings confirm previous 
observations on the predominance of IgG1 and IgG4 but indicate that the contribution 
of IgG2 and IgG3 to the total level of anti-ADAMTS13 IgG is less pronounced then 
that suggested by previous studies.3,4 
It has been well-established that the spacer domain harbours a major binding 
site for the anti-ADAMTS13 antibodies that develop in patients with acquired TTP. 
We recently showed that residues Arg660, Tyr661 and Tyr665 contribute to an 
antigenic surface in the spacer domain.14 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 Å2.27 The 
surface accessibility of an arginine is ~211 Å2, a tyrosine can cover ~104 Å2 and a 
phenylalanine ~123 Å2.28 The potential surface area covered by Arg568, Phe592, 
Arg660, Tyr661 and Tyr665 is approximately 750 Å2. This value was confirmed by 
using a surface accessibility calculator.29 Arg568, Phe592 and Arg660, Tyr661 and 
Tyr665 originate from three distinct surface loops.12 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 (Figure 3). This observation strongly suggests that Arg568, Phe592, Arg660, 
Tyr661 and Tyr665 comprise an immunodominant region that is targeted by 
antibodies that developed in the majority of patients with acquired TTP. It should 
be noted that the ADAMTS13 variants described in this study partially retain their 
VWF processing activity (Supplemental Figure 2). In view of the restricted epitope 
specificity of anti-ADAMTS13 antibodies this observation may provide a basis for 
the design of ADAMTS13 variants with reduced antigenicity. Binding of IgG derived 
from patients 6 and 37 (and to a lesser extent also 16, 27 and 31) to the MDTCS 
fragment was not completely abolished following replacement of Arg568, Phe592, 
Arg660, Tyr661 and Tyr665. We anticipate that these may bind to other exposed 
surfaces in the MDTCS-fragment. Antibodies binding to the protease domain and 
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TSP1-repeat have been identified previously.16 In view of the multiple contacts 
between ADAMTS13 and VWF A2 domain it can certainly not be excluded that these 
antibodies impair ADAMTS13 function.11,12 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 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 immunoglobulins (Figure 4). Anti-TSP2-8 
antibodies were found in 37% and 28% of patient samples analyzed in two previous 
studies.16,19 Anti-CUB1-2 antibodies were observed in 35% of patients analyzed. 
This value is similar to the value of 31% reported by Zheng and co-workers.19 In 
an early study anti-CUB1-2 domain antibodies were found in 64% of the patients 
analyzed.16 The observed discrepancies are potentially explained by differences in 
patient’s 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 
conditions of our immunoprecipitation assay. The functional significance of anti-
TSP2-8 and anti-CUB1-2 antibodies is presently unclear. Several studies have shown 
that the carboxy-terminal TSP2-8 and CUB1-2 domains are important for processing 
of VWF by ADAMTS13.22,30,31 Zheng and co-workers showed that platelet counts on 
admission were lower in patients with anti-TSP2-8 and/or anti-CUB1-2 IgG.19 This 
observation suggests that antibodies directed towards the carboxy-terminal domains 
inhibit ADAMTS13 activity or alternatively enhance its clearance from the circulation. 
Isolation of human monoclonal antibodies directed towards the TSP2-8 and CUB1-2 
domains from patients with acquired TTP will help to determinate whether these 
antibodies also impair ADAMTS13 function. 
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Supplemental information

I. Quantification of anti-ADAMTS13 IgG, IgM and IgA in plasma of patients with 
acquired thrombotic thrombocytopenic purpura 

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.1,2 While anti-ADAMTS13 antibodies of the IgG4 subclass 
dominate the immune response to ADAMTS13, IgG1 and IgG2 have been found in 
approximately 50% of the patient samples analyzed.3 In this study we addressed 
the Ig class distribution in 48 patients with acquired thrombotic thrombocytopenic 
purpura (TTP) using human monoclonal antibody II-1 as an internal standard.

Materials and methods

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)
4 was subcloned into the pcDNA3.1 

vector together with different constant regions of IgG2(Cγ2)-IgG3(Cγ3)-IgG4(Cγ4), 
IgM (Cμ), IgA1(Ca1) and IgA2(Ca2) with the BamHI/NotI/KpnI restriction sites/
enzymes (NEB, Ipswich, United Kingdom).5, 6 All variants were transiently expressed 
in the Freestyle system (Invitrogen) including the light chain of antibody II-1 and 
quantified using a 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 for IgM or dimers for the IgA1 and IgA2 molecules. All antibody 
variants were analyzed by sodium dodecylsulfate polyacrylamide (SDS-PAGE) under 
reducing conditions. Western blots were stained using an anti-IgG-, anti-IgM- and 
anti-IgA-horseradish peroxidase (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) 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 hours at 37°C. The 
purification and analysis of ADAMTS13 has been described previously.7  Subsequently, 
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unbound ADAMTS13 was washed away and plasma samples, diluted in PBS 2% BSA 
0.1% Tween-20, 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 IgG, HRP-labeled monoclonal anti-human 
IgM (1:750; Sanquin Reagents) and HRP-labeled monoclonal anti-human specific 
for IgA1 or IgA2 (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. An equimolar mixture of 
II-1 IgG1, 2, 3 and IgG4 was used as an internal standard for determining IgG levels in 
patients samples. II-1 IgM was used as an internal standard for determining IgM 
levels in patients samples. II-1 IgA1 and II-1 IgA2 were used as an internal standards 
to determine the level of anti-ADAMTS13 IgA1 and IgA2 in patients samples. Anti-
ADAMTS13 IgG subclass antibodies in plasma from patients with acquired TTP 
were detected by directly coating ADAMTS13 (1 μg/ml) on Maxisorp microtiter 
plates (NUNC, Roskilde, Denmark) in 50 mM NaHCO3 pH 9.8 overnight at 4°C. After 
blocking for 1 hour at 37°C with PBS 2% BSA 0.1% Tween-20, plasma samples and 
recombinant anti-ADAMTS13 antibodies (standard; start dilution of 100 ng/ml for 
IgG1 and 500 ng/ml for IgG2-3-4) were added for 2 hours at 37°C, allowing antibodies 
to bind ADAMTS13 in solution. Immunoglobulins were detected with HRP-labeled 
monoclonal anti-human IgG1, IgG3 and IgG4 (1:2000; Sanquin Reagents, Amsterdam, 
the Netherlands); detection of IgG2 required an additional step of incubation with 
a primary anti-human IgG2 antibody and then a secondary HRP-labeled antibody 
(1:2000; Sanquin Reagents, Amsterdam, the Netherlands). A pool of normal human 
plasma (NHP) derived from 47 donors was used as a negative control.

Results and Discussion

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% or less as determined by FRETS-VWF73 assay8 (Figure 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 SDS-PAGE revealed that all 
variants were expressed (Supplemental Figure 1). Anti-ADAMTS13 IgG was present 
in plasma samples of all 48 patients analyzed (Figure 1). Levels of anti-ADAMTS13 
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IgG ranged primarily from 0.50-1.50 μg/ml; higher values of anti-ADAMTS13 IgG 
were found in 11 plasma samples. The highest level of anti-ADAMTS13 IgG was 
detected in plasma of patient 7 (19.5 μg/ml).

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, IgA

1 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 IgA’s (~65kDa) 
migrate at a higher apparent molecular 
weight.

Residual levels of ADAMTS13 activity of 10% were still present in plasma of this 
patient. Levels of anti-ADAMTS13 IgG did not correlate with residual levels of 
ADAMTS13 activity (data not shown). IgG subclass analysis revealed that IgG1 was 
present in 35 out of 48 samples and IgG4 in 33 out of 48 samples (Figure 1). Low 
levels of IgG2 and IgG3 were observed in seven and four samples, respectively. 
Patient’s plasma samples that were negative for the presence of anti-ADAMTS13 
IgG1, 2, 3 or IgG4 were denoted as non-detected (ND). Due to limitations in availability 
of patient’s samples we only assessed the presence of anti-ADAMTS13 IgG2 and IgG3 

in plasma diluted 10 times. We cannot, therefore, exclude that small amounts of IgG2 

and IgG3 are present in the patient’s samples included in this study. Nevertheless, 
our findings suggest anti-ADAMTS13 IgG consists primarily of IgG1 and IgG4. 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.3 Levels of anti-IgM 
varied between 0.15-1.20 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 IgA’s.3 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 (Figure 1). The percentage of patients positive for the 
combinations of IgG/IgA, IgG/IgM and IgG/IgM/IgA were similar to values reported 
in a previous study.2 IgA antibodies can be further subdivided into IgA1 and IgA2. IgA1 

 



Arg568 and Phe592 bind anti-ADAMTS13 antibodies

47

Chapter 2

is the major component of serum IgA and secretory IgA except in the large intestines 
and the female genital tract where IgA2 constitutes the majority of IgA found.9 We 
show that patients only have subclass anti-ADAMTS13 IgA1 in their plasma; no anti-
ADAMTS13 IgA2 was detected. Taken together, our data suggest that the majority 
of anti-ADAMTS13 antibodies consist of IgG, although significant amounts of IgM 
and IgA1 antibodies can also be found in plasma of patients with acquired TTP 
(Figure 1). Our findings are in agreement with previous studies on the presence 
of anti-ADAMTS13 IgA and IgM in patients with acquired TTP.1,2 IgA consists of two 
subclasses IgA1 and IgA2; IgA1 has a unique hinge region lacking in IgA2 containing 
O-linked glycans that can mediate binding to various lectins (galectin-1, Fcα1/γR 
on T cells).9 Serum IgA is exclusively monomeric, and is mostly composed of IgA1 

(~80%). In contrast, IgA produced at the mucosa is mostly dimeric or polymeric 
and associated with the J-chain, allowing for interaction with the polymeric Ig-
Receptor (pIgR) expressed on mucosal epithelial cells.10 The pIgR transports the 
IgA 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.11,12 Here, IgA1 is also 
more abundant than IgA2 (except in the large intestine and female genital tract), 
and both subclasses remain covalently attached to the extracellular part of the pIgR 
(secretory component). The monomeric IgA in serum, on the other hand, 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.13 FcaRI interacts exclusively with serum IgA, but not secretory IgA due to steric 
hindrance by the secretory component, and can mediate a strong degranulation of 
neutrophils and release of inflammatory mediators upon receptor crosslinking.6,12,13 
Deposits of systemic IgA immune complexes can give rise to purpura in the skin 
and kidney failure in patients with Henoch-Schönlein purpura and patients with 
IgA nephropathy, respectively.14 High titers of anti-ADAMTS13 IgA and IgG1 have 
previously been linked to clinical outcome following a first TTP event.2,3 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.

II. Quantification of binding of spacer domain variants to patient’s IgG 

In order to quantitatively determine differences in reactivity of the spacer domain 
variants for anti-ADAMTS13 IgG present in the patient samples we performed 
densitometric scanning of the western blots shown in Figure 2 (Supplemental Figure 2)
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Supplemental Figure 2. 
Quantitification of binding 
of spacer domain variants 
to patient’s IgG. Signals 
obtained for binding of 
patient derived IgG to the 
different spacer domain 
variants were plotted as 
percentage of binding 
to wild-type MDTCS. The 
spacer domain variants 
used in this study are 
displayed on the x-axis. 
Each data point presents 
the reactivity of IgG 
present in a single patients 
sample to the variant 
listed on the x-axis. Means 
and standard error of the 

means of the reactivity of the 48 patient samples with the different variants is indicated by horizontal 
bars. A progressive decline in reactivity of patient IgG in the order WT, WT-R568A, WT-F592A, WT-
R568A/F592A, RYY, RYY-R568A, RYY-F592A and RYY-R568A/F592A is observed. 

III. VWF processing of ADAMTS13 spacer domain variants 

The activity of the MDTCS variants included in this study was determined using 
the fluorogenic FRETS-VWF73 assay (Peptides International, Liousville, KY, USA).8 

Unexpectedly, VWF processing activity of MDTCS-F568A and MDCTS-F592A was 
increased when compared to wild-type MDCTS. Introduction of both amino acid 
substitutions did not further enhance the VWF processing activity of MDTCS (see 
results obtained for MDTCS-R568A/F592A; Supplemental Figure 3). In accordance 
with previous findings the VWF processing activity of MDTCS-RYY was strongly 
reduced when compared to wild type MDTCS.7 Introduction of the F592A, R568A 
or both the F592A and R568A substitutions results in an increased activity when 
compared to MDTCS-RYY (Supplemental Figure 3). Overall, our findings suggest 
that introduction of the R568A and/or F592A substitutions does not induce major 
structural alterations. The strongly reduced binding of patient IgG to MDTCS-RYY-
R568A/F592A and the relatively modest effect of these amino acid substitutions on 
ADAMTS13 activity may provide a basis for the design of spacer domain variants 
with reduced antigenicity which at least partially retain their ability to process VWF.  
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Supplemental Figure 3. VWF 
processing acivity of spacer 
domain variants. Spacer domain 
variants (5 nM) were incubated 
with 2 µM of FRETS-VWF73 
substrate for 60 minutes at 
30°C. Fluorescence signal was 
measured using a Wallac 1420 
ARVO multilabel counter. The 
VWF processing activity of the 
different spacer domain variants 
is expressed as percentage of that 
observed for wild type MDTCS. 
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Abstract

ADAMTS13 is a plasma metalloproteinase that regulates platelet adhesion and 
aggregation by cleaving ultra-large von Willebrand factor (VWF) multimers on the 
surface of endothelial cells. Autoantibodies directed against ADAMTS13 prohibit the 
processing of VWF multimers initiating a rare and life-threatening disorder called 
acquired thrombotic thrombocytopenic purpura (TTP). Formation of autoantibodies 
depends on the activation of CD4+ T cells. This process requires immune recognition, 
endocytosis and subsequent processing of ADAMTS13 into peptides that are 
presented on MHC class II molecules to CD4+ T cells by dendritic cells. Here, we 
investigate endocytosis of recombinant ADAMTS13 by immature monocyte-
derived dendritic cells (iDCs) using flow cytometry and confocal microscopy. Upon 
incubation of fluorescently labeled-rADAMTS13 with DCs, significant uptake of 
ADAMTS13 was observed. Endocytosis of ADAMTS13 was completely blocked upon 
addition of EGTA and mannan. ADAMTS13 endocytosis was decreased in presence 
of a blocking monoclonal antibody directed towards macrophage mannose receptor 
(MR). Furthermore, siRNA silencing of MR reduced the uptake of ADAMTS13 by 
dendritic cells. Additionally, in vitro binding studies confirmed the interaction of 
ADAMTS13 with the carbohydrate recognition domains of MR. Together, our data 
indicate that sugar moieties on ADAMTS13 interact with MR thereby promoting its 
endocytosis by antigen presenting cells.
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Introduction

Antigen presenting cells (APCs) continuously sample antigens from their 
environment and following their processing load antigen-derived peptides on MHC 
class I or II molecules for presentation to CD8+ or CD4+ T cells, respectively. In order 
to appropriately respond to incoming pathogens, APCs are equipped with a large 
diversity of cell surface receptors, so-called pattern recognition receptors (PRRs) that 
recognize specific pathogen-associated molecular patterns (PAMPs).1 This provides 
APCs like dendritic cells with the capacity to recognize a wide diversity of foreign 
pathogens. Upon encountering a pathogen, dendritic cells undergo maturation and 
migrate to the draining lymph nodes where they encounter and prime naive T cells. 
This mechanism ultimately generates a humoral response that is capable of rapidly 
neutralizing re-entering pathogens. It is well established that besides recognizing 
PAMPs, PRRs can also interact with molecular patterns present on endogenous 
proteins.2 This results in the continuous presentation of “self-derived” peptides to 
CD4+ T cells.3 The efficient removal of potentially self-reactive T cells in the thymus 
prevents the stimulation of CD4+ T cells by self-antigens presented on MHC class II 
molecules. Nevertheless, autoimmunity can develop as a result of activation of low 
affinity CD4+ T cells that have not been efficiently eliminated from the repertoire 
in the thymus.4 Also, shared T cell epitopes between pathogen encoded and self-
antigens are a potential source for cross-reactive T cells.5  
The autoimmune disorder thrombotic thrombocytopenic purpura results from the 
development of autoantibodies directed towards the metalloprotease ADAMTS13.6 
A number of studies have shown that these antibodies target an exposed surface 
in the spacer domain which mediates binding of ADAMTS13 to its substrate 
von Willebrand factor (VWF).6-13 Lack of cleavage of ultra-large VWF multimers 
by ADAMTS13 results in accumulation of blood platelets at sites of vascular 
perturbation.14 This promotes microvascular obstruction resulting in low platelet 
counts (thrombocytopenia) and fragmentation of red blood cells (hemolytic 
anemia).15,16 
Our current knowledge on the etiology of acquired TTP is limited. A large number of 
case reports suggests that microbial infections are linked to the onset or recurrence 
of this autoimmune disease.6 This has led us to hypothesize that triggering of the 
innate immune system associates with the initiation of acquired TTP.6 Recently, it 
has been established that HLA-DRB1*11 is more frequent, whereas HLA-DRB1*04 is 
underrepresented in patients with acquired TTP when compared to controls.17,18 This 
observation implies that ADAMTS13 derived peptides presented on HLA-DRB1*11 
on the surface of antigen presenting cells promote the activation of ADAMTS13-
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specific CD4+ T cells. Clonal and subclass analysis revealed that anti-ADAMTS13 
antibodies are composed of subclasses IgG1 and IgG4 and that the variable domains 
are highly modified by somatic hypermutation.11,19,20 Both isotype switching and 
somatic hypermutation of antibodies depend on the presence of antigen specific 
CD4+ T cells. Immune recognition, endocytosis and subsequent processing of 
ADAMTS13 into peptides that are presented on MHC class II molecules  by dendritic 
cells are needed for the generation of ADAMTS13 specific CD4+ T cells. In this study, 
we explored the requirements for immune recognition of ADAMTS13 by human 
monocyte-derived dendritic cells. Our results indicate that ADAMTS13 is efficiently 
internalized by immature dendritic cells (iDCs) in a mannose receptor dependent 
manner.
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Materials and methods

Materials
The following antibodies were used in this study: phycoerythrin (PE) conjugated 
CD14 (Sanquin Reagents Amsterdam, The Netherlands), allophycocyanin (APC) 
conjugated CD83, fluorescein isothiocyanate (FITC) conjugated CD80, APC-
conjugated mouse monoclonal anti-CD206 (Mannose receptor, MR, BD Biosciences, 
CA, USA), APC conjugated mouse IgG isotype control, mouse monoclonal anti-
early endosome antigen (EEA1, BD Biosciences, San Jose, CA, USA), PE conjugated 
mouse anti-human CD209 (DC-SIGN, AbD Serotec, Düsseldorf, Germany), mouse 
IgG isotype control conjugated with FITC and PE (Dako, Glostrup, Denmark), anti-
human CD209 (R&D systems, Minneapolis, MN, USA), anti-human CD206 (Santa 
Cruz Biotechnology, Heidelberg, Germany) and monoclonal blocking antibody anti-
MR clone 15.2 (BioLegend, San Diego, CA, USA). Monoclonal antibody AZN-D1 
directed towards CD209 has been described previously.21,22 Mannan, D-mannose, 
N-acetyl-D-glucosamine (GlcNac) and D-galactose were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

Fluorescent labeling of recombinant ADAMTS13 
Wild type full-length ADAMTS13 was produced in stable HEK293 cells and purified 
as described previously.7 Purified recombinant ADAMTS13 was labeled using the 
Microscale Alexa Fluor 488 protein Labeling kit (Invitrogen, Breda, The Netherlands). 
Protein concentration and efficiency of labeling was spectrophotometrically 
determined at 280 nm and at 494 nm. The integrity of Alexa 488 labeled ADAMTS13 
(ADAMTS13-488) was confirmed by SDS-PAGE (data not shown).

Generation of immature dendritic cells, uptake of ADAMTS13
Human monocytes were isolated from peripheral blood mononuclear cells (PBMCs) 
using anti-CD14+ magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany). 
Blood of healthy individuals was drawn in accordance with Dutch regulations 
and following approval from Sanquin Ethical Advisory Board in accordance with 
the declaration of Helsinki. Differentiation of monocytes into immature dendritic 
cells (iDCs) was obtained by culturing them in Cellgro DC Medium for 5 days in the 
presence of 800 U/ml IL-4 and 1000 U/ml GM-CSF (CellGenix, Freiburg, Germany). In 
uptake experiments 0.2 x 106 iDCs were incubated with 50 nM of ADAMTS13-488 at 
37°C for 45 minutes in serum-free IMDM medium (Lonza, Breda, The Netherlands). 
Uptake was analyzed by flow cytometry (LSRII flow cytometer, BD Biosciences). 
Histograms were processed using Flowjo software (Tree Star Inc., Ashland, OR, 
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USA). Data are expressed as percentage of mean fluorescent intensity (MFI) at 37°C 
where 100% of uptake corresponds to the maximal fluorescent signal obtained. In 
all uptake experiments  we used fluorescently labeled isotype controls. In our data 
analysis we have substracted from each sample the background staining (mean 
fluorescent intensity obtained with a control IgG-FITC).
To monitor uptake by confocal microscopy, 0.5 x 106 iDCs were allowed to adhere 
to fibronectin coated glass slides for 4 to 5 hours. Next, ADAMTS13-488 (100 nM) 
was added to the cells in serum-free IMDM medium and uptake was performed for 
45 minutes at 37°C. Cells were fixed in 3% paraformaldehyde in phosphate buffered 
saline (PBS) for 15 minutes. Cells were stained with antibodies against DC-SIGN 
(CD209), early endosome antigen (EEA1) or mannose receptor (MR, CD206) and 
subsequently with Alexa 568-conjugated secondary antibodies (Molecular Probes, 
Breda, The Netherlands) in PBS supplemented with 0.5% human serum albumin 
(HSA) with or without 0.1% saponin. Stained coverslips were mounted with Mowiol 
(Polysciences, Warrington, PA, USA) and viewed by confocal microscopy using a 
Zeiss LSM 510 microscope (Carl Zeiss, Heidelberg, Germany).

Blocking experiments and siRNA gene silencing
To analyze the involvement of C-type lectin receptors in the uptake and binding 
of ADAMTS13-488, iDCs were first pre-incubated for 20 minutes at 37°C with 
mannan (1 mg/ml), D-mannose (10 mM), GlcNac (10 mM) or D-galactose (10 mM). 
Subsequently, 50 nM of ADAMTS13-488 was added to the cells for 45 minutes at 
37°C and uptake was analyzed by flow cytometry. Blockage of antigen uptake was 
also monitored after preincubation of the cells with sucrose (0.75 M) and with EGTA 
(5 mM) or with monoclonal antibody clone AZN-D1 directed against DC-SIGN and 
monoclonal antibody clone 15.2 directed against MR.
For gene silencing experiments, 6 µl of 100 µM MR, DC-SIGN specific or non-
targeting control siRNA pools (Dharmacon, Thermo Fisher Scientific, Waltham, MA, 
USA) were added to 4 x 106 iDCs on day 2 in antibiotics and serum-free medium 
(Cellgro, Cellgenix, Freiburg, Germany). Cells were then pulsed at 250 V, 150 µF and 
∞ Ω in a Bio-Rad Genepulser (Bio-Rad, Hercules, CA, USA). After 78 hours cells were 
analyzed for MR and DC-SIGN expression using APC-conjugated mouse monoclonal 
anti-MR (BD Biosciences, CA, USA) and PE-conjugated mouse anti-DC-SIGN (AbD 
Serotec, Germany). Subsequently, uptake experiments were performed as described 
previously with ADAMTS13-488.
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In vitro binding of ADAMTS13 to MR and DC-SIGN-Fc chimeras
Binding of ADAMTS13 to soluble DC-SIGN-Fc chimera (R&D systems, Minneapolis, 
MN, USA) and to MR-Fc chimera containing the major ligand binding C-type lectin 
domains CTLD 4-7, prepared as described previously23 was performed as follows. 
ADAMTS13 (5 µg/ml) was immobilized onto a Maxisorp plate (Nunc, Roskilde, 
Denmark) in 50 mM NaHCO3 (pH 9.5) overnight at 4°C. Wells were blocked for 1 hour 
in TSM buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM CaCl2 and 2 mM MgCl2) 
containing 1% Bovine Serum Albumin (BSA). Subsequently, 10 µg/ml of the soluble 
receptor was added for 1 hour at 37°C. Unbound fragments were washed away and 
Fc-chimera binding to ADAMTS13 was determined by incubation with a peroxidase-
labeled murine anti-human IgG1 antibody (Sanquin Reagents). Binding specifity was 
verified by the preincubation of the recombinant receptors with 1 mg/ml of mannan.
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Results

ADAMTS13 is endocytosed by immature monocyte-derived dendritic cells
To study ADAMTS13 endocytosis by APCs, we used monocyte-derived immature 
dendritic cells (iDCs). To determine the ratio of internalized and cell surface bound 
ADAMTS13-488, incubations of 50 nM ADAMTS13-488 were performed at both 
37°C (uptake) and 4°C (binding). A strong increase in mean fluorescent intensity 
was observed upon incubation with ADAMTS13-488 at 37°C (Figure 1A and B), 
however, there was only 6% of ADAMTS13-488 detected when the incubation was 
performed at 4°C (Figure 1B). This observation suggests that ADAMTS13-488 is 
mainly endocytosed by iDCs. 

Figure 1. ADAMTS13 uptake by iDCs. (A) 50 nM of ADAMTS13-488 was incubated with iDCs for 45 minutes at 
37 °C. Cells were analyzed by FACS. The gray histogram represents control cells without ADAMTS13-488. (B) 
Cell-surface bound versus internalized ADAMTS13 was determined by incubating iDCs with ADAMTS13-488 
at 4°C or 37°C for 45 minutes. (C) Uptake was performed with increasing concentrations (0-200 nM) of 
ADAMTS13-488 (45 minutes) or at prolonged time intervals (0-50 minutes with 50 nM of ADAMTS13-488). 
Graphs represent data of 2-3 independent experiments mean ± SD . Data are expressed as percentage of 
mean fluorescent intensity (MFI) at 37°C, where 100% corresponds to the highest mean fluorescence signal 
observed for individual experiments such as 50 nM (panel B) or 200 nM of ADAMTS13-488 and 50 minutes of 
ADAMTS13-488 uptake (panel C). (D) ADAMTS13-488 was added to iDCs for 45 minutes at 37 °C. DCs were 
fixed, permeabilized and stained with anti-EEA1 antibody, followed by Alexa 568 labeled secondary antibody 
(EEA1 staining in red).
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Increased concentrations of ADAMTS13 and prolonged incubation time resulted in 
an increase of the fluorescent intensity demonstrating that ADAMTS13 endocytosis 
is dose- and time-dependent (Figure 1C). We subsequently investigated the 
intracellular targeting of ADAMTS13 following its uptake by iDCs. Cells were first 
incubated with ADAMTS13-488 for 45 minutes at 37°C, fixed and then stained for 
the early endosome marker EEA-1. Confocal microscopy revealed that a significant 
part of endocytosed ADAMTS13-488 was present within early endosomes (Figure 
1D). Inspection of these cells with Image Pro Plus 6.1 revealed that about 55% ± 6 
of the endocytosed ADAMTS13 is present within the endosomal compartment ( 
Supplemental Table I). Our data show effective endocytosis of ADAMTS13 by iDCs. 

Receptor-mediated endocytosis of ADAMTS13 
Uptake of antigens by iDCs can occur through two main pathways: receptor-
mediated endocytosis and macropinocytosis.24 In order to identify the mechanism 
that mediates ADAMTS13 endocytosis, we evaluated the binding and uptake of 
ADAMTS13-488 after pre-incubation of iDCs with sucrose. Sucrose blocks receptor 
recycling through the formation of clathrin microcages on the inner surface of the 
plasma membrane and therefore prevents clathrin-mediated endocytosis.25,26 Uptake 
of ADAMTS13 was completely abolished by pre-incubation of iDCs with 0.75 M sucrose 
(Figure 2A and B). In contrast, uptake of Lucifer Yellow (LY) by iDCs, which proceeds via 
macropinocytosis, was not inhibited by sucrose24 (Figure 2B). These findings indicate 

that ADAMTS13 is internalized by a cell surface receptor on iDCs

Figure 2. Uptake of ADAMTS13 by iDCs is mediated by a clathrin dependent cell surface receptor. 
Immature DCs were pre-incubated with 0.75 M of sucrose prior to the addition of 50 nM of 
ADAMTS13-488. (A) Cells were analyzed by FACS. Gray histogram represents control cells without 
ADAMTS13-488. (B) Data of 3 independent experiments (mean ± SD) are represented and expressed 
as percentage of MFI, where 100% corresponds to the mean fluorescence signal obtained for 
ADAMTS13-488 in the absence of sucrose. Lucifer Yellow (LY) which is internalized by macropinocytosis  
was used as a control.
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C-Type lectins are involved in uptake of ADAMTS13 
Immature DCs express several endocytic receptors, such as C-type lectin receptors 
(CLRs), which  are abundantly expressed on iDCs. These receptors share at least 
one Ca2+/carbohydrate recognition domain (CRD), and bind sugars in a calcium 
dependent manner.2 To study whether CLRs contribute to the uptake of ADAMTS13, 
we pre-incubated iDCs with either 5 mM EGTA or 1 mg/ml of mannan, 10 mM 
D-mannose, N-acetyl-glucosamine (GlcNAc) or D-galactose. These blocking reagents 
did not effect the viability of the cells (Figure 3S; supplemental data). We found 
that endocytosis of ADAMTS13-488 by iDCs was significantly inhibited by EGTA and 
mannan (Figure 3A, B, C and D). Only 18% of residual uptake of ADAMTS13-488 
was observed when cells were incubated with EGTA or mannan (Figure 3B and D). 
Pre-incubation of iDCs with D-mannose or GlcNAc resulted in a reduction of uptake 
of approximately 33 to 50% while as expected pre-incubation of the cells with 
D-galactose did not affect uptake of ADAMTS13 (Figure 3D). Mannan, D-mannose and 
GlcNAc bind with different affinity to C-type lectin receptors.27 We observed a more 
pronounced inhibition of ADAMTS13 uptake when cells were pre-incubated with 
mannan (Figure 3D). Mannan is a polysaccharide consisting of multiple mannose-
residues and therefore has over 100-fold higher affinity for mannan sensitive CLRs 
when compared to monomeric D-mannose. The inhibitory effect of mannan on 
the endocytosis of ADAMTS13-488 was further confirmed by confocal microscopy 
(Figure 3E). Pre-incubation of iDCs with 1 mg/ml mannan resulted in significantly 
reduced amount of intracellular ADAMT13-488. To demonstrate the specificty of 
ADAMTS13 uptake by iDCs we analyzed the uptake of α2-macroglobulin which is 
mediated by low density lipoprotein related protein LRP (CD91).28 Endocytosis of 
α2-macroglobulin was not reduced by mannan, D-mannose, GlcNAc, D-galactose, 
EGTA and monoclonal antibody 15.2 directed towards the mannose-receptor 
(Supplemental Figure 2). Together, these results show specific involvement of a 
mannan sensitive C-type lectin receptor in the uptake of ADAMTS13 by iDCs. We 
also analyzed whether ADAMTS13 N- or O-linked glycans moieties were important 
in mediating uptake by iDCs. ADAMTS13 was untreated or treated overnight at 37°C 
with PNGaseF or O-glycosidase together with neuraminidase in order to remove 
respectively N-linked and O-linked sugars (Supplemental Figure 4). We found that 
treatment of ADAMTS13 with PNGaseF resulted in a 70% of reduction of uptake 
when compared to untreated ADAMTS13. O-glycosidase treatment did not have 
any effect on ADAMTS13 endocytosis by iDCs (Supplemental Figure 4B). These 
data indicate that N-linked sugar moieties present on ADAMTS13 are involved in its 
uptake by iDCs. 
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Figure 3. C-type lectin receptors mediate ADAMTS13 uptake by iDCs. FACS analysis of ADAMTS13-488 
uptake by iDCs was performed. (A, B) Uptake of ADAMTS13 (expressed in percentage) was prevented 
by pre-incubation of the cells with 5 mM EGTA. (C) Inhibition of ADAMTS13-488 endocytosis by different 
monosaccharides. The gray histograms represent controls incubated in the absence of ADAMTS13. Cells 
incubated with ADAMTS13 are indicated by a solid line; cells incubated with ADAMTS13 and different 
sugar components are indicated by a dotted line. (D) Blocking of ADAMTS13 uptake by different sugars 
is expressed in percentages. (E) confocal analysis of the effect of mannan on ADAMTS13 endocytosis. 
iDCs were incubated with or without mannan (E) prior addition of ADAMTS13-488. Cells were stained 
with anti-DC-SIGN antibody (red).

A

ADAMTS13-488

-EGTA
+EGTA
-

- +
0

20

40

60

80

100
**

EGTA

U
pt

ak
e 

(%
)

- mannan mannose GlcNac galactose
0

50

100

150

***
***

***
ns

U
pt

ak
e 

(%
)

C
D-Mannose

Co
un

ts

ADAMTS13-488

Mannan GlcNac+ + +

B

D

Co
un

ts

E

ADAMTS13-488DC-SIGN Merge

ADAMTS13-488 
+ mannan

DC-SIGN Merge

20 µm20 µm20 µm

20 µm20 µm20 µm



Chapter 3

64

In vitro binding of ADAMTS13 to mannose receptor and DC-SIGN 
It has been previously reported that the two major C-type lectin receptors expressed 
on iDCs displaying mannan binding specificity are the dendritic cell specific ICAM3 
grabbing non integrin receptor (DC-SIGN) and the mannose receptor.2,22 We tested 
in vitro binding of ADAMTS13 to MR and DC-SIGN. Increasing concentrations of 
recombinant DC-SIGN or MR CTLD 4-7 Fc-chimera were added to immobilized 
ADAMTS13 for 2 hours. A dose-dependent binding to both receptors was observed 
(Figure 4A and B). Following pre-incubation of the receptor chimeras with 1 mg/ml 
mannan, binding to ADAMTS13 was completely abolished (Figure 4A and B). These 
data demonstrate that ADAMTS13 can bind to both MR and DC-SIGN in vitro in a 
mannan-sensitive manner.

Figure 4. Binding of ADAMTS13 to mannose receptor and DC-SIGN. ADAMTS13 was immobilized on 
microtiter plates. Increasing concentrations (0-10 µg/ml) of recombinant MR CTLD 4-7-Fc (A) or DC-
SIGN-Fc (B) chimera were added to the wells. To study whether ADAMTS13 binding to these receptors 
is specific the Fc-chimera receptors were pre-incubated with mannan prior addition to the wells (A, 
B). Data represents values of 2 independent experiments. (C, D) iDCs were pre-incubated at 37°C in 
normal medium or in medium containing different concentrations of anti-MR antibody (C) or anti-DC-
SIGN blocking antibody AZND1 (D) for 20 minutes. Then 50 nM of ADAMTS13-488 was added to the 
cells. Uptake was measured after 45 minutes by FACS and expressed as percentage of uptake. Graphs 
represent data of 3 independent experiments (mean ± SD). 
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Mannose receptor contributes to the uptake of ADAMTS13 by human iDCs
To further explore the involvement of MR and DC-SIGN in the uptake of ADAMTS13 
by iDCs, we first investigated whether we could interfere with the uptake of 
ADAMTS13-488 by pre-incubating iDCs with increasing concentrations of blocking 
antibodies directed towards DC-SIGN and MR.21,22,29,30 Endocytosis of 50 nM of 
ADAMTS13-488 was reduced by the addition of anti-MR antibody clone 15.2 
(Figure 4C). In contrast, AZN-D1 directed towards DC-SIGN did not affect uptake 
of ADAMTS13 (Figure 4D). To confirm the involvement of the MR in the uptake of 
ADAMTS13, we used small interfering RNA pools to knock down the expression 
of MR or DC-SIGN on iDCs. Strong reduction of MR and DC-SIGN expression was 
observed (Figure 5A and C). ADAMTS13-488 uptake in iDCs treated with siRNA 
targeting MR was reduced compared to cells receiving non-targeting siRNA (Figure 
5D). No reduction in ADAMTS13-488 uptake was observed in cells transfected with 
DC-SIGN siRNAs (Figure 5B) indicating that this receptor is not involved in the uptake 
of ADAMTS13 by iDCs. 

Figure 5. Gene silencing of MR reduces uptake of ADAMTS13 by iDCs. Silencing of MR in iDCs reduces 
uptake of ADAMTS13. iDCs were transfected with non-targeting siRNA or targeting MR- and DC-
SIGN siRNA. After 72 hours, expression of MR and DC-SIGN was measured by FACS (A, C). After siRNA 
transfection, cells were incubated with 50 nM of ADAMTS13-488 and its uptake was monitored by 
FACS (B, D). Dotted line histograms represent cells transfected with siRNA targeting MR and DC-SIGN 
(KD). Solid line histograms represent cells transfected with non-targeting siRNA (NT). Grey histograms 
represent cells stained with isotype control antibodies. Graphs represent data of 3 independent 
experiments (mean ± SD). Results are expressed as percentage of MFI, where 100% corresponds to the 
highest mean fluorescence intensity obtained with ADAMTS13-488. 
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Confocal analysis was performed to verify the involvement of MR in ADAMTS13 
uptake. iDCs were incubated with ADAMTS13-488, fixed, permeabilized and stained 
with specific antibodies against DC-SIGN and MR. Endocytosed ADAMTS13 was 
co-localizing with MR but not with DC-SIGN (Figure 6). Taken together, our data 
suggest the involvement of MR in ADAMTS13 endocytosis. Once endocytosed both 
ADAMTS13 and MR co-localize within early endosomes (Figure 1, Supplemental 
Figure 1). Additional in vitro binding studies between CTLD 4-7-Fc and ADAMTS13 
were performed using SPR analysis and revealed an apparent  equilibrium 
dissociation constant (KD) value of 474 nM (Supplemental Figure 5). Allthough 
our in vitro data suggest a role for DC-SIGN in binding to ADAMTS13, the lack of 
inhibition of the prototypic blocking antibody AZN-D1 together with the absence of 
a reduction in ADAMTS13 uptake after knockdown of the receptor implies that DC-
SIGN is not involved in binding and uptake of ADAMTS13 by iDCs. 

Figure 6. Colocalization of intracellular ADAMTS13 and mannose receptor in iDCs. MR mediates 
endocytosis of ADAMTS13. iDCs were incubated with ADAMTS13-488 for 45 minutes at 37°C. 
Subsequently, samples were fixed and labeled for MR (A) or DC-SIGN (B) and analyzed by confocal 
microscopy. (A) Colocalization of ADAMTS13 (green) with MR (red) was observed (merge). (B) Labeling 
of DC-SIGN (red) showed no colocalization with ADAMTS13 (green).
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Discussion

In this study, we demonstrate that ADAMTS13 is effectively internalized by human 
immature monocyte-derived dendritic cells. Internalization of ADAMTS13 can be 
blocked by mannan and EGTA suggesting a prominent role of C-type lectin receptors. 
In agreement with these findings, we show in vitro interaction of ADAMTS13 with 
two mannan sensitive CLRs, DC-SIGN and MR. Despite the capacity of ADAMTS13 to 
interact in vitro with DC-SIGN, ADAMTS13 endocytosis appears to be independent 
from this C-type lectin as its uptake by iDCs is not influenced neither by the 
presence of the blocking anti-DC-SIGN antibody AZN-D1 nor by siRNA-mediated 
knockdown of DC-SIGN. In contrast, our experiments suggest MR as a candidate 
receptor for ADAMTS13 uptake by iDCs. Both MR knockdown and pre-incubation 
of anti-MR antibody clone 15.2 with iDCs resulted in significantly reduced amounts 
of internalized ADAMTS13. Mannose receptor is a 175 kDa transmembrane 
glycoprotein belonging to the type I C-type lectin family. The extracellular portion of 
this receptor consists of a N-terminal cysteine-rich domain (CR-domain) that binds 
sulphated sugars in a calcium-independent manner and 8 carbohydrate recognition 
domains (CTLD 1-8) that bind in a calcium dependent manner to glycoconjugates 
or glycoproteins terminating in D-mannose, L-fucose or N-acetylglucosamine.31 Our 
SPR studies revealed that ADAMTS13 binds to the 4-7 CTLD repeats of the MR. Eight 
complex N-linked glycans associated to ADAMTS13 have been described32 together 
with O-linked disaccharide glucose-β(1,3)-fucose residues in the thrombospondin 
repeats.33 Lectin binding assays have provided evidence for the presence of high 
mannose residues also on plasma derived ADAMTS13.34 We demonstrate that 
removal of N-linked sugar moieties from ADAMTS13 reduces its binding and 
uptake by iDCs. Taken together, these findings support a model in which exposed 
mannosylated or fucosylated sugar-moieties  mediate binding of ADAMTS13 to the 
MR thereby promoting its internalization by iDCs. MR internalization is dependent 
on the interaction of tyrosine-based and dihydrophobic motifs in its cytoplasmic tail 
with the clathrin adaptor complex AP-2 thereby recruiting MR to clathrin-coated 
pits.35 Following its recruitment into clathrin-coated pits MR is rapidly internalized. 
MR is predominantly internalized into early endosomes (Figure 1S). The low pH 
in early endosomes disrupts one of the Ca2+ binding sites in CRD4 of MR which 
destabilizes the sugar binding properties of this domain.36 This results in release of 
ligands from MR which subsequently recycles to the plasma membrane.31 A number 
of recent studies in murine dendritic cells have shown that antigens internalized 
via the MR are targeted to a “stable” population of early endosomes that have 
been implicated in cross-presentation of internalized antigen to CD8+ T cells.37,38 



Chapter 3

68

However in cytokine-treated cells, MR can also be detected in late endosomes.31,39,40 
Under these conditions MR, together with its ligand, is transported to late 
endocytic compartments where antigen derived peptides can be loaded on MHC 
class II molecules.31,39,40 This suggests that depending on the nature of the ligand, 
the amount of antigen internalized, the maturation level of DCs or the cytokine 
environment, MR internalization can lead to cross-presentation to CD8+ T cells or 
presentation of antigen-derived peptides  to CD4+ T cells. The described association 
between HLA-DRB1*11 strongly suggests that ADAMTS13 specific CD4+ T cells 
contribute to the pathogenesis of acquired TTP.17,18 Based on these findings, we 
suggest a model in which MR-mediated internalization of ADAMTS13 by dendritic 
cells results in priming of naive CD4+ T cells, thereby initiating autoimmune 
responses to ADAMTS13 eventually resulting in acquired TTP.
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Supplemental material

Materials and methods

Confocal microscopy
To analyze endocytosis of the macrophage mannose receptor (CD206) by confocal 
microscopy, 0.5x106 iDCs were allowed to adhere to fibronectin coated glass slides 
for 4 to 5 hours. Next, cells were fixed in 3% paraformaldehyde in phosphate 
buffered saline (PBS) for 15 minutes. Cells were stained with antibody against 
early endosome antigen (EEA1) and mannose receptor (MR, CD206). Subsequently 
cells were washed with PBS 1% and stained respectively with Alexa 488- and 
568-conjugated secondary antibody (Molecular Probes, Breda, The Netherlands). 
Stained coverslips were mounted with Mowiol (Polysciences, Warrington, PA, USA) 
and viewed by confocal microscopy using a Zeiss LSM 510 microscope (Carl Zeiss, 
Heidelberg, Germany).

Quantification of ADAMTS13 in EEA1
Quantification of the amount of ADAMTS13 vesicles co-localizing within early 
endosomes was performed using Image Pro Plus 6.1 (Media Cybernetics, Breda, 
the Netherlands). We analyzed in total 8 different cells obtained from 3 different 
experiments. Using the 3D constructor module, that automatically recognize 
vesicles, we counted the number of early endosomes, the number of ADAMTS13 
containing vesicles and the number of early endosomes containing ADAMTS13. 
From these data the percentage of ADAMTS13 containing early endosomes was 
calculated. 

Uptake of human FITC-α2-macroglobulin-MA
In uptake experiments, 0.2 x 106 iDCs were incubated with 50 nM of FITC-α2-
macroglobulin-MA (BioMac, Leipzig, Germany) at 37°C for 45 minutes in serum-
free IMDM medium (Lonza, Breda, The Netherlands). In blocking experiments 
iDCs were first pre-incubated for 20 minutes at 37°C with mannan (1 mg/ml), 
D-mannose (10 mM), GlcNac (10 mM) or D-galactose (10 mM). Subsequently, 
FITC-α2-macroglobulin-MA was added to the cells and analyzed by flow cytometry. 
Blockage of antigen uptake was also monitored after preincubation of the cells with 
EGTA (5 mM) or with monoclonal antibody clone 15.2 directed against MR. Uptake 
of FITC-α2-macroglobulin-MA is expressed as percentage of uptake where 100% 
corresponds to the highest number of FITC-positive cells observed in FACS analysis.
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Lactadherin staining of iDCs
In order to exclude that treatment of iDCs with the panel of sugars, EGTA or 
monoclonal antibody clone 15.2 killed or damaged the cells we stained the iDCs 
with the phosphatidyl-serine-binding reagent lactadherin-FITC (Haematologic 
Technologies Inc., Vermont, USA) after treating the cells for 20 minutes at 37°C  with 
mannan (1 mg/ml), D-mannose (10 mM), GlcNac (10 mM), D-galactose (10 mM), 
EGTA (5 mM), monoclonal antibody clone 15.2 directed against MR (100 μg/ml) or 
calcium ionophore A23187  (20 μM). Stained cells were analyzed by flow cytometry 
(LSRII flow cytometer, BD Biosciences). Histograms were processed using Flowjo 
software (Tree Star Inc., Ashland, OR, USA).

Treatment of ADAMTS13 with PNGaseF and O-Glycosidase
Purified rADAMTS13 (50 nM) was incubated with or without PNGaseF (2 U; Roche 
Diagnostics, Almere, the Netherlands)  or O-glycosidase (1 mU; Roche Diagnostics, 
Almere, the Netherlands ) together with neuraminidase (1 mU; Merck, Darmstadt, 
Germany) overnight at 37°C in order to remove respectively N-linked and O-linked 
sugar moieties from the protein. Removal of the glycans was assessed by SDS-PAGE 
on NuPAGE Bis-Tris Gel System 4-12% gel (Invitrogen, Breda, the Netherlands) 
followed by silver staining.
 
Uptake and quantification of PNGaseF and O-glycosidase treated ADAMTS13 by 
iDCs
In uptake experiments, 0.4 x 106 iDCs were incubated with 50 nM of untreated 
ADAMTS13, PNGaseF treated or O-glycosidase/neuraminidase treated ADAMTS13 
at 37°C for 45 minutes in serum-free IMDM medium. Unbound ADAMTS13 was 
washed away with PBS. Subsequently cell pellets were resuspended in lysis buffer 
(150 mM of NaCl, 2.5 mM of CaCl2, 0.1 % Tween-20, 1% Nonidet P40, 2% human 
serum albumin, 10 mM of benzamidine, 5 mM of N-ethylmaleimide and 50 mM 
of Tris-HCl pH 7.4) and incubated end-over-end at 4°C for 30 minutes. ADAMTS13 
levels in cell lysates were then measured by enzyme-linked immunosorbent assay 
(ELISA). In brief, a polyclonal antibody directed against ADAMTS13 DO53 (2.5 μg/
ml) was immobilized on 96 well microtiter plates (Nunc, Roskilde, Denmark) in 50 
mM NaHCO3 (pH 9.5). Plates were blocked for 1 hour with blocking buffer (0.5% 
casein and 0,1% Tween-20). Plasma and sample dilutions were prepared in lysis 
buffer. Plasma ADAMTS13 was used as standard. Bound ADAMTS13 was detected 
with HRP-labeled monoclonal antibody II-11. Uptake is expressed in percentage 
relative to the uptake of untreated ADAMTS13. 
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Surface plasmon resonance analysis of the ADAMTS13 and mannose receptor 
interaction
Binding of ADAMTS13 to recombinant MR-Fc chimera (CTLD 4-7) was determined by 
surface plasmon resonance (SPR) analysis on a BIAcore 3000 biosensor (Biacore, AB, 
Uppsala, Sweden). ADAMTS13 was coupled to a CM5-sensor chip (~2700 RU) using 
the amino-coupling kit (Biacore, Breda, the Netherlands). Different concentrations 
of the recombinant MR CTLD 4-7-Fc (10-1500 nM) in binding buffer (20 mM HEPES, 
150 mM NaCl, 5 mM CaCl2, 2 mM MgCl2, 0.005% Tween 20, pH 7.5) were then 
passed over the sensor chip at a flow rate of 20 µl/min for 2 minutes at 25°C. After 
correction for background binding to the chip, the data was analyzed with one-
phase exponential association equation with Graphpad Prism 4.03 software (San 
Diego, CA, USA). The responses at equilibrium (Ymax) of each concentration of 
MR CTLD 4-7-Fc were then fitted by non-linear regression using a one-site binding 
hyperbola to calculate the apparent KD values.
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Results

Percentage of endocytosed ADAMTS13 in early endosomes.
iDCs were incubated with ADAMTS13-488 for 45 minutes at 37°C, fixed and then 
stained for the early endosome marker EEA-1. Confocal microscopy revealed that a 
significant part of endocytosed ADAMTS13-488 was present within early endosomes 
(Figure 1). In order to quantify the amount of ADAMTS13 vesicles co-localizing 
with early endosomes we analysed the cells using  Image Pro Plus (Supplemental 
Table I). On average 55 ± 6% ADAMTS13 containing vesicles co-stained for the early 
endosomal marker EEA-1 (Supplemental Table I). Quantitative analysis revealed 
that 45 ± 6 % of the vesicles containing ADAMTS13 did not correspond to early 
endosomes. These vesicles most likely correspond to later stages of the endocytic 
pathway such as late endosomes and lysosomes. 

Supplemental Table I: Intracellular distribution of ADAMTS13. Intracellular distribution of ADAMTS13 
within 8 different cells from 3 independent experiments was analyzed by Image Pro Plus 6.1 Total 
number of early endosomes, ADAMTS13-positive vesicles and ADAMTS13-positive early endosomes 
was determined. The percentage of ADAMTS13 present in the early endosomes was calculated. 

In figure 6 we show co-localization of ADAMTS13 with mannose receptor. To 
investigate whether mannose receptor is also targeted to early endosomes we 
analyzed the subcellular localization of mannose receptor by confocal microscopy. 
Cells were fixed and then stained for both the early endosome marker EEA-1 and 
MR. As shown in supplemental figure 1 endocytosed MR is primarily present 
within early endosomes. Together, these data shown that 55 ± 6% of ADAMTS13 is 
contained within early endosomes; co-stainings reveal that MR is also targeted to 
this compartment which is consistent with the proposed role of MR in endocytosis 
of ADAMTS13. 

ADAMTS13 is specifically endocytosed by immature dendritic cells 
To demonstrate the specificity of ADAMTS13-488 uptake by iDCs we used 
FITC labeled α2-macroglobulin as a control. Alpha-2 macroglobulin interacts 
with the surface receptor LRP/CD91 which is expressed on immature dendritic 

Colocalization13919

EEA1412443

ADAMTS13261332

Experiment 3Experiment 2Experiment 1
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Supplemental Figure 1. Colocalization of mannose receptor and early endosomes in iDCs. We 
analyzed the subcellular localization of the mannose receptor by confocal microscopy. Cells were fixed, 
permeabilized and stained with anti-EEA1 and anti-MR antibody, followed by respectively Alexa 488 
(green) and 568 (red) labeled secondary antibodies.

cells.2 We analyzed the uptake of 50 nM of α2-macroglobulin-FITC by iDCs. 
Uptake was performed at 37°C for 45 minutes and monitored by FACS analysis in 
the absence or presence of mannan, D-mannose, GlcNAc, D-galactose, EGTA and 
monoclonal antibody 15.2 directed towards the macrophage mannose receptor. 
Uptake of α2-macroglobulin-FITC was observed but was not reduced by the blocking 
reagents mentioned above (Supplemental Figure 2). These findings show that 
treatment with mannan, D-mannose, GlcNAc, D- galactose, EGTA and monoclonal 
antibody 15.2 do not affect receptor-mediated endocytosis of α2-macroglobulin by 
iDCs. In order to further asses if the panel of sugars, EGTA and monoclonal antibody 
15.2 could damage or kill the cells we stained the iDCs with phosphatidyl-serine-
binding reagent lactadherin-FITC after treating the cells for 20 minutes at 37°C with 
the blocking reagents. As observed in supplemental figure 3 the cells did not expose 
phosphatidyl-serine indicating that they do not undergo apoptosis when treated 
with the above mentioned compounds. In contrast, treatment of iDCs with calcium 
ionophore A23187, which induces exposure of phosphatidyl-serine on the cell 
surface, did show lactadherin-FITC staining (Supplemental Figure 3). Taken together 
these findings provide evidence that the blocking reagents used in the endocytosis 
experiments do not affect the viability of the cells and that there is a selective effect 
of these compounds on the mannose receptor mediated uptake of ADAMTS13 by 
iDCs.

ADAMTS13 N-linked sugars play a role in endocytosis by iDCs

To further analyze the involvement of C-type lectins in the endocytosis of ADAMTS13 

MR MergeEEA1



Macrophage mannose receptor promotes uptake of ADAMTS13 by DCs

77

Chapter 3

Supplemental Figure 2. Uptake of α2-macroglobulin-
FITC by iDCs. Immature DCs were pre-incubated 
at 37°C for 20 minutes in normal medium or 
medium containing different monosaccharides, 
5 mM EGTA or anti-MR antibody. Then 50 nM of 
α2-macroglobulin-FITC was added to the cells. 
Uptake was measured after 45 minutes by FACS 
and expressed as percentage of uptake relative to 
the amount of α2-macroglobulin-FITC observed 
in the absence of inhibitors. Graphs represent 
data of 3 independent experiments (mean ± SD). 

Supplemental Figure 3. Blocking reagents do not affect the viability of iDCs. FACS analysis of 
lactadherin-FITC stained iDCs was performed. Immature DCs were stained with lactadherin-
FITC after treatment at 37°C for 20 minutes with normal medium or medium containing different 
monosaccharides, 5 mM EGTA or anti-MR antibody. Cells were analyzed by FACS. Gray histogram 
represents untreated cells. Treatment of iDCs with calcium ionophore A23187 (20 μM) was used as 
a positive control. 

we analyzed whether the N- or O-linked glycans present on ADAMTS13 played 
a role in uptake by iDCs. ADAMTS13 was treated with PNGaseF or O-glycosidase 
together with neuraminidase in order to remove respectively N-linked and 
O-linked sugar moieties from the protein (Supplemental Figure 4A). Uptake of 
untreated and treated ADAMTS13 was then analyzed and quantified by ELISA. 
As shown in supplemental figure 4B, PNGase F treatment of ADAMTS13 resulted 
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in a reduction of uptake of approximately 70% when compared to untreated 
ADAMTS13. O-glycosidase treatment of ADAMTS13 did not have any effect 
on ADAMTS13 endocytosis by iDCs. These results indicate that N-linked sugar 
moieties present on ADAMTS13 are involved in its binding and uptake by iDCs.

Supplemental Figure 4. N-linked glycans on ADAMTS13 are important for its endocytosis by 
iDCs. (A) ADAMTS13 was untreated (-) or treated with PNGaseF or O-glycosidase together with 
neuraminidase (+) overnight at 37°C. Decrease in the molecular weight of treated ADAMTS13 can 
be observed by SDS-PAGE (NuPAGE Bis-Tris Gel System 4-12% gel) followed by silver staining. (B) 
Immature dendritic cells were incubated with untreated (-) or treated (+) ADAMTS13 at 37°C for 
45 minutes. ADAMTS13 was quantified in cell lysates by ELISA. Data are expressed as percentage 
of uptake where 100% corresponds to the amount of unmodified ADAMTS13 internalized by iDCs. 
Graphs represent data of 4 independent experiments (mean ± SD).

ADAMTS13 binds to the CTLD 4-7 domains of the mannose receptor
To further investigate ADAMTS13 interaction with MR we performed binding 
experiments using SPR analysis. For this, we used recombinant MR-Fc chimera 
fragment comprising the CTLD 4-7 regions of MR. The CTLD domains of MR are 
involved in Ca2+-dependent recognition of carbohydrates, while the NH2-terminal 
CR-domain interacts with sulphated glycans in a Ca2+-independent manner. MR 
fragment CTLD 4-7-Fc at the concentration range of 50-1500 nM was passed 
over ADAMTS13 that was previously immobilized to the sensor chip. A dose 
dependent increase in binding of MR to ADAMTS13 was observed (Supplemental 
Figure 5A). The affinity of binding between CTLD 4-7-Fc and ADAMTS13 was 
determined using SPR analysis (Supplemental Figure 5B) and revealed an 
apparent equilibrium dissociation constant (KD) value of 474 nM.
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Supplemental Figure 5. SPR analysis of the interaction between ADAMTS13 and MR CTLD 4-7 
domains. (A) SPR analysis of the interaction between ADAMTS13 and MR. ADAMTS13 was first 
immobilized to a CM5 sensor chip. Then, different concentration (50-1500 nM) of recombinant MR 
CTLD 4-7-Fc were perfused over immobilized ADAMTS13 at flow rate of 20 µl/min for 2 minutes. Graph 
represents binding curves using 50, 100, 250, 500, 750, 1000, 1500 nM of MR CTLD 4-7-Fc. (B) Analysis 
of binding was done fitting the responses at equilibrium (Ymax) of each concentration of MR CTLD 4-7 
to a one-site binding hyperbola. Binding curves were used to calculate apparent KD values. 
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Abstract 

Autoantibodies directed against ADAMTS13 prohibit the processing of VWF 
multimers initiating a rare and life-threatening disorder called acquired thrombotic 
thrombocytopenic purpura (TTP).  Recently, HLA-DRB1*11 has been identified as 
a risk factor for the development of acquired TTP. Here, we identified ADAMTS13 
derived peptides presented on MHC class II alleles from 17 healthy donors. Dendritic 
cells from a panel of both HLA-DRB1*11 positive and negative donors were pulsed 
with ADAMTS13 and the HLA-DR-presented peptide repertoire was analyzed by 
mass spectrometry. Interestingly, at low antigen concentrations HLA-DRB1*11 or 
DRB1*03 positive donors presented a limited number of CUB2 derived peptides. 
Pulsing of dendritic cells employing higher concentrations of ADAMTS13 resulted in 
presentation of larger numbers of ADAMTS13 derived peptides by both HLA-DRB1*11 
positive and negative donors. Although the presented peptides were derived from 
several ADAMTS13 domains, inspection of the peptide-profiles revealed that CUB2 
domain derived peptides were presented with a higher efficiency when compared 
to other peptides. Remarkably, dendritic cells from DRB1*11 donors pulsed with 
higher concentrations of ADAMTS13 present derivatives of a single CUB2 derived 
peptide. We hypothesize that functional presentation of CUB2 derived peptides on 
HLA-DRB1*11 contributes to the onset of acquired TTP by stimulating low affinity 
self-reactive CD4+ T cells. 
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Introduction

Acquired thrombotic thrombocytopenic purpura (TTP) is a rare and life-threatening 
disorder characterized by the production of auto-antibodies directed towards 
ADAMTS13, a plasma metalloprotease responsible for the cleavage of ultra large 
Von Willebrand factor (UL-VWF) multimers.1-3 Deficiency of ADAMTS13 causes the 
accumulation of UL-VWF strings on the surface of endothelial cells of the vessel 
wall and in the circulation.4 Prolonged exposure of UL-VWF strings on the surface 
of endothelial cells promote platelet adhesion leading to low platelet counts 
and microvascular thrombosis.5,6 The majority of the inhibitory anti-ADAMTS13 
antibodies that develop in patients affected by acquired TTP target a single epitope 
comprising Arg568, Phe592, Arg660, Tyr661 and Tyr665 on the outer surface of the 
spacer domain. This exposed region is crucial for binding of ADAMTS13 to unfolded 
VWF A2 domain.7-9 Antibodies targeting the CUB1-2 and TSP2-8 region of ADAMTS13 
have also been detected in plasma of several patients with acquired TTP.10,11 The 
pathogenic role of anti-TSP2-8 and anti-CUB1-2 is still unclear. The carboxy-terminal 
ADAMTS13 TSP2-8 and CUB1-2 regions not only modulate processing of VWF under 
flow,12-14 but are also necessary for the binding of ADAMTS13 to endothelial cells.15

A number of studies have shown that anti-ADAMTS13 antibodies detected in plasma 
of TTP patients are composed of subclasses IgG1 and IgG4.

8,10,16,17 Isotype switching 
from IgM to IgG is a characteristic feature of the humoral immune response which 
depends on help from CD4+ T cells.10,16 Anti-ADAMTS13 antibodies have undergone 
affinity maturation through somatic hypermutation in germinal centers.18,19 Both 
isotype switching and affinity maturation are dependent on help from CD4+ 
T lymphocytes. It has been postulated that development of anti-ADAMTS13 
antibodies might require activation of low affinity CD4+ T cells that have not been 
efficiently eliminated from the repertoire in the thymus and can therefore recognize 
self-antigens.10 This has been shown previously for other autoimmune disorders like 
multiple sclerosis (MS). Analyses of the autoimmune TCR-peptide-MHC II complexes 
in patients with multiple scerosis revealed that the overall stability of the complex is 
significantly reduced, allowing autoreactive T cells to escape negative selection.20,21 

Peripheral activation of autoreactive T cells occurs at higher antigen concentrations. 
Under these condition the TCR-peptide-MHC II complex is stablized. Autoreactive 
T cells are activated and able to differentiate in memory cells that have reduced 
requirements for activation when encountering the presented self antigen.22 Auto-
immunity has also been linked to defects in regulatory T cells.23,24 In a recent study, 
reduced levels of CD4+CD25+ T cells were found in patients with recurrent TTP.25 
The observed alterations in subsets of regulatory T cells may contribute to the 
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pathogenesis of acquired TTP. 
Activation of ADAMTS13-specific CD4+ T cells requires uptake of ADAMTS13 by 
antigen presenting cells (APC) and subsequent presentation of ADAMTS13 peptides 
on human leukocyte antigen (HLA) molecules on the surface of APCs. Genetic and 
epidemiological findings have strongly implicated polymorphic sites within MHC 
class II molecules in the pathogenesis of autoimmune diseases.26-28 Recently HLA-
DRB1*11 has been identified as a risk factor for the development of acquired TTP. 
It has been observed that the HLA-DRB1*11 is more frequent in patients with 
acquired TTP when compared with a control population.29-31 These findings indicate 
that presentation of ADAMTS13 derived peptides on MHC II molecules by APC is 
necessary to activate ADAMTS13-specific CD4+ T cells. We have recently shown that 
ADAMTS13 is efficiently internalized by immature dendritic cells (DC) through the 
macrophage mannose receptor.32 In this study the repertoire of naturally MHC class 
II presented ADAMTS13-derived peptides was explored using ADAMTS13 pulsed DC. 
Our findings show that CUB2 domain-derived peptides are presented in a DRB1*11 
dependent manner. We hypothesize that functional presentation of these CUB2 
domain-derived peptides contribute to the onset of acquired TTP by stimulating 
low affinity self-reactive CD4+ T cells that have escaped negative selection in the 
thymus. Together these findings provide further insight in the initiation of the 
autoimmune reactivity against ADAMTS13 in patients affected by TTP.
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Materials and methods

Generation of immature dendritic cells
Human monocytes were isolated from peripheral blood mononuclear cells (PBMCs) 
as described previously.32 In brief, fresh blood was drawn from healthy HLA class 
II typed volunteers in accordance with Dutch regulations and after approval from 
Sanquin Ethical Advisory Board in accordance with the declaration of Helsinki. 
Monocytes were isolated with anti-CD14+ magnetic beads (Miltenyi Biotec, Bergisch 
Gladbach, Germany) and differentiated into immature DCs by culturing them in 
the presence of 800 U/ml IL-4 and 1000 U/ml granulocyte-macrophage colony 
stimulating factor (GM-CSF; CellGenix, Freiburg, Germany) for 5 days.

Materials
The following reagents were used in this study: wild type full length recombinant 
ADAMTS13 was produced in stable HEK 293 cells and purified as described previously;7 

anti-CD14-PE (Sanquin Reagents Amsterdam, The Netherlands), anti-CD80-FITC, 
anti-CD83-APC and anti-CD86-APC (BD Biosciences, CA, USA). Lipopolysaccharide 
(LPS) was obtained from Sigma-Aldrich (St. louis, USA). The hybridoma producing 
the HLA-DR-specific monoclonal antibody (L243) was purchased from ATCC (Wesel, 
Germany). The antibody was purified from hybridoma supernatant via protein 
A-sepharose and coupled at a final concentration of 5 mg/ml to CNBr Sepharose 4B 
(Amersham Biosciences, Buckinghamshire, UK).

Endocytosis of ADAMTS13 
After 5 days of differentiation immature DCs at a concentration of 5×106 cells/ml 
were incubated with 100 nM and 500 nM of recombinant ADAMTS13 in Cellgro 
medium supplemented with IL-4 and GM-CSF. After 5 hours of incubation cells were 
maturated for 24 hours by addition of 1 μg/ml of LPS in the presence of 1% human 
serum. Subsequently, adherent cells were detached with phosphate buffered saline 
(PBS) containing 0.25% trisodiumcitrate and then washed with PBS before analysis.

Flow cytometric analysis
Immature and mature DCs were analyzed for their surface expression of MHC class 
II molecules as well as other surface molecules. Cells were incubated with 50 μl of 
staining buffer (PBS, 0.5% human serum albumin) and 1 μg/ml of the appropriate 
primary monoclonal antibodies or isotype control for 30 minutes at 4°C. Cells were 
then washed twice with PBS and analyzed by flow cytometry (LSRII flow cytometer, 
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BD Biosciences). Histograms were processed using Flowjo software version 7.5.5 
(Tree Star Inc., Ashland, OR, USA).

Affinity purification of HLA-DR restricted peptides 
MHC class II-peptide complexes from ADAMTS13 treated mature DCs were purified 
as described previously.33 Briefly, cell pellets were resuspended in lysis buffer 
(50mM Tris-HCl pH 7.0 and 4% Igepal CA-630, Sigma, St. Louis, USA) end-over-end 
at 4°C for 30 minutes. Cell lysates were cleared by centrifugation for 15 minutes 
at 4°C at 14.000 rpm. Subsequently, HLA-DR-peptide complexes were purified from 
the soluble fraction by addition of L243-coupled CNBr Sepharose 4B (Amersham 
Biosciences, Buckinghamshire, UK). Immunoaffinity chromatography was performed 
in the presence of complete protease inhibitor cocktail (Roche Diagnostics GmbH, 
Mannheim, Germany) overnight at 4°C. After overnight incubation L243 Sepharose 
was washed 3 times with 10 mM Tris-HCl pH 7.0 supplemented with complete 
protease inhibitor cocktail (1 tablet per 50 ml of buffer) and 5 times with 10 mM Tris-
HCl pH 7.0 without complete protease inhibitor cocktail. Peptides were eluted from 
HLA-DR by addition of 10% acetic acid which was incubated with the L243 Sepharose 
for 15 minutes at 70°C. PBS pulsed immature DCs were used as a control. In parallel 
experiments, cell lysates were incubated with an isotype control antibody coupled 
to CNBr Sepharose 4B (clone CLB-T4/1, mouse IgG2a, Sanquin Reagents, Amsterdam, 
The Netherlands).

Mass spectrometry analysis of purified peptides
Peptide identification was performed essentially by mass spectrometry as 
described previously.33 In brief, eluted peptides were purified from the acetic acid 
eluate using a C18 ziptip (Millipore, Billerica, USA) and separated using a reverse-
phase C18 column (50 μm × 20 cm, 5 μm particles (Nanoseparations, Nieuwkoop, 
The Netherlands) at a flow rate of 100 nl/min with gradient from 0% to 35% (v/v) 
acetonitrile with 0.1 M HAc. Once separated the peptides were directly sprayed 
into the LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific Inc, Bremen, 
Germany) using a nanoelectrospray source with a spray voltage of 1.9 kV. A collision 
induced dissociation (CID) was performed for the five most intense precursor 
ions selected from each full scan in the Orbitrap (300-2000 m/z, resolving power 
30.000). On a monthly basis the LTQ Orbitrap was calibrated as recommended by 
the manufacturer in order to insure a high mass accuracy.
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Characterization of peptides 
Peptides were identified screening each SEQUEST output file against the UniprotKB 
non-redundant protein 25.H_sapiens.fasta database using Proteome Discoverer 
version 1.2 software (Thermo Scientific, Bremen, Germany). During the search 
we allowed a mass deviation of 20 ppm and a fragment mass tolerance of 0.8 Da. 
Peptide evaluation was done according to strict quality requirements based on the 
sequences variables cross-correlation (Xcorr) and ranking of identified peptides. Only 
peptides of rank 1 and with the following Xcorr score were considered: all peptides 
with a charge state of 2 have a Xcorr score of 2.0; for peptides with charge state of 3, 
the minimal Xcorr score is 2.2; for charge states of 4, the Xcorr score is 2.5; while for 
peptides with a charge state of 5, 6 and 7 the Xcorr score is respectively 2.75, 3.0 and 
3.2. All peptides that did not meet these criteria were excluded. 
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Results

Identification of HLA-DR ADAMTS13 derived peptides on dendritic cells
To study whether ADAMTS13 is processed and presented on MHC class II molecules, 
immature monocyte derived dendritic cells from healthy typed donors were pulsed 
with 100 nM of ADAMTS13. After overnight maturation cells were lysed and MHC II-
peptide complexes were purified by affinity chromatography using HLA-DR specific 
monoclonal antibody L243. Maturation of DCs was monitored by flow cytometry. 
Cells were analyzed for the presence of CD14, CD80, CD83 and CD86. An increase 
of maturation markers was observed in cells treated with LPS (data not shown). 
Peptides bound to purified MHC II were eluted and analyzed by mass spectrometry 
and analyzed utilizing Proteome Discoverer version 1.2 software. In agreement 
with previous findings, the majority of the identified peptides were derived from 
proteins which belong to compartments of the MHC II pathway such as plasma 
membrane, cytosol, endosomes and lysosomes as well as other intracellular 
compartments such as mitochondria and the nucleus.33,34 A representative list of 
endogenous proteins derived from donor 4 (DRB1*1101/1301) that were processed 
for presentation on MHC class II is provided in Figure 1A. Interestingly, peptides 
derived from the macrophage mannose receptor (CD206) are also presented on 
MHC class II (Figure 1A). Previously, we have shown that CD206 is involved in 
internalization of ADAMTS13.32 Six different peptides derived from ADAMTS13 are 
presented on MHC class II of this particular DRB1*1101/DRB1*1301 positive donor. 
Inspection of the amino acid sequence of the 6 peptides reveals that all peptides are 
derived from the same core peptide sequence GCRLFINVAPHAR that corresponds 
to amino acid sequence 1325-1338 (numbering according to www.uniprot.org) in 
the CUB2 domain (Figure 1B). Peptides 1, 2, 3 and 6 fulfill our inclusion criteria 
that are based on rank and charge cross-correlation criteria as documented in 
“Materials and Methods”. Peptides 4 and 5 did not fulfill these criteria. The results 
demonstrate that the CUB2 domain derived peptide GCRLFINVAPHAR is presented 
by ADAMTS13 pulsed DCs generated from this DRB1*1101/DRB1*1301 positive 
donor. In parallel we also determined whether ADAMTS13-derived peptides could 
be recovered from DCs pulsed with PBS. Similar numbers of peptides, that meet the 
required rank and cross-correlation criteria, were presented on MHC class II of PBS- 
and ADAMTS13-pulsed DCs (Figure 2A). In contrast to ADAMTS13 pulsed DCs, no 
ADAMTS13-derived peptides were found on DCs pulsed with PBS (Figure 2B). This 
demonstrates that under these experimental conditions ADAMTS13 is efficiently 
presented by mDCs.
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Figure 1. Identification of MHC II-bound peptides. (A) Representation of several endogenous proteins 
processed and presented on MHC II molecules isolated from ADAMTS13-treated mDCs of donor 4 
(DRB1*1101/DRB1*1301). (B) List of ADAMTS13 derived peptides presented on MHC II of donor 4. The 
first column shows the amino acid sequence of the peptides derived from ADAMTS13. Following are 
the rank, charge and X

corr value as provided by Sequest. Peptides meeting the required rank and cross-
correlation criteria as documented in “Material and Methods” are indicated by a green dot.

Protein Description Number of Peptides Score

10

7

8

2

4

2

11

13

12

6

4

5

4

4

8

7

3

4

2

3

3

2

4

7

2

13

39.08

21.76

23.87

27.42

30.67

35.34

35.93

10.51

10.22

9.61

9.18

13.51

14.30

19.19

19.81

12.64

9.17

12.42

12.04

11.97

11.39

13.28

12.92

12.74

19.78

18.96

Isoform 2 of Transmembrane glycoprotein NMB OS=Homo sapiens GN=GPNMB - [GPNMB_HUMAN]

Tubulin beta chain OS=Homo sapiens GN=TUBB - [TBB5_HUMAN]

Tubulin beta-2C chain OS=Homo sapiens GN=TUBB2C - [TBB2C_HUMAN]

Putative uncharacterized protein ALB OS=Homo sapiens GN=ALB - [B7WNR0_HUMAN]

Actin, cytoplasmic 1 OS=Homo sapiens GN=ACTB - [ACTB_HUMAN]

Ferritin heavy chain OS=Homo sapiens GN=FTH1 - [FRIH_HUMAN]

Stress-induced-phosphoprotein 1 OS=Homo sapiens GN=STIP1 - [STIP1_HUMAN]

EEF1D protein OS=Homo sapiens GN=EEF1D - [Q4VBZ6_HUMAN]

Glyceraldehyde-3-phosphate dehydrogenase OS=Homo sapiens GN=GAPDH - [G3P_HUMAN]

cDNA, FLJ96792, highly similar to Homo sapiens calmodulin 2 (phosphorylase kinase, delta) 
(CALM2), mRNA OS=Homo sapiens - [B2RDW0_HUMAN]

Isoform 1 of Protein disulfide-isomerase A6 OS=Homo sapiens GN=PDIA6 - [PDIA6_HUMAN]

Normal mucosa of esophagus-specific gene 1 protein OS=Homo sapiens GN=NMES1 -
 [NMES1_HUMAN]

MHC class II HLA beta chain (Fragment) OS=Homo sapiens GN=HLA-DRB1 - [Q29735_HUMAN]
Isoform 3 of A disintegrin and metalloproteinase with thrombospondin motifs 13 OS=

Homo sapiens GN=ADAMTS13 - [ATS13_HUMAN]

Lysozyme C OS=Homo sapiens GN=LYZ - [LYSC_HUMAN]

Ras GTPase-activating-like protein IQGAP1 OS=Homo sapiens GN=IQGAP1 - [IQGA1_HUMAN]

Isoform 3 of Titin OS=Homo sapiens GN=TTN - [TITIN_HUMAN]

Macrophage mannose receptor 1 OS=Homo sapiens GN=MRC1 - [MRC1_HUMAN]

40S ribosomal protein S17 OS=Homo sapiens GN=RPS17 - [RS17_HUMAN]

Elongation factor 1-beta OS=Homo sapiens GN=EEF1B2 - [EF1B_HUMAN]

Ubiquitin OS=Homo sapiens GN=RPS27A - [UBIQ_HUMAN]

Solute carrier family 2, facilitated glucose transporter member 3 OS=Homo sapiens 
GN=SLC2A3 - [GTR3_HUMAN]

Plasma protease C1 inhibitor OS=Homo sapiens GN=SERPING1 - [IC1_HUMAN]

cDNA FLJ52243, highly similar to Heat-shock protein beta-1 OS=Homo sapiens - [B4DL87_HUMAN]

Integrin alpha-M OS=Homo sapiens GN=ITGAM - [ITAM_HUMAN]

Lipase A, lysosomal acid, cholesterol esterase (Fragment) OS=Homo sapiens 
GN=LIPA - [Q5T770_HUMAN]

A

ADAMTS13 DERIVED PEPTIDES

Sequence Rank Charge XCorr

AGGCRLFINVAPHAR

GCRLFINVAPHAR

GCRLFINVAPHAR

GGCRLFINVAPHAR

GCRLFINVAPHARIA

GCRLFINVAPHARIA

1

1

1

3

1

1

3

3

4

3

4

3

3.55

2.72

2.65

2.38

2.36

2.21

B
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Figure 2. Peptide counts of MHC II-bound 
peptides in ADAMTS13-treated and PBS-
treated DCs. Cells were treated with either 
100 nM ADAMTS13 or with PBS. All samples 
were immunoprecipitated using anti-MHC II 
antibody L243. Eluted peptides were analyzed 
by mass spectrometry and identified using 
Proteome Discoverer version 1.2. (A, B) Total 
amount of peptides (A) or ADAMTS13-derived 
peptides (B) was calculated in both samples. 
Peptides that did not fulfill our requirements 
based on rank and charge cross-correlation 
were excluded.

Analysis of ADAMTS13 presented peptides on MHC class II molecules
To study the repertoire of naturally presented ADAMTS13 peptides we analyzed 
peptide-repertoires of DCs derived from 8 HLA–DR typed donors. Four of the donors 
were heterozygous for DRB1*11 which was recently identified as a risk factor for the 
development of acquired TTP (Table 1).4,29 DCs derived from 4 DRB1*11 negative 
donors were also included (Table 1). The total number of HLA-DR presented 
peptides meeting our criteria, ranged between 100 and 360 unique presented 
peptides (Supplemental Figure 1A). All 4 DRB1*11 positive donors presented 
ADAMTS13-derived peptides (Supplemental Figure 1B, Table 1). Strikingly, all HLA-
DRB1*11 positive donors presented variants of the same CUB domain peptide: 
GCRLFINVAPHARIA (Table 1). The remaining 4 donors did not express the HLA-
DRB1 11 allele and presented different peptides. DCs generated from monocytes 
of donor 5 and 6, who both expressed HLA DRB1*0301, presented a different 
CUB2 domain derived peptide: ASYILIRDTHSLRTTA (residues 1356-1369). Although 
similar amounts of peptides were eluted from the MHC class II molecules isolated 
from mDCs of donor 7 and 8, no ADAMTS13 derived peptides were detected in 
these samples (Supplemental Figure 1A and B). Taken together, these data suggest 
that mDCs preferentially present antigenic peptides derived from the CUB2 
domain of ADAMTS13. Presentation of the peptides containing the core sequence 
GCRLFINVAPHARIA appears to be linked to DRB1*11 whereas peptides containing 
the ASYLIRDTHSLRTTA seem to be preferentially presented by HLA DRB1*0301. 

Pulsing of DCs with higher concentrations of ADAMTS13 increases diversity and 

quantity of ADAMTS13-derived peptides
To investigate whether mDCs are able to present a higher number of ADAMTS13 
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Table 1. ADAMTS13-derived MHC II ligands. Dcs isolated from 8 HLA-DR typed donors were incubated 
with 100 nM of ADAMTS13. MHC II-peptide complexes were purified and eluted peptides were analyzed 
using mass spectrometry and identified using Proteome Discoverer Version 1.2. 

peptides iDCs were incubated with 500 nM instead of 100 nM of ADAMTS13. After 
uptake, cells were maturated, lysed and the MHC class II molecules were purified as 
described before. The eluted peptides were identified and analyzed also as described 
previously. To ensure specificity, we checked whether PBS-treated mDCs derived of a 

Donor 1
DRB1* 1104
DRB1* 1302

GCRLFINVAPHARIA

AGGCRLFINVAPHAR
GCRLFINVAPHAR

GGCRLFINVAPHAR
GCRLFINVAPHARIA

GCRLFINVAPHAR
GGCRLFINVAPHAR

GGCRLFINVAPHARIA
GCRLFINVAPHARIA

GCRLFINVAPHARIA
GCRLFINVAPHAR

Donor 2
DRB1* 1101
DRB1* 1501

Donor 3
DRB1* 0101
DRB1* 1101

Donor 4
DRB1* 1101
DRB1* 1301

Donor 5
DRB1* 0301
DRB1* 1302

ASYILIRDTHSLRTTA

Donor 6
DRB1* 0301
DRB1* 1501

ASYILIRDTHSLRTTA
SYILIRDTHSLRTTA

Metallo-
protease

SpacerDis CysS P 2 3 4 5 6 7 8  CUB 1  CUB 2 1

ADAMTS13 Domains



Chapter 4

92

DRB1*0301/0401 positive donor presented ADAMTS13 derived peptides (Figure 3). 
The chromatogram of total ions did not reveal major differences for the ADAMTS13 
and PBS pulsed DCs (Figure 3A). Also the total number of peptides presented under 
the 2 experimental conditions is similar (683 for the PBS treated DCs and 594 for 
ADAMTS13-pulsed DCs). No ADAMTS13-derived peptides were presented in the PBS 
treated DCs whereas 8 ADAMTS13-derived peptides were identified in ADAMTS13 
treated DCs (Table 2; see donor 10). To gain insight into the relative abundance, 
we interrogated the reconstructed ion chromatogram from donor 10 for peptides 
AIAHALATNMGAGTEG and ASYILIRDTHSLRTTA (Figure 3B and C). The specific mass 
of these peptides was only detected in the chromatogram of ADAMTS13 and not 
in PBS treated DCs (Figure 3B and C). These results confirm that these ADAMTS13-
derived peptides are not recovered from PBS treated DCs. 

Figure 3. Relative abundance of ADAMTS13 CUB2 derived peptides in ADAMTS13 and PBS-treated 
DCs. DCs isolated from donor 10 were treated with 500 nM of ADAMTS13 or PBS. The MHC II eluted 
peptides isolated from the cells were analyzed by mass spectrometry. SIEVE was used to compare 
intensities of individual peptides eluted from MHC II isolated from ADAMTS13 or PBS treated DCs. 
(A) Total ion current chromatogram of ADAMTS13  and PBS treated cells. (B, C) Reconstructed ion 
chromatogram of two identified ADAMTS13 peptides are shown for both ADAMTS13 and PBS 
samples. Red and blue chromatograms represent peptides obtained from ADAMTS13 and PBS sample, 
respectively

ADAMTS13 
treated cells
PBS treated cells

ADAMTS13 
treated cells
PBS treated cells

ADAMTS13 
treated cells
PBS treated cells

A

B C
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To verify that the ADAMTS13 derived peptides were specifically binding to MHC II 
molecule, immunoprecipitations were performed on ADAMTS13-treated mDCs 
obtained from donor 15 using L243-Sepharose and were compared with control 
immunoprecipitations using an isotype control antibody coupled to CNBr Sepharose 
4B. No ADAMTS13-derived peptides were obtained in the sample immunoprecipitated 
with the isotype control antibody (Figure 4). 

Figure 4. Analysis of MHC II ligands identified in ADAMTS13-
treated mDCs. ADAMTS13 treated cells isolated from donor 15 
were immunoprecipitated using either an anti-MHC II antibody or 
an isotype control antibody. Eluted peptides were analyzed by mass 
spectrometry and identified by Proteome Discoverer version 1.2. 
The total number of ADAMTS13 derived peptides was determined 
by counting the specific peptides that met our exclusion criteria. 

Having established specificity we incubated DCs derived from 9 different donors 
with 500 nM of ADAMTS13. Incubation of DCs with a higher concentration of 
ADAMTS13 resulted in presentation of a larger number of ADAMTS13-derived 
peptides (Table 2). All 9 donors, regardless of their HLA DRB1 allele, presented 
ADAMTS13-derived peptides. Although the majority of the presented peptides 
were derived from the CUB domain regions of ADAMTS13, peptides derived from 
other regions of ADAMTS13 were also identified. Donor 9 presented a single peptide 
belonging to the disintegrin domain, donor 10 presented a peptide derived from 
the thrombospondin 2-8 repeats, donor 12 presented a peptide derived from the 
metalloproteinase domain and donor 15 a peptide belonging to the spacer domain 
of ADAMTS13. Donors 11, 13, 15, 16 and 17 presented only CUB domain peptides. 
Our data show that endocytosis of higher amounts of ADAMTS13 increases the 
diversity of ADAMTS13-derived peptides. In addition, at higher concentrations of 
ADAMTS13 presentation of ADAMTS13 derived peptides is independent of the 
presence of HLA-DRB1*11; also other MHC II alleles can present ADAMTS13-derived 
peptides under these conditions. Interestingly, the diversity of ADAMTS13-derived 
peptides presented by iDCs of donors HLA-DRB1*11 was not affected by pulsing of 
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Table 2. Endocytosis of higher concentrations of ADAMTS13 leads to presentation of different 
ADAMTS13-derived peptides. Representation of ADAMTS13-derived peptides eluted from MHC II 
isolated from 9 different HLA-DR typed donors. DCs from all 9 donors were incubated with 500 nM of 
ADAMTS13

Donors Peptides ADAMTS13 Domains

Donor 12
DRB1*0401
DRB1*1301

Donor 11
DRB1*0301
DRB1*1501

Donor 9
DRB1*0301
DRB1*1502

Donor 10
DRB1*0301
DRB1*0401

Donor 13
DRB1*1101
DRB1*1301

SRRQLLSLLSAGRAR
GCRLFINVAPHAR

GCRLFINVAPHARIA
GCRLFINVAPHARI
GGCRLFINVAPHAR

RLFINVAPHARIA
GCRLFINVAPHARI

RLFINVAPHAR
RLFINVAPHARIAI

ASYILIRDTHSLRTTAF
ASYILIRDTHSLRT

ASYILIRDTHSLRTTA
SYILIRDTHSLRTTA

SYILIRDTHSLRT
FSEGFLKAQASLRGQYW

GEEILLDTQCQGLPR
IAIHALATNmGAG

IAIHALATNMGAGTE
ARIAIHALATNMGAG
IAIHALATNmGAGT
IAIHALATNMGAGT
ASYILIRDTHSLRTTA
ASYILIRDTHSLRTT

IGAELLRDPSLGAQFR
IGAELLRDPSLGAQ

IGAELLRDPSLGAQF
NIGAELLRDPSLGAQFR

DMLLLWGRLTWRK
AGDMLLLWGRLTWRK

GCRLFINVAPHARIA
GCRLFINVAPHAR
GCRLFINVAPHARI
GGCRLFINVAPHAR

ASYILIRDTHSLRTTA
SYILIRDTHSLRTT
ASYILIRDTHSLRT

AGGCRLFINVAPHAR
GCRLFINVAPHAR

GGCRLFINVAPHAR
GCRLFINVAPHARIA

Donor 14
DRB1*0101
DRB1*1101

Donor 15
DRB1*0701
DRB1*1501

Donor 16
DRB1*0301
DRB1*1302

Donor 17
DRB1*0301
DRB1*1501

GGCRLFINVAPHAR
ASYILIRDTHSLRTTA
SYILIRDTHSLRTTA
CRLFINVAPHARIA
RLFINVAPHARIA

CRLFINVAPHARIA
ASYILIRDTHSLRTTA
SYILIRDTHSLRTTA
SYILIRDTHSLRTTA
SYILIRDTHSLRTT

GCRLFINVAPHARIA
GCRLFINVAPHAR

AGGCRLFINVAPHAR
AGGCRLFINVAPHARIA

RPLFTHLAVRIGGR
RLFINVAPHARIA

RQHLEPTGTIDMRGPG
GGGVLLRYGSQLAPE

RPGGGVLLRYGSQLAPE
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iDCs with higher concentration of ADAMTS13. Under these conditions the only 
peptides that were presented were derivatives of the GCRFINVAPHAR core sequence 
that was also presented at lower concentrations of ADAMTS13. To address this in a 
quantitative manner, iDCs from DRB1*1101 positive donors 3 and 4 were incubated 
with either 100 nM or 500 nM of ADAMTS13 for 5 hr at 37°C. After maturation of 
the cells the MHC II-peptide complex was purified and the eluted peptides were 
analyzed by mass spectrometry. As expected ADAMTS13 derived peptides are 
presented in both samples (Figure 5A). Interestingly, incubating iDCs with a higher 
concentration of ADAMTS13 did not lead to presentation of different peptides. In 
all samples we detected peptide-variants derived from the CUB2 domain peptide: 
GCRLFINVAPHARIA. We quantified the relative abundance of two of these peptides 
by SIEVE 1.2 software. Figure 5B and C show that the amount of ADAMTS13 CUB2 
domain derived peptide GCRLFINVAPHARIA is higher in the samples incubated 
with 500 nM of ADAMTS13 when compared to samples treated with 100 nM of 
ADAMTS13. 

These data demonstrate that even though increasing the concentration of 

ADAMTS13 leads to presentation of a higher absolute amount of ADAMTS13- 

derived peptides, HLA-DRB1*11 positive donors present only variants of the CUB2 

domain peptide: GCRLFINVAPHARIA.
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Figure 5. HLA-DRB1*11 donors only present ADAMTS13 CUB domain peptides. DCs from donor 3 
and 4 were incubated with 100 nM or 500 nM of ADAMTS13. MHC II-peptide complexes were purified 
and the eluted peptides were identified by mass spectrometry and Proteome Discoverer version 1.2. 
(A) Representation of peptides obtained for all 4 samples. (B,C) Total ion current chromatogram of 
peptides recovered from cells pulsed with 100 nM (blue) and 500 nM (red) ADAMTS13 for donor 3 and 
4. Reconstructed ion chromatogram of GCRLFINVAPRIA-peptide obtained from cells pulsed with 100 nM 
(blue) and 500 nM (red) ADAMTS13 for donor 3 and 4. 

500 nM ADAMTS13 
100 nM ADAMTS13

500 nM ADAMTS13 
100 nM ADAMTS13

500 nM ADAMTS13 
100 nM ADAMTS13

500 nM ADAMTS13 
100 nM ADAMTS13

Donor 3 Donor 4

A

B C
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Discussion

It is well-established that inhibitory antibodies that develop in patients with acquired 
TTP target an exposed surface in the spacer domain that is crucial for binding of 
ADAMTS13 to unfolded VWF.7-10,18,19,35,36 However, our knowledge with respect to 
the mechanism underlying the development of anti-ADAMTS13 antibodies in 
previously healthy individuals is still limited. Polymorphisms in MHC class II genes 
are associated with many autoimmune disorders. Three recent studies showed 
that HLA-DRB1*11 is more frequently observed in patients with acquired TTP 
when compared to a healthy control population.29-31  The findings reported in our 
study show that the CUB2 domain derived peptide GCRLFINVAPHAR is presented 
on APCs derived from HLA-DRB1*11 positive individuals. At first glance it may 
seem surprising that CUB2 domain-derived peptides are preferentially presented 
on MHC class II, whereas the spacer domain of ADAMTS13 is the major target of 
autoantibodies in patients with acquired TTP.8,11,35,36 T cells recognize linear peptides 
that are loaded on MHC class I or II after proteolyitc degradation of antigens by 
APCs. B cells recognize surface exposed conformational or linear epitopes. Based 
on these propertie, T cell epitopes do not necessarily overlap with B cell epitopes. 
We anticipate that efficient loading of the CUB2 domain peptide GCRLFINVAPHAR 
on HLA-DRB1*11 underlies the preferential presentation of this peptide on HLA-
DRB1*11 positive APCs. 
Crystal structures of MHC class II peptide complexes have shown that epitopes bind 
to MHC class II in an extended conformation that is dictated by hydrogen bonding 
between conserved MHC class II residues and the peptide backbone. The side-chains 
of peptide residues at specific positions, designated anchor residues P1, P4, P6 and 
P9 interact with distinctive pockets in the peptide binding groove of MHC class II 
and further stabilize the MHC II peptide complex.27 A binding motif for HLA-DR11 
has been established based on the identification of amino acid sequences of natural 
peptides binding to HLA-DR11.37 The DR11 consensus sequence contains 4 anchor-
residues at P1, P4, P6 and P9. Inspection of the sequence of the GCRLFINVAPHAR 
peptide identifies F1327 as the most likely P1 residue. The putative P4 residue 
V1330 follows the predicted binding motif. Interestingly, P1329 (P6) and R1332 (P9) 
have different properties since P6 has been predicted to be primarily composed of 
R/K and P9 of A/G/S/P.37 Several MHC II binding prediction algorithms have been 
developed, including NetMHCIIpan Sever 1.2.38 In agreement with our experimental 
findings NetMHCIIpan predicts a high affinity of FINVAPHAR containing peptides 
for DRB1*1101 and DRB1*1104 (Supplemental Figure 2). When low concentrations 
of ADAMTS13 are used, another CUB2-derived peptide, ASYILIRDTHSLRTTA, is 
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presented by DCs derived from 2 DRB1*11 negative donors (see Table 1). Based 
on its NetMHCIIpan score this peptide is most likely presented on DRB1*0301 
(Supplemental Figure 2). 
Pulsing of DCs with higher concentrations of ADAMTS13 resulted in increased diversity 
of peptides presented on DCs of DRB1*11 negative individuals (Table 2). Under these 
conditions, ADAMTS13 derived peptides can apparently compete more efficiently 
for binding to MHC class II. The relatively high affinity of nearly all of these different 
ADAMTS13-derived peptides for MHC class II, as predicted by NetMHCIIpan is 
consistent with this hypothesis (Supplemental Table 1). Interestingly, FINVAPHARIA-
derived peptides are also presented under these conditions. Apparently, this peptide 
can be presented by multiple MHC class II alleles, although higher concentrations 
of ADAMTS13 are required for its presentation on DCs derived from non-DRB1*11 
positive donors. The NetMHCIIpan server predicts that FINVAPHARIA-derived 
peptides can indeed be presented by multiple alleles (Supplemental Table 2). It 
is interesting that even at higher concentrations of ADAMTS13, DCs derived from 
DRB1*11 positive donors present only the GCRLFINVAPHAR peptide (Table 2). In 
none of the DRB1*11 positive donors were other ADAMTS13-derived peptides 
identified. Exclusive presentation of the GCRLFINVAPHAR peptide might be 
caused by the high affinity binding of this peptide to multiple MHC class II alleles. 
The affinity of GCRLFINVAPHAR peptide for HLA-DRB1*1101, 0101 and 1301, as 
predicted by NetMHCIIpan, supports this hypothesis (Supplemental Table 2).  HLA-
DRB1*0401 has been associated with a protective effect in acquired TTP.30,31 The 
precise mechanism by which protective HLA alleles mediate their effect has not 
yet been fully elucidated. The protective effect of HLA-DQB1*601 in experimental 
autoimmune encephalomyelitis is mediated via the anti-inflammatory effects of 
high levels of IFN-γ which is produced by HLA-DQB1*601 restricted CD4+ T cell 
responses.39 In view of this finding it is possible that HLA-DRB1*04 restricted CD4+ 
T cell responses contribute to the observed protective effect of HLA-DRB1*04 in 
acquired TTP. 
Altogether, our results show that GCRLFINVAPHAR related peptides are efficiently 
presented on DCs derived from HLA-DRB1*11 positive donors. The increased 
frequency of DRB1*11 in patients with acquired TTP together with the results of 
this study suggests that preferential presentation of GCRLFINVAPHAR by DRB1*11 
positive individuals contributes to the onset of acquired TTP. Our results clearly 
demonstrate that this peptide is more efficiently presented when compared to 
other ADAMTS13-derived peptides. Therefore, it is likely that CD4+ T cell responses 
directed against this peptide can be generated. Presentation of self-antigens by 
medullary thymic epithelial cells results in the elimination of self-reactive CD4+  
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T cells, which bind with high affinity to cognate peptide MHC class II peptide 
complexes.40 This mechanism ensures that auto-reactive T cells are deleted from 
the repertoire. Autoimmunity arises from the escape of auto-reactive CD4+ T cells 
from the negative selection in the thymus. These CD4+ T cells can bind with low 
or intermediate affinity to self-peptides presented on MHC class II.20 We speculate 
that the efficient presentation of FINVAPHARIA-derived peptides on DRB1*11 
provokes the proliferation of low-affinity CD4+ T cells that have escaped negative 
selection in the thymus. The same ADAMTS13 CUB2 domain derived peptide 
can also be presented by non-HLA-DRB1*11 positive donors, although higher 
concentrations of ADAMTS13 are needed to allow sufficient presentation of this 
peptide. Higher densities of self-peptide MHC complexes in the periphery may 
allow self reactive CD4+ T cells to overcome their low affinity for the antigen and 
recognize relatively unstable ligands. This compensatory mechanism has been 
shown for other autoimmune disorders. In patient affected by multiple sclerosis 
the immunodominant epitope binds very weakly to HLA-DR4 but still allows T cell 
activation at high antigen concentrations.22 It should be emphasized that TTP is 
a rare autoimmune disorder; therefore we anticipate that the threshold for the 
activation of self-reactive T cells by the GCRLFINVAPHAR and/or other ADAMTS13 
derived peptides is high. Currently, we do not know which clinical conditions 
promote loss of tolerance to ADAMTS13 in patients with acquired TTP. Viral and 
bacterial infections have been implicated in the etiology of TTP.10 As yet, no single 
pathogen has been linked with the onset of TTP rendering molecular mimicry of a 
specific viral or bacterial peptide with the FINVAPHARIA peptide identified in this 
study unlikely. However, cross-reactive CD4+ T cells arising during bacterial or viral 
challenges may be able to recognize complexes of MHC class II and the FINVAPHARIA 
peptide. Altogether, our study provides evidence for preferential presentation of 
a CUB2 domain-derived peptide on DRB1*1101 positive APCs. Further studies are 
needed to establish whether presentation of peptides harboring the FINVAPHARIA 
core sequence contributes to the onset of acquired TTP.
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Supplemental material

Materials and methods

Predicted binding of ADAMTS13 derived peptides to different MHC II alleles
Binding affinities of ADAMTS13 derived peptides to several MHC II alleles of 17 HLA-
DR typed donors were predicted using the NetMHCIIpan binding algorithm (http://
www.cbs.dtu/services/NetMHCIIpan-2.1). This program predicts the affinities of 
peptide sequences for all alleles with known protein sequence using in pan-specific 
way.1 Specify thresholds based on the binding affinity giving in nM IC50 values 
were defined as IC50 50 nM for strong binders and IC50 500 nM for weak binders. 
Peptides were identified as a strong binder if the IC50 was below the specified 
threshold for the strong binders ( IC50≤ 50 nM) and as a weak binder if the IC50 
was above the threshold of the strong binders but below the specified threshold for 
the weak binders ( 50 nM ≤IC50≥ 500 nM).

Results

Relative quantification of MHC class II bound peptides in ADAMTS13 treated 

dendritic cells.
Dendritic cells derived from 17 HLA class II typed donors were incubated with 100 
nM or 500 nM of ADAMTS13. Subsequently, MHC class II molecules were purified 
and MHC class II bound peptides were eluted and analyzed by mass spectrometry. 
Total number of peptides eluted from MHC class II isolated from DCs pulsed with 
100 nM or 500 nM of ADAMTS13 are depicted in supplemental figure 1A and C. 
Total number of peptides recovered from DCs pulsed with 100 nM ranged from 120 
to 361 for 8 donors analyzed (Supplemental Figure 1A). Total number of peptides 
recovered from DCs pulsed with 500 nM of ADAMTS13 ranged from 226 to 594 
for 9 donors analyzed (Supplemental Figure 1C). Reduced numbers of ADAMTS13 
derived peptides were recovered from DCs pulsed with 100 nM ADAMTS13 when 
compared to the amount recovered from DCs pulsed with 500 nM ADAMTS13 
(Supplemental Figure 1B and D).  

Analysis of the ADAMTS13-derived peptide: GCRLFINVAPHARIA and 

ASYILIRDTHSLRTTA
As shown in table 1 when DCs are treated with low concentrations of ADAMTS13 only 
2 specific ADAMTS13 CUB2 domain-derived peptide are eluted from MHC class II 
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Supplemental Figure 1. Relative quantification of MHC II bound peptides in ADAMTS13 treated DCs 
from 17 different HLA-DR typed donors. DCs isolated from 8 different HLA-DR typed donors were 
incubated with 100 nM of ADAMTS13 (A, B) and 500 nM (C, D). MHC II eluted peptides were analyzed 
by mass spectrometry. All peptides were identified using Proteome Discoverer version 1.2 and selected 
according to our rank and charge cross-correlation criteria. (A, B, C, D) Number of total amount of 
unique peptides (A, C) or ADAMTS13-derived peptides (B, D) was calculated from all 17 donors. 

isolated from ADAMTS13 treated DCs of  HLA DRB1* 1101, 1104  and HLADRB1*0301 
donors. In order to evaluate the binding affinity of the GCRLFINVAPHARIA and the 
ASYILIRDTHSLRTTA to the corresponding allele we calculated the binding scores using 
NetMHCIIpan server 2.1. As shown in Supplemental Figure 2 the ADAMTS13 peptide 
GCRLFINVAPHARIA is considered a strong binder for both HLADRB1*11 alleles 
whereas ASYILIRDTHSLRTTA binds with high affinity to the HLADRB1*0301 allele.
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Supplemental Figure 2. Binding prediction of ADAMTS13-derived peptide: GCRLFINVAPHARIA and 
ASYILIRDTHSLRTTA to DRB1 proteins. Binding of the peptides is determined by NetMHCIIpan Server 
1.2.  The affinity (nM) represents the IC50 values obtained during the analysis.  

Binding prediction of ADAMTS13-derived peptides to different HLA DRB1 alleles  
Pulsing of DCs with higher concentrations of ADAMTS13 resulted in increased 
diversity of peptides presented on DCs of DRB1*11 negative individuals (Table 2). 
The affinity of binding of the several different ADAMTS13 peptides to the matching 
allele of the donors was predicted by NetMHCIIpan server 2.1 (Supplemental Table 
1). The relatively high affinity binding scores of these peptides to the related HLA 
DRB1 alleles of the donors suggests that under these conditions ADAMTS13-derived 
peptides can compete more efficiently for binding to MHC class II. 
Interestingly, treatment of DCs isolated from HLADRB1*11 negative donors 
leads also to presentation of GCFINVAPHARIA-derived peptides. As shown in 
Supplemental Table 2 the NetMHCIIpan server 2.1 predicts that this CUB2 domain-
derived peptide can also be presented by multiple alleles. The data suggest that in 
order to obtain presentation of the specific CUB2 derived peptide: GCFINVAPHARIA 
by HLA DRB1*11 negative donors higher concentrations of ADAMTS13 are required. 

Allele peptide Binding site Affinity (nM)

DRB1*1101 GCRLFINVAPHAR FINVAPHAR 33.33

DRB1*1104 GCRLFINVAPHAR FINVAPHAR 8.33

DRB1*0301 ASYILIRDTHSLRTTA LIRDTHSLR 2.95
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Supplemental Table 1. NetMHCIIpan prediction binding of several ADAMTS13 deived peptides to 
different HLA-DRB1 alleles

Allele peptide Binding site Affinity (nM)

DRB1* 0301 ASYILIRDTHSLRTTA LIRDTHSLR 2.95

GCRLFINVAPHAR FINVAPHAR 857.07

SRRQLLSLLSAGRAR LLSLLSAGR 451.76
Donor 9 

FSEGFLKAQASLRGQYW FLKAQASLR 27.29

DRB1*1502 ASYILIRDTHSLRTTA YILIRDTHS 365.77

GCRLFINVAPHAR LFINVAPHAR 257.76

SRRQLLSLLSAGRAR LLSLLSAGR 81.06

FSEGFLKAQASLRGQYW FLKAQASLR 117

DRB1*0301 ASYILIRDTHSLRTT LIRDTHSLR 2.95

IAIHALATNMGAGTE IHALATNMG 1912

Donor 10 GEEILLDTQCQGLPR ILLDTQCQG 70.31

DRB1*0401 ASYILIRDTHSLRTTA YILIRDTHS 47.51

IAIHALATNMGAGTE IHALATNMG 12.45

GEEILLDTQCQGLPR ILLDTQCQG 990.79

DRB1*0301 ASYILIRDTHSLRTT LIRDTHSLR 2.95

Donor 11

DRB1*1501 ASYILIRDTHSLRTTA LIRDTHSLR 87.98

DRB1*0401 IGAELLRDPSLGAQFR LLRDPSLGA 21.39

AGDMLLLWGRLTWRK LWGRLTWRK 1792.76
Donor 12

GCRLFINVAPHAR LFINVAPHAR 135.68

DRB1*1301 IGAELLRDPSLGAQFR LLRDPSLGA 20.93

AGDMLLLWGRLTWRK  DMLLLWGRL 1615.8

GCRLFINVAPHAR LFINVAPHAR 48.74
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Allele peptide Binding site Affinity (nM)

DRB1*1101 GCRLFINVAPHAR FINVAPHAR 33.33

Donor 13

DRB1*1301 GCRLFINVAPHAR LFINVAPHAR 48.74

DRB1*0101 GCRLFINVAPHAR LFINVAPHAR 17.79
Donor 14

DRB1*1101 GCRLFINVAPHAR FINVAPHAR 33.33

DRB1*0701 RPLFTHLAVRIGGR LFTHLAVRI 29.03

GCRLFINVAPHAR FINVAPHAR 76.76

RQHLEPTGTIDMRGPG LEPTGTIDM 2645.62
Donor 15

GGGVLLRYGSQLAPE LLRYGSQLA 899.55

DRB1*1501 RPLFTHLAVRIGGR LFTHLAVRI 139.57

GCRLFINVAPHAR LFINVAPHAR 82.57

RQHLEPTGTIDMRGPG LEPTGTIDM 6422.77

GGGVLLRYGSQLAPE LLRYGSQLA 61.67

DRB1*0301 GCRLFINVAPHAR FINVAPHAR 857.07

ASYILIRDTHSLRTTA LIRDTHSLR 2.95
Donor 16

DRB1*1302 GCRLFINVAPHAR LFINVAPHAR 55.12

ASYILIRDTHSLRTTA ILIRDTHSL 88.8

DRB1*0301 GCRLFINVAPHAR FINVAPHAR 857.07

ASYILIRDTHSLRTTA LIRDTHSLR 2.95

Donor 17 RPGGGVLLRYGSQLAPE LLRYGSQLA 2959.69

DRB1*1501 GCRLFINVAPHAR LFINVAPHAR 82.57

ASYILIRDTHSLRTTA LIRDTHSLR 87.98

RPGGGVLLRYGSQLAPE VLLRYGSQL 494.51



HLA-DRB1*11 donors present ADAMTS13 CUB2-derived peptides

109

Chapter 4

Supplemental Table 2. Binding of CUB2 domain peptide: GCFINVAPHARIA to different HLA-DRB1 
alleles using NetMHCIIpan algorithm. Binding affinity of the CUB2 domain peptide is indicated as 
affinity (nM). Alleles highlighted in yellow are suggested to be high affinity binders.
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Allele peptide Binding site Affinity (nM)

DRB1*1101 GCRLFINVAPHAR FINVAPHAR 33.33

DRB1*1104 GCRLFINVAPHAR FINVAPHAR 8.33

DRB1*0301 GCRLFINVAPHAR FINVAPHAR 857.07

DRB1*0401 GCRLFINVAPHAR LFINVAPHAR 135.68

DRB1*0101 GCRLFINVAPHAR LFINVAPHAR 17.79

DRB1*0701 GCRLFINVAPHAR FINVAPHAR 76.76

DRB1*1301 GCRLFINVAPHAR LFINVAPHAR 48.74

DRB1*1302 GCRLFINVAPHAR LFINVAPHAR 55.12

DRB1*1501 GCRLFINVAPHAR LFINVAPHAR 82.57

DRB1*1502 GCRLFINVAPHAR LFINVAPHAR 257.76

DRB1*0901 GCRLFINVAPHAR LFINVAPHA 211.58
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Abstract

Acquired deficiency of ADAMTS13 causes a rare and life-threatening disorder 
called thrombotic thrombocytopenic purpura (TTP). Several studies have shown 
that aberrant glycosylation can play an important role in the pathogenesis of 
autoimmune diseases. Several potential N- or O-linked glycosylation sites have 
been predicted or identified in recombinant ADAMTS13. However, it is not known 
which of these sites are glycosylated in plasma derived ADAMTS13. In this study 
we analyzed the presence of N-linked and O-linked sugars on plasma derived 
ADAMTS13. Sites of N-linked glycosylation were determined by the use of peptide 
N-glycosidase-F (PNGaseF), which removes the entire carbohydrate from the 
side chain of asparagines. Nine of the 10 predicted N-linked glycosylation sites 
were identified in or near the metalloproteinase, spacer, thrombospondin type 1 
repeat (TSR1) and the CUB domain of plasma ADAMTS13. Moreover, six predicted 
O-fucosylated sites were identified in the TSR domains of plasma ADMTS13 by 
performing searches of the MS/MS data for loss of glucose (hexose, 162 Da), fucose 
(deoxyhexose, 146 Da), or glucose-fucose (308 Da). The use of electron transfer 
dissociation (ETD) allowed for unambiguous identification of the modified sites. 
In addition to N- and O-linked modifications, two C-mannosylation sites were 
identified within the TSR1 and TSR4 domains of ADAMTS13. Taken together our 
data clearly identify different glycosylation sites on plasma ADAMTS13. Analysis of 
the glycosylation pattern provides novel information on the biochemical properties 
of plasma derived ADAMTS13 and might contribute to our insight in the initiation of 
autoimmune reactivity against ADAMTS13 in patients with acquired TTP. 
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Introduction

ADAMTS13 is a plasma metalloproteinase that regulates platelet adhesion and 
aggregation by its ability to process ultra-large von Willebrand factor (VWF) 
multimers on the surface of endothelial cells.1-3  It is a member of the ADAMTS 
family (a disintegrin and metalloproteinase domain with thrombospondin type 
1 repeats) and like most secreted proteins it is predicted to contain several N- 
and/or O-linked oligosaccharides.2 Recent studies have shown that recombinant 
ADAMTS13 is highly glycosylated presenting both O-fucosylated and N-glycosylated 
residues. O-fucosylation (glucose-β(1,3)-fucose disaccharide linked to the hydroxyl 
group of Ser or Thr residues) occurs in at least 6 thrombospondin type 1 repeats 
(TSR) and is required for an appropriate secretion of the recombinant protease.4 

Several N-linked glycosylation sites (oligosaccharide chain linked through the 
N-acetylglucosamine group to an Asn residue) have been predicted throughout the 
entire protein: two in the metalloproteinase domain (N142 and N146), four are 
in or near the spacer domain (N552, N579, N614 and N667), one in the second 
(N707) and fourth (N828) TSR, and two in the CUB domains (N1235 and N1354).5 

N-linked glycans on recombinant ADAMTS13 play an important role in the secretion 
of ADAMTS13 but are not necessary for its VWF cleaving activity.5 

Deficiency of ADAMTS13 causes a rare and life-threatening disorder called 
thrombotic thrombocytopenic purpura (TTP). Patients affected by acquired TTP 
develop autoantibodies directed towards the metalloproteinase ADAMTS13.6 
Reduced activity or absence of the metalloproteinase causes lack of cleaveage of UL-
VWF resulting in microvascular obstruction, low platelet counts (thrombocytopenia) 
and fragmentation of red blood cells (hemolytic anemia).7-9  Our current knowledge 
on the etiology of acquired TTP is limited. A large number of case reports suggest 
that microbial infections are linked to the onset or recurrence of this autoimmune 
disease.6 Recently, we have demonstrated that ADAMTS13 can be efficiently 
endocytosed and presented on MHC II molecules by dendritic cells.10,11 This suggests 
that functional presentation of ADAMTS13-derived peptides contributes to the 
onset of acquired TTP by stimulating low affinity self-reactive CD4+ T cells that have 
not been efficiently eliminated from the repertoire in the thymus and can therefore 
recognize peptides derived from self-antigens.6 

Aberrant glycosylation of proteins can play an important role in the pathogenesis of 
autoimmune disorders.12 Alterations in protein glycosylation may modify or create 
novel B cell epitopes and may also influence the presentation of peptides to T cells.13 
Previous work has shown that O-linked glycans can alter proteolytic processing 
and/or presentation of glycopeptides on MHC class II molecules and therefore 
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interfere with activation of T cells.14,15 Glycosylated “self derived” peptides might 
not be presented efficiently by antigen presenting cells and might escape negative 
selection in the thymus.14 However, in the periphery, modification of these peptides, 
by glycosidase enzymes of microbial or inflammatory origin, allows appropriate 
presentation of the “self-derived” proteins and activation of autoreactive T cells 
leading to autoimmune reactivity towards self-antigens.14

Similarly, aberrant glycosylation of ADAMTS13 might contribute to the onset of 
acquired TTP by exposure of cryptic T cell epitopes that are shielded by glycans under 
quiescent, non-inflammatory conditions. In this study we analyzed glycosylation 
sites in plasma derived ADAMTS13 using a mass spectrometry approach. Both 
collision induced dissociation (CID) and electron transfer dissociation (ETD) were 
used in order to identify both N- and O-linked sites. Glycopeptide analysis by CID/
ETD MS/MS identified nine N-linked sites in or near the metalloproteinase, spacer, 
thrombospondin type 1 repeat (TSR1) and the CUB domain of plasma ADAMTS13. Six 
O-fucosylated sites were identified in the TSR1 domains of the protease. In addition 
to N- and O-linked modifications, two C-mannosylation sites were identified within 
the TSR domains of ADAMTS13. Together these data provide novel information on 
the glycosylation pattern of plasma derived ADAMTS13. Potential relevance of our 
findings for the initiation of autoimmune reactivity against ADAMTS13 in patients 
affected by acquired TTP is discussed.



Identification of glycosylation sites in ADAMTS13 by mass spectrometry

115

Chapter 5

Materials and methods

Purification of plasma ADAMTS13
Plasma ADAMTS13 was purified as described previously.16 In brief, one liter of 
cryosupernatant was applied to an A10-sepharose column (Vf 5 ml) at a flow rate 
of 0.9 ml/min at room temperature. The column was then washed with five bed 
volumes of Tris-buffered saline (TBS; 20 mM Tris-HCl pH 7.4; 150 mM NaCl), five bed 
volumes of high salt TBS (20 mM Tris-HCl pH 7.4; 1 M NaCl) and five bed volumes 
of high-salt TBS containing 10% of dimethylsulphoxide (DMSO). Subsequently, 
different fractions of ADAMTS13 were eluted with high salt TBS containing 40% 
DMSO; ADAMTS13 containing fractions were pooled and dialyzed overnight at 4°C 
against TBS. Dialyzed ADAMTS13 was concentrated using 10 kDa molecular weight 
cut-off Amicon spin columns (Millipore, Bedford, USA). Presence of ADAMTS13 
was confirmed by Western blot  using a mouse anti-TSR5-8 monoclonal antibody 
(20D2; Supplemental Figure 1).17 ADAMTS13 concentration was determined using 
a previously developed ELISA, employing purified rabbit polyclonal antibodies 
directed against ADAMTS13.18-20

Deglycosylation with peptide-N-glycosidase F
Purified recombinant and plasma ADAMTS13 (200 nM) were incubated with or 
without PNGaseF (2 U; Roche Diagnostics, Almere, The Netherlands) in a final 
volume of 50 μl, overnight at 37°C in order to enzymatically remove N-linked sugar 
moieties from the protein. Removal of the glycans was assessed by SDS-PAGE on 
NuPAGE Bis-Tris Gel System 4-12% gel (Invitrogen, Breda, The Netherlands) followed 
by silver staining.

Identification of terminal N-linked glycans
To identify terminal sugars attached to plasma and recombinant ADAMTS13 
we performed a lectin binding analysis using the DIG Glycan Differentation Kit 
(Roche, Manheim, Germany). Equal amounts of both recombinant and plasma 
ADAMTS13 (2 μg) were subjected to SDS-PAGE on NuPAGE Bis-Tris Gel System 
4-12% gel (Invitrogen, Breda, The Netherlands) and then blotted onto nitrocellulose 
membranes. Membranes were incubated with five different lectins recognizing 
different carbohydrates according to manufacturer’s specifications: Galanthus 
nivalis agglutinin (GNA) recognizes α-D-Mannose, Sasmbucus nigra agglutinin (SNA) 
recognizes sialic acid terminally linked to galactose through α(2-6) linkage, Maackia 
amurensis agglutinin (MAA) recognizes terminal sialic acid linked to galactose 
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through α(2-3) linkage, Peanut agglutinin (PNA) recognizes galactose-β-(1-3-
Nacetylgalactoseamine) and Datura stramonium agglutinin (DSA) that recognizes 
galactose-β-(1-4-Nacetylgalactoseamine) and galactose-β-D-N-acetylglucosamine. 
All lectins were conjugated with digoxigenin and binding of lectins to ADAMTS13 
was determined by addition of anti-digoxigenin Fab antibody fragments conjugated 
with alkaline phosphatase as described in the manufacturer’s procedures. The 
glycoproteins carboxypeptidase Y, transferrin, fetuin and asialofetuin were used as 
controls. 

Generation of peptides and mass spectrometry sample preparation
Purified recombinant and plasma ADAMTS13 (200 nM), treated and non-treated with 
PNGaseF, were incubated with 6 M of ureum for 15 minutes at room temperature. 
Ureum concentration was reduced to 1 M by addition of 50 mM ammonium 
bicarbonate buffer (ABC). Disulfide bonds of the samples were reduced and alkylated 
by adding 10 μl of 100 mM 1.4-dithiothreitol freshly prepared in 50 mM ABC buffer 
for 30 minutes at room temperature following incubation with 25 μl of freshly 
prepared 55 mM iodoacetamide stock solution for 30 minutes at room temperature. 
Trypsin and chymotrypsin (Promega, Promega Benlux, the Netherlands) digestion 
was performed by incubation of the samples with 0.1 μg of the appropriate enzyme 
at room temperature. For chymotypsin digestions 2.5 mM of CaCl2 was added to 
the samples prior addition of the enzyme. After overnight digestion the peptide 
mixtures were acidified with formic acid (Biosolve, Valkenswaard, The Netherlands) 
to stop the enzymatic reaction and to allow concentration of the peptides using 
C18 ziptips (Millipore, Amsterdam, the Netherlands) as per the manufacturer’s 
instructions. Peptides were eluted with acetonitrile that was subsequently removed 
from the samples before mass spectrometry analysis by evaporation under vacuum 
(Thermo Fisher Scientific, Bremen, Germany).

Mass spectrometry analysis of peptides
Peptides were separated using a reverse phase C18 column (50 μm × 20 cm, 5 μm 
particles; Nanoseparations, Nieuwkoop, The Netherlands) at a flow rate of 100 nl/min 
with gradient from 0% to 35% (v/v) acetonitrile with 0.1 M hydrogen acetate. Eluted 
peptides were then sprayed directly into a LTQ XL Orbitrap mass spectrometer 
(Thermo Fisher Scientific Inc, Bremen, Germany) using a nanoelectrospray source 
with a spray voltage of 1.9 kV. Full MS scans were performed and the 5 most intense 
precursor ions from each full scan in the Orbitrap were selected for collision induced 
dissociation (CID; 300-2000 m/z, resolving power 30.000). MS/MS/MS was triggered 
upon detection of neutral loss of the top 10 peptides in the MS/MS spectrum. For 
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appropriate identification of the glycosylated sites several peptides were selected 
manually for electron transfer dissociation (ETD) fragmentation. On a monthly basis 
the LTQ Orbitrap was calibrated as recommended by the manufacturer in order to 
ensure a high mass accuracy.

Data analysis
Peptides were identified by screening each SEQUEST output file against the 
UniprotKB non-redundant protein 25.H_sapiens.fasta database using Proteome 
Discoverer version 1.2 software (Thermo Scientific, Bremen, Germany). A decoy 
database comprising the reverse of all protein sequences from the 25.H_sapiens.
fasta database was employed to obtain a false discovery rate (FDR). The identification 
of oxidation on methionine (+15.994 Da; dynamic modification) and modification 
on cysteine groups (carbamidomethyl groups +57.0214 Da; static modification) 
was included during the search. Peptides modified by N-linked glycosylation 
were identified by the conversion of asparagine to aspartic acid at the site of 
carbohydrate attachment, resulting in an increase of the peptide mass of 1 Da (Asn 
→ Asp; +0.9840). Analysis of O-fucosylated sites was determined by performing 
searches for the glucose-fucose group (+308 Da) on serine residues. Tryptophans 
were monitored for the presence of a C-mannosylated group (+162.058). Individual 
MS/MS fragmentation spectra were manually analyzed in order to identify the 
sequential loss of glucose (hexose, 162 Da), fucose (deoxyhexose, 146 Da), or 
glucose-fucose (308 Da) from O-fucosylated sites and the loss of 120 Da in MS/MS 
spectra of peptides containing the modified tryptophan, a characteristic cross-ring 
fragmentation product of aromatic C-glycosides.
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Results 

Mapping of the N-linked glycosylation sites in plasma ADAMTS13
To identify the potential N-linked glycosylation sites in plasma ADAMTS13 we used 
tandem MS to acquire m/z values of peptides ions derived from in-solution tryptic 
and chymotryptic digestion of purified plasma ADAMTS13 after treatment with 
PNGaseF. The enzyme is able to release the entire carbohydrate from the side chain 
of asparagine and in this process converts the amino acid asparagine to aspartic 
acid resulting in an increase of the peptide mass of 1 Da. Treatment of purified 
plasma ADAMTS13 with PNGaseF resulted in an increase of the sequence coverage 
from 72% towards 81% (Figure 1). Full MS scans were performed and the five most 
intense precursor ions from each full scan were selected for CID and analyzed by 
MS/MS. Figure 2 illustrates the mass spectral data for the glycosylated peptide 
IAIHALATNMGAGTEGANASYILIR derived from the CUB2 domain of ADAMTS13. 
The series of b- and y-ions from the peptide confirm the presence of an N-linked 
glycan on N1354 for peptide I1337-R1361. Nine N-linked glycosylated peptides 
were identified throughout ADAMTS13 (Table I). Mass spectra of the other N-linked 
peptides are provided in Supplemental Figure 2. As shown in Table I two N-linked 
sites were identified in the metalloproteinase domain (N142 and N146), four 
in or near the spacer domain (N552, N579, N614 and N667), one in the second 
TSR domain (N707) and two in the CUB domains (N1235 and N1354). All peptides 
contained the N-glycosylation consensus sequence N-X-S/T and had an increase 
of mass of 1 Da. ADAMTS13 derived peptides containing the N-linked sites were 
identified only in samples treated with PNGaseF, while most peptides were absent 
in the unglycosylated samples with exception of N142, N146, N707 and N1354 that 
were also detected in non-PNGaseF treated ADAMTS13. This observation suggests 
that N-glycosylation at these sites is not complete. We were not able to identify 
whether a glycan was attached to N828 since peptides containing this amino acid 
were not detected in our analysis. All nine N-linked glycosylation sites were also 
identified in recombinant ADAMTS13 that was analysed in parallel (data not shown). 

Identification of terminal N-linked glycans of plasma ADAMTS13
The terminal sugar residues of the N-linked glycans attached to plasma ADAMTS13 
were determined by lectin blot analysis. Equal amounts of recombinant and plasma 
ADAMTS13 were separated by SDS-PAGE and transferred onto nitrocellulose 
membranes. Detection of terminal sugars was carried out by specific interaction of 
digoxygenin-labelled lectins.  
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Figure 1. Sequence coverage of ADAMTS13. (A) Sequence coverage of trypsin digested plasma 
ADAMTS13. (B) Sequence coverage of PNGaseF treated ADAMTS13. Bold residues show trypsin 
cleavage sites at lysine (K) and arginine (R). Green residues belong to peptides with high confidence 
(FDR 1%), yellow residues peptides with medium confidence (FDR 5%) and red residues belong to 
peptides with low confidence (FDR > 5%).
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Figure 2. Mapping of N-linked glycosylation sites in plasma ADAMTS13. Fragmentation spectra of 
deglycosylated peptide IAIHALATNMGAGTEGANASYILIR, derived from the CUB2 domain of ADAMTS13. 
Upper panel represents the MS/MS spectrum of the peptide. The peak corresponding to the parent 
ion is indicated in green; selected peaks corresponding to b- and y-ions are indicated in red and blue. 
The lower panel depicts the complete list of b- and y-ions. Theoretically predicted peptide masses are 
indicated in black. Y-ions that were found in the spectrum are indicated in blue whereas the b-ions that 
are indicated in red. Peptides masses highlighted in the spectrum are marked in yellow. The differences 
in m/z observed for the different b- and y-ions correspond to an increase of the peptide mass of 1 Da 
that results from a conversion of an Asn for Asp after cleavage of N-linked glycans by PNGaseF. 

#1 b⁺ b²⁺ b³⁺ Seq. y⁺ y²⁺ y³⁺ #2
1 114.09135 57.54931 38.70197 I 25
2 185.12847 93.06787 62.38101 A 2416.22904 1208.61816 806.08120 24
3 298.21254 149.60991 100.07570 I 2345.19192 1173.09960 782.40216 23
4 435.27145 218.13936 145.76200 H 2232.10785 1116.55756 744.70747 22
5 506.30857 253.65792 169.44104 A 2095.04894 1048.02811 699.02116 21
6 619.39264 310.19996 207.13573 L 2024.01182 1012.50955 675.34212 20
7 690.42976 345.71852 230.81477 A 1910.92775 955.96751 637.64743 19
8 791.47744 396.24236 264.49733 T 1839.89063 920.44895 613.96839 18
9 905.52037 453.26382 302.51164 N 1738.84295 869.92511 580.28583 17

10 1036.56087 518.78407 346.19181 M 1624.80002 812.90365 542.27152 16
11 1093.58234 547.29481 365.19896 G 1493.75952 747.38340 498.59136 15
12 1164.61946 582.81337 388.87800 A 1436.73805 718.87266 479.58420 14
13 1221.64093 611.32410 407.88516 G 1365.70093 683.35410 455.90516 13
14 1322.68861 661.84794 441.56772 T 1308.67946 654.84337 436.89800 12
15 1451.73121 726.36924 484.58192 E 1207.63178 604.31953 403.21544 11
16 1508.75268 754.87998 503.58908 G 1078.58918 539.79823 360.20124 10
17 1579.78980 790.39854 527.26812 A 1021.56771 511.28749 341.19409 9
18 1694.81674 847.91201 565.61043 N-Asn->Asp 950.53059 475.76893 317.51505 8
19 1765.85386 883.43057 589.28947 A 835.50364 418.25546 279.17273 7
20 1852.88589 926.94658 618.30015 S 764.46652 382.73690 255.49369 6
21 2015.94921 1008.47824 672.65459 Y 677.43449 339.22088 226.48301 5
22 2129.03328 1065.02028 710.34928 I 514.37117 257.68922 172.12857 4
23 2242.11735 1121.56231 748.04397 L 401.28710 201.14719 134.43388 3
24 2355.20142 1178.10435 785.73866 I 288.20303 144.60515 96.73919 2
25 R 175.11896 88.06312 59.04450 1

I A I H A L A T N M G A G T E G A N A S Y I L I R
Y ions

b ions

m/z: 843.77850 (z= +3)  
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Table I: Schematic representation of N-linked glycosylation sites of ADAMTS13 

Lectins specifically recognizing terminal α-D-mannose (GNA), β-D-galatose 
(DSA) and terminal sialic acid (SNA and MAA) clearly recognized both 
recombinant and plasma ADAMTS13 confirming the presence of complex and 
hybrid N-glycan structures  on  both   proteins (Figure 3). The lectin PNA, that 
binds to the disaccharide galactose-β(1-3)-N-acetylgalactosamine, recognized 
only recombinant ADAMTS13. The disaccharide might not be accessible 
due to the presence of one or two sialic acids that need to be removed 
enzymatically to allow binding of PNA. In complex O-linked glycan structures 
the disaccharide core is modified by the addition of sugars such as fucose that also
need to be released to allow accessibility to the PNA lectin. Absence of binding 
of this lectin suggests the presence of complex glycans structures on plasma 
ADAMTS13. Taken together our findings indicate that plasma ADAMTS13 contains 
different glycan structures when compared to recombinant ADAMTS13.

CID/ETD MS/MS analysis of O-fucosylation sites in plasma ADAMTS13
Chromatography and tandem mass spectrometry analysis have shown that the 
thrombospondin type 1 repeats (TSRs) of recombinant ADAMTS13 and from 
several other proteins are modified by the addition of the disaccharide glucose-
β-(1-3)-fucose-α1-O-linked to serine or threonine residues.4,21-24 To determine 
whether the same modification occurs in plasma ADAMTS13 we examined tryptic 
and chymotryptic peptides derived from purified plasma ADAMTS13 through mass 
spectral analysis using two different fragmentation approaches: collision induced 
dissociation (CID) and electron transfer dissociation (ETD). Recombinant ADAMTS13 
was analyzed in parallel as control (data not shown). 

Glycosylation Peptide sequence
N142+N146 MVILTEPEGAPNITANLTSSLVCGWSQTINPEDDTDPGHADLVLYSTR

N552 CQVCGGDNSTCSPR

N579 AREYVTFLTVTPNLTSVYIANHRPLFTHLAVR

N614 MSISPNTTYPSLEEDGR

N667 YGEEYGNLTRPDITFTYFQPKPR

N707 WVNYSCLDQARK

N1235 VLESSLNCSAGDMLLLWGR

N1354 IAIHALATNMGAGTEGANASYILIR
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Figure 3. Identification of 
N-linked glycans in plasma 
derived ADAMTS13. Lectin-blot 
analysis of both recombinant 
and plasma ADAMTS13 showing 
the terminal sugar glycans 
attached to the proteins. The 
blots show that both proteins 
contain N-linked glycan chains 
terminating with α-D-mannose 
(GNA blot), β-D-galatose (DSA 
blot) and terminal sialic acid 
(SNA and MAA blot). The PNA 
blot shows negative binding 
of this lectin with plasma 
ADAMTS13 while clearly binds 
to recombinant ADAMTS13. 
Thus suggests the presence 
of complex glycans structures 
on plasma ADAMTS13. 
Control glycoproteins such as 
carboxypeptidase Y (C-pep. 
Y), transferin, fetuin and 
asialofetuin (A. Fetuin) have 
been included in each blot as a 
positive control. For illustration 
purposes, the structure of the 
recognized glycans present 
on the control glycoproteins 
is shown. The terminal sugars 
recognized by the specific lectins 
are indicated by a box.

CID fragmentation of the glycosylated peptides resulted in a characteristic 
pattern showing the sequential neutral losses of glucose (Hex, 162 Da), fucose 
(dHex, 142 Da) and of the disaccharide glucose-β-(1-3)-fucose (Hex-dHex, 308 
Da) (Figure 4, Supplemental figure 3). As shown in figure 4, for TSR5-derived 
peptide TGAQAAHVWTPAAGSCSVSCGR (charge z=+2), the most intense ions in 
the spectrum (m/z 1116.72) represent the loss of Hex-dHex disaccharide with 
respect to the mass of the parent peptide ion (m/z 1270.06). The lower ions 
(m/z 1189 for TGAQAAHVWTPAAGSCSVSCGR) represent the loss of the single 
Hex. MS/MS/MS fragmentation of the TGAQAAHVWTPAAGSCSVSCGR peptide 
without the Hex and dHex yields extensive peptide backbone fragments and 
provides sufficient information to appropriately identify the peptide (Figure 4; 
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lower panel). Results from CID analysis allowed the identification of six O-linked 
glycosylated peptides within 6 of the 8 TSRs domains of ADAMTS13 (Table II and 
Supplemental Figure 3). MS/MS/MS spectra of fucosylated peptides derived from 
TSR2, TSR3 and TSR6 did not contain sufficient information to allow appropriate 
identification of the modified amino acid (Supplemental Figure 3; panel C, D and E). 
ETD fragmentation of glycosylated peptides produces several c- and z-ions 

(nomenclature of Zebarev and co-workers 25), resulting from the cleavage of the 
N-Cα bonds, and allows the intact oligosaccharide moieties to remain attached to 
 the fragment ions containing the glycans. 

T G A Q A A H V W T P A A G S C S V S C G R
Y ions
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Figure 4. TSR domains of ADAMTS13 
are modified with a O-fucose-
glucose disaccharide. Top panel 
represents the MS/MS spectrum of 
a tryptic peptide derived from the 
TSR5 domain of ADAMTS13. The 
major ions represent the sequential 
neutral loss of a hexose (81 Da loss 
of glucose from a doubly charged 
peptide; [M+2H-Hex]2+, m/z 1.189) 
and of a hexose-deoxyhexose 
(154 Da loss of the glucose-fucose 
disaccharide from a double charged 
peptide; [M+2H-Hex-dHex]2+,m/z 
1116.72). Peaks corresponding to 
neutral losses are indicated by a red 
hexagon. Lower panel shows the MS/
MS/MS fragmentation confirming 
the assignment of the peptide. 
Selected peaks corresponding to b- 
and y-ions are indicated in red and 
blue.



Chapter 5

124

Table II: Schematic representation of O-linked fucosylation sites of ADAMTS13 

The ETD process represents an excellent tool to allow the localization of sites of 
modification in glycopeptides. Therefore, the same O-linked fucosylated peptides 
identified by CID were analyzed by ETD. Figure 5 shows the ETD fragmentation 
of the O-fucosylated peptide GPCSVSCGAGLR derived from the TSR2 domain. 
Both c- and z- ions were observed allowing sequence determination of the 
peptide. The glycosylation site was determined by the mass differences between 
z7+ to z4+ (indicated by the arrow). The ETD spectra obtained for peptides 
TGAQAAHVWTPAAGSCSVSCGR and WHVGTWMECSVSCGDGIR are depicted in 
Supplemental Figure 4. Although the O-fucosylated modification sites were 
recognized as S698, S907 and S1087 respectively, ETD fragmentation of the 
glycosylated peptides of TSR5 and TSR8 showed that these peptides can be modified 
at different sites: S691 and S695 for TGAQAAHVWTPAAGSCSVSCGR, S905 for 
WHVGTWMECSVSCGDGIR. Thus suggests the possibility of two positional isomers 
of the same peptide with O-fucosylation modifications on different residues. 
The ETD spectrum fragmentation for the remaining peptides derived from 
TSR3, TSR6 and TSR7 did not show extensive sequence coverage (data 
not shown) and therefore it was not possible to identify the exact site of 
modification. The glycosylated sites can be only suggested taking into account 
the putative consensus sequence of O-fucosylation depicted as WX5C1X2-
3(S/T)C2X2G.4,22 Based on these observations the glycosylation sites for 
ELVETVQCQGSQQPAWPEACVLEPCPPYWAVGDFGPCSASCGGLR (TSR3) , LAACSVSCGR 
(TSR6) and VMSLGPCSASCGLGTAR (TSR7) have been suggested as S757, S965 and 
S1027, respectively.

C-mannosylation of plasma ADAMTS13
In addition to O-fucosylation TSRs often contain consensus motif sites for 

Glycosylation Peptide sequence Parent mass +H Charge Product mass +H Parent - Observed

TSR 2 GPCSVSCGAGLR 1528.66 2 1220 308

TSR 3 ELVETVQCQGSQQPPAWPEACVLEPCPPYWAVGDFGPCSASCGGGLR 5512.46 4 5207.48 305

TSR 5 TGAQAAHVWTPAAGSCSVSCGR 2539.12 2 2233.44 305.56

TSR 6 LAACSVSCGR 1388.6 2 1081.6 307

TSR 7 VMSLGPCSASCGLGTAR 2047.29 2 1740.9 306.39

TSR 8 WHVGTWMECSVSCGDGIQR 2573.07 3 2267.28 305.79
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C-mannosylation W0XXW.21,22,24 Examination of the sequence of ADAMTS13 
suggests the presence of several potential C-mannosylation sites. We therefore 
analyzed ADAMTS13 derived peptides, obtain as described above, with CID and 
ETD tandem mass spectrometry. Peptides carrying the additional 162 Da mass 
(single mannosyl residue) were subjected to ETD fragmentation. Figure 6 shows 
the MS/MS fragmentation of ADAMTS13 derived peptide: APSPWGSIR belonging 
to the TSR4 domain. C-mannosylation of tryptophan was confirmed by the loss 
of 120 Da in the MS/MS spectra (Figure 6; top panel), a characteristic cross-ring 
fragmentation product of aromatic C-glycosides. In addition, a series of b- and y-ions 
were identified in the spectrum and clearly revealed the presence of C-mannose on 
Trp884 in the APSPWGSIR peptide (Figure 6; top panel). Mass differences between 
z5+ and z4+ confirmed Trp884 as site of glycosylation (Figure 6; lower panel). A 
second C-mannosylation site was identified at Trp390 in the WSSWGPR peptide in 
the TSR1 domain (Supplemental Figure 5). 

Figure 5. Identification of O-fucosylation sites in TSR domains of ADAMTS13 using ETD mass 
spectrometry. ETD spectrum of O-fucosylated ADAMTS13 derived peptide GPCSVSCGAGLR belonging 
to the TSR2 domain. The difference between z7+ and the z4+ indicates that the Ser698 is modified by 
O-fucosylation

G P C S V S C G A G L R
 Z ions

C ions

m/z: 764.83893 (z= +2)

m/z

In
te

ns
it

y 
co

un
ts

ETD



Chapter 5

126

Figure 6. TSR domains of ADAMTS13 are modified with C-mannose. CID and ETD fragmentation 
spectrum of ADAMTS13 derived peptides. Top panel show the MS/MS spectrum of the APSPWGSIR 
peptide belonging to the TSR4 domain of ADAMTS13. The major peak in the spectrum corresponds to 
the neutral loss (120 Da) of a cross-ring fragmentation product derived from a C-mannosylated Trp 
(indicated by the red hexagon). The peak corresponding to the intact peptide is indicated in green; 
selected peaks corresponding to b- and y-ions are indicated in red and blue. Lower panel shows the ETD 
spectrum of the APSPWGSIR peptide. Differences between z

5+ and z4+ ions allowed for identification of 
the modified Trp at position 884
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Discussion

Like most secreted proteins ADAMTS13 undergoes post-translational modification 
and is predicted to contain several N-linked oligosaccharides. In our current study 
we were able to demonstrate, by means of tandem mass spectrometry, that 
plasma ADAMTS13 is a highly glycosylated protein presenting different N-, O- and 
C-linked glycosylation sites. Treatment of plasma ADAMTS13 with PNGaseF, which 
removes the N-linked glycan moieties, allowed the identification of 9 out of 10 
predicted N-glycosylation sites; two in the metalloproteinase domain (N142 and 
N146), four in or near the spacer domain (N552, N579, N614 and N667), one in 
the second TSR domain (N707) and two in the CUB domains (N1235 and N1354). 
Peptides harbouring unmodified N142, N146, N707 and N1354 were also detected 
suggesting that N-glycosylation at these residues is not complete. The tryptic 
peptide containing the N828 site was not identified therefore we were unable to 
determine whether a glycan is added to this site.  Mammalian N-linked moieties are 
highly versatile in nature. Lectin binding analysis of both plasma and recombinant 
ADAMTS13 revealed that both proteins contain high mannose structures, sialic acid 
and galactose residues. Absence of binding of plasma ADAMTS13 to PNA suggests 
the presence of complex glycans structures on the protein and indicates that plasma 
ADAMTS13 contains different glycan structures when compared to recombinant 
ADAMTS13.
O-fucosylation is a different post-translational modification in which fucose or the 
disaccharide glucose-β(1,3)-fucose is covalently attached to Ser or Thr residues 
within a putative consensus sequence CSX(S/T)CG.4,26 It is well established that 
O-fucosylation takes place in TSRs.4,22,26 Previous studies have identified several 
O-linked glycosylation moieties in the TSR domains of recombinant ADAMTS13.4,27 
Through a combination of CID/ETD MS/MS analysis we were able to identify six 
O-linked glycosylated peptides within the TSR2, TSR3, TSR5, TSR6, TSR7 and 
TSR8 domains of plasma ADAMTS13. MS/MS fragmentation spectra (Figure 4; 
Supplemental Figure 3) showed a characteristic neutral loss of the disaccharide 
glucose-β(1,3)-fucose confirming the presence of the glycan within the TSR derived 
peptides.
To further identify the site of glycosylation we performed an ETD analysis. Unlike 
CID analysis, ETD fragmentation retains the modification allowing assignment of the 
O-fucosylated residue.28-30 Using this approach we were able to assign the exact site 
of modification for three of the TSRs glycosylated peptides: S698 for GPCSVSCGAGLR, 
S907 for TGAQAAHVWTPAAGSCSVSCGR and S1087 for WHVGTWMECSVSCGDGIQR 
(Figure 5; Supplemental Figure 4). Unfortunately the precise site of glycosylation for 
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the remaining peptides could not be identified due to low sequence coverage. Taking 
into account previous findings of O-fucosylated sites in recombinant ADAMTS134 
and the consensus sequence of the modification we suggest that O-fucosylation 
takes place at S757, S965 and S1027.
In addition to N- and O-linked oligosaccharides, proteins are often modified by 
C-mannosylation. C-mannosylation is a common post-translation modification 
of TSR.22,24 In this study we show that Trp884 and Trp390 in the TSR4 and TSR1 
domain are modified by C-mannosylation, confirming that the modification might 
not only occur within the consensus sequence (W0XXW) but often takes place at 
other sites.24 Recently, Akiyama and co-workers showed that Trp387 in TSR1 was 
C-mannosylated in a recombinant ADAMTS13 variant.31 Our data clearly show 
that Trp390 is C-mannosylated in plasma derived ADAMTS13. Interestingly, ions 
corresponding to C-mannosylated WSSWGPR peptide were identified that did not 
contain the mannose-residue at Trp390. This suggest that Trp387 might also be 
modified in plasma derived ADAMTS13. However, the fragmentation spectrum did 
not allow an accurate assignment of C-mannosylation at Trp387 (data not shown). 
The precise function of this modification has not yet been fully elucidated. Mutation 
of this sequence in other proteins, such as the erythropoietin receptor, leads to 
alteration of the intracellular trafficking of the protein from endoplasmic reticulum 
(ER) to Golgi suggesting that C-mannosylation, together with O-fucosylation, might 
stabilize the protein conformation.32 Absence of post-translational modifications 
might therefore cause misfolding and retention of the protein in the ER.
Protein glycosylation has not only been considered to play an important role in cell-
cell communication and adhesion, protein structural stability, membrane structure 
and cellular signaling. Several studies have shown that protein glycans may be crucial 
also for T cell recognition of autoantigens in autoimmune disorders.13 O-linked 
glycans can alter proteolytic processing and/or presentation of glycopeptides on 
MHC class II molecules and thereby interfere with activation of T cells.14,15 Previously 
we have shown that antigen presenting cells derived from HLA-DRB1*11 positive 
individuals present a CUB2 domain-derived peptide FINVAPHARIA (residues 1327-
1338).11 HLA-DRB1*11 is more frequently observed in patients with acquired TTP 
when compared to a healthy control population  and is considered to be a risk factor 
for the development of acquired TTP.33-35 Thus suggests that functional presentation 
of this CUB2 domain-derived peptide contributes to the onset of acquired TTP.11 
Presentation of the FINVAPHARIA peptide (residues 1327-1338) may potentially be 
affected by the presence of an N-linked glycan at N1354. In non DRB1*11 donors 
we also observed presentation of peptide ASYILIRDTHSLRTTA (residues 1355-
1370) which is right adjacent to N1354.11 Based on its close proximity to N1354 we 
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hypothesize that presentation of the ASYILRDTHSLRTTA peptide on MHC class II can 
potentially be modulated by the presence of a glycan at N1354. In this respect it is 
interesting to note that peptides lacking the glycan at N1354 were also identified in 
plasma ADAMTS13. This raises the possibility that differential glycosylation at N1354 
can contribute to the onset of acquired TTP in individuals capable of presenting the 
ASYILIRDTHSLRTTA peptide. 
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Supplemental material

Materials and methods

Purification of plasma ADAMTS13
Plasma ADAMTS13 was purified as described in the “Materials and methods” section 
in the manuscript using a specific monoclonal antibody A10. Subsequently 1 μg of 
purified plasma ADAMTS13 was loaded on SDS-PAGE on NuPAGE Bis-Tris Gel System 
4-12% gel (Invitrogen, Breda, The Netherlands) and analyzed by silver staining. 
Purification of plasma ADAMTS13 was confirmed by Western blot using a mouse 
anti-TSR5-8 monoclonal antibody (20D2; Peyvandi and Manucci, Haematologica 
2008). Recombinant ADAMTS13 was analyzed in parallel as a control.

Identification of N-linked and O-linked glycosylation sites
Purified recombinant and plasma ADAMTS13 (200 nM) treated and non treated 
with PNGaseF were digested with trypsin or chymotrypsin as described earlier in the 
manuscript. Digested peptides were then analyzed by mass spectrometry. Peptides 
were identified by screening each SEQUEST output file against the UniprotKB 
non-redundant protein 25.H_sapiens.fasta database using Proteome Discoverer 
version 1.2 software (Thermo Scientific, Bremen, Germany). During the search 
the identification of oxidation on methionine (+15.994 Da; dynamic modification) 
and modification on cysteine groups (carbamidomethly groups +57.0214 Da; static 
modification) was included. N-linked glycosylation sites were identified in samples 
treated with PNGaseF by screening of peptides with a mass increase of 1 Da. Thus 
is due to the conversion of asparagines to aspartic acid (Asn → Asp; +0.9840) at 
the site of carbohydrate attachment after treatment with PNGaseF. Analysis of 
O-fucosylated sites were determined by performing searches for the glucose-fucose 
group (+308 Da) on serine residues.
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Results

Plasma ADAMTS13
In order to confirm purification of ADAMTS13 we analyzed the concentrated 
dialyzed purified fraction on SDS-PAGE followed by silver staining and Western blot. 
As shown in Supplemental Figure 1A a single major band of approximately 180 kDa 
is observed. Immunoblotting using an anti-ADAMTS13 antibody (20D2) confirmed 
that the major band was pADAMTS13 (Supplemental Figure 1B). Recombinant 
ADAMTS13 was used as control.

Supplemental Figure 1. Purification of 
pADAMTS13. (A) Purified plasma ADAMTS13 
(1 μg) was loaded on SDS-PAGE on NuPAGE Bis-
Tris Gel System 4-12% gel and analyzed by silver 
staining. (B) Both pADAMTS13 and rADAMTS13 
were analyzed by Western blot using an anti-
ADAMTS13 antibody (20D2). 

Identification of N-linked sites in plasma ADAMTS13
Full MS scans were performed and the five most intense precursor ions from each 
full scan were selected for CID and analyzed by MS/MS. Nine N-linked glycosylation 
sites were identified within ADAMTS13 (Figure 2, Table I and Supplemental 
Figure 2). Supplemental Figure 2 shows the peptides WVNYSCLDQAR (A), 
VLESSLNCSAGDMLLLWGR (B), CQVCGGDNSTCSPR (C), MSISPNTTYPSLLEDGR (D), 
AREYVTFLTVTPNLTSVYIANHRPLFTHLAVR (E), RYGEEYGNLTRPDITFTYFQPKPR (F) and 
MVILTEPEGAPNITANLTSSLLSVCGWSQTINPEDDTDPGHADLVLYITR (G). All peptides 
contain the N-glycosylation consensus sequence N-X-S/T and were confirmed to 
be modified by N-linked glycosylation as evidenced by an increase of mass of 1 Da 
that results from conversion of an Asn to Asp after removal of N-linked glycans by 
PNGaseF.
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A
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pADAM
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13

180 kDa
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#1 b⁺ b²⁺ Seq. y⁺ y²⁺ #2
1 187.08660 94.04694 W 11
2 286.15502 143.58115 V 1226.54705 613.77716 10
3 401.18196 201.09462 N-Asn->Asp 1127.47863 564.24295 9
4 564.24528 282.62628 Y 1012.45169 506.72948 8
5 651.27731 326.14229 S 849.38837 425.19782 7
6 811.30797 406.15762C-Carbamidomethyl 762.35634 381.68181 6
7 924.39204 462.69966 L 602.32568 301.66648 5
8 1039.41899 520.21313 D 489.24161 245.12444 4
9 1167.47757 584.24242 Q 374.21466 187.61097 3

10 1238.51469 619.76098 A 246.15608 123.58168 2
11 R 175.11896 88.06312 1
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MS/MS

#1 b⁺ b²⁺ Seq. y⁺ y²⁺ #2
1 100.07570 50.54149 V 19
2 213.15977 107.08352 L 2038.95735 1019.98231 18
3 342.20237 171.60482 E 1925.87328 963.44028 17
4 429.23440 215.12084 S 1796.83068 898.91898 16
5 516.26643 258.63685 S 1709.79865 855.40296 15
6 629.35050 315.17889 L 1622.76662 811.88695 14
7 744.37744 372.69236 N-Asn->Asp 1509.68255 755.34491 13
8 904.40810 452.70769C-Carbamidomethyl 1394.65560 697.83144 12
9 991.44013 496.22370 S 1234.62495 617.81611 11

10 1062.47725 531.74226 A 1147.59292 574.30010 10
11 1119.49872 560.25300 G 1076.55580 538.78154 9
12 1234.52567 617.76647 D 1019.53433 510.27080 8
13 1381.56108 691.28418 M-Oxidation 904.50738 452.75733 7
14 1494.64515 747.82621 L 757.47196 379.23962 6
15 1607.72922 804.36825 L 644.38789 322.69758 5
16 1720.81329 860.91028 L 531.30382 266.15555 4
17 1906.89261 953.94994 W 418.21975 209.61351 3
18 1963.91408 982.46068 G 232.14043 116.57385 2
19 R 175.11896 88.06312 1
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m/z: 1069.51843 (z= +2)
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#1 b⁺ b²⁺ Seq. y⁺ y²⁺ #2
1 132.04778 66.52753 M 17
2 219.07981 110.04354 S 1750.84945 875.92836 16
3 332.16388 166.58558 I 1663.81742 832.41235 15
4 419.19591 210.10159 S 1550.73335 775.87031 14
5 516.24868 258.62798 P 1463.70132 732.35430 13
6 631.27562 316.14145 N-Asn->Asp 1366.64855 683.82791 12
7 732.32330 366.66529 T 1251.62160 626.31444 11
8 833.37098 417.18913 T 1150.57392 575.79060 10
9 996.43430 498.72079 Y 1049.52624 525.26676 9

10 1093.48707 547.24717 P 886.46292 443.73510 8
11 1180.51910 590.76319 S 789.41015 395.20871 7
12 1293.60317 647.30522 L 702.37812 351.69270 6
13 1406.68724 703.84726 L 589.29405 295.15066 5
14 1535.72984 768.36856 E 476.20998 238.60863 4
15 1650.75679 825.88203 D 347.16738 174.08733 3
16 1707.77826 854.39277 G 232.14043 116.57385 2
17 R 175.11896 88.06312 1
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2 289.09651 145.05189 Q 1438.56862 719.78795 13
3 388.16493 194.58610 V 1310.51004 655.75866 12
4 548.19558 274.60143C-Carbamidomethyl 1211.44162 606.22445 11
5 605.21705 303.11217 G 1051.41096 526.20912 10
6 662.23852 331.62290 G 994.38949 497.69838 9
7 777.26547 389.13638 D 937.36802 469.18765 8
8 892.29242 446.64985 N-Asn->Asp 822.34107 411.67417 7
9 979.32445 490.16586 S 707.31413 354.16070 6

10 1080.37213 540.68970 T 620.28210 310.64469 5
11 1240.40278 620.70503C-Carbamidomethyl 519.23442 260.12085 4
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#1 b⁺ b²⁺ b³⁺ b⁴⁺ b⁵⁺ b⁶⁺ Seq. y⁺ y²⁺ y³⁺ y⁴⁺ y⁵⁺ y⁶⁺ #2
1 72.04440 36.52584 24.68632 18.76656 15.21470 12.84680 A 32
2 228.14552 114.57640 76.72002 57.79184 46.43492 38.86365 R 3629.95922 1815.48325 1210.65792 908.24526 726.79766 605.83260 31
3 357.18812 179.09770 119.73422 90.05249 72.24344 60.37075 E 3473.85810 1737.43269 1158.62422 869.21998 695.57744 579.81575 30
4 520.25144 260.62936 174.08866 130.81832 104.85611 87.54797 Y 3344.81550 1672.91139 1115.61002 836.95933 669.76892 558.30865 29
5 619.31986 310.16357 207.11147 155.58542 124.66979 104.05937 V 3181.75218 1591.37973 1061.25558 796.19350 637.15626 531.13143 28
6 720.36754 360.68741 240.79403 180.84734 144.87933 120.90065 T 3082.68376 1541.84552 1028.23277 771.42640 617.34257 514.62002 27
7 867.43596 434.22162 289.81684 217.61445 174.29301 145.41206 F 2981.63608 1491.32168 994.55021 746.16448 597.13304 497.77874 26
8 980.52003 490.76365 327.51153 245.88546 196.90983 164.25940 L 2834.56766 1417.78747 945.52740 709.39737 567.71935 473.26734 25
9 1081.56771 541.28749 361.19409 271.14738 217.11936 181.10068 T 2721.48359 1361.24543 907.83271 681.12635 545.10254 454.42000 24

10 1180.63613 590.82170 394.21689 295.91449 236.93305 197.61208 V 2620.43591 1310.72159 874.15015 655.86443 524.89300 437.57872 23
11 1281.68381 641.34554 427.89945 321.17641 257.14258 214.45336 T 2521.36749 1261.18738 841.12735 631.09733 505.07932 421.06731 22
12 1378.73658 689.87193 460.25038 345.43960 276.55314 230.62883 P 2420.31981 1210.66354 807.44479 605.83541 484.86978 404.22603 21
13 1493.76352 747.38540 498.59269 374.19634 299.55853 249.79998 N-Asn->Asp 2323.26704 1162.13716 775.09386 581.57222 465.45923 388.05057 20
14 1606.84759 803.92743 536.28738 402.46736 322.17534 268.64733 L 2208.24009 1104.62368 736.75155 552.81548 442.45384 368.87941 19
15 1707.89527 854.45127 569.96994 427.72928 342.38488 285.48861 T 2095.15602 1048.08165 699.05686 524.54446 419.83703 350.03207 18
16 1794.92730 897.96729 598.98062 449.48728 359.79128 299.99395 S 1994.10834 997.55781 665.37430 499.28254 399.62749 333.19079 17
17 1893.99572 947.50150 632.00343 474.25439 379.60497 316.50535 V 1907.07631 954.04179 636.36362 477.52454 382.22108 318.68545 16
18 2057.05904 1029.03316 686.35787 515.02022 412.21763 343.68257 Y 1808.00789 904.50758 603.34081 452.75743 362.40740 302.17405 15
19 2170.14311 1085.57519 724.05256 543.29124 434.83444 362.52992 I 1644.94457 822.97592 548.98637 411.99160 329.79474 274.99683 14
20 2241.18023 1121.09375 747.73160 561.05052 449.04187 374.36944 A 1531.86050 766.43389 511.29168 383.72058 307.17792 256.14948 13
21 2355.22316 1178.11522 785.74591 589.56125 471.85045 393.37659 N 1460.82338 730.91533 487.61264 365.96130 292.97050 244.30996 12
22 2492.28207 1246.64467 831.43221 623.82598 499.26224 416.21974 H 1346.78045 673.89386 449.59833 337.45057 270.16191 225.30281 11
23 2648.38319 1324.69523 883.46592 662.85126 530.48246 442.23660 R 1209.72154 605.36441 403.91203 303.18584 242.75013 202.45965 10
24 2745.43596 1373.22162 915.81684 687.11445 549.89301 458.41206 P 1053.62042 527.31385 351.87832 264.16056 211.52991 176.44280 9
25 2858.52003 1429.76365 953.51153 715.38547 572.50983 477.25940 L 956.56765 478.78746 319.52740 239.89737 192.11935 160.26734 8
26 3005.58845 1503.29786 1002.53434 752.15257 601.92351 501.77081 F 843.48358 422.24543 281.83271 211.62635 169.50254 141.41999 7
27 3106.63613 1553.82170 1036.21690 777.41449 622.13305 518.61209 T 696.41516 348.71122 232.80990 174.85925 140.08885 116.90859 6
28 3243.69504 1622.35116 1081.90320 811.67922 649.54483 541.45524 H 595.36748 298.18738 199.12734 149.59733 119.87932 100.06731 5
29 3356.77911 1678.89319 1119.59789 839.95024 672.16164 560.30258 L 458.30857 229.65792 153.44104 115.33260 92.46754 77.22416 4
30 3427.81623 1714.41175 1143.27693 857.70952 686.36907 572.14210 A 345.22450 173.11589 115.74635 87.06158 69.85072 58.37681 3
31 3526.88465 1763.94596 1176.29974 882.47662 706.18275 588.65351 V 274.18738 137.59733 92.06731 69.30230 55.64330 46.53729 2
32 R 175.11896 88.06312 59.04450 44.53520 35.82961 30.02589 1
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F

b⁺ b²⁺ b³⁺ b⁴⁺ Seq. y⁺ y²⁺ y³⁺ y⁴⁺ #2
157.10840 79.05784 53.04098 40.03256 R 24
320.17172 160.58950 107.39542 80.79839 Y 2793.35196 1397.17962 931.78884 699.09345 23
377.19319 189.10023 126.40258 95.05375 G 2630.28864 1315.64796 877.43440 658.32762 22
506.23579 253.62153 169.41678 127.31440 E 2573.26717 1287.13722 858.42724 644.07225 21
635.27839 318.14283 212.43098 159.57505 E 2444.22457 1222.61592 815.41304 611.81160 20
798.34171 399.67449 266.78542 200.34088 Y 2315.18197 1158.09462 772.39884 579.55095 19
855.36318 428.18523 285.79258 214.59625 G 2152.11865 1076.56296 718.04440 538.78512 18
970.39012 485.69870 324.13489 243.35299 N-Asn->Asp 2095.09718 1048.05223 699.03724 524.52975 17

1083.47419 542.24073 361.82958 271.62401 L 1980.07023 990.53875 660.69493 495.77302 16
1184.52187 592.76457 395.51214 296.88593 T 1866.98616 933.99672 623.00024 467.50200 15
1340.62299 670.81513 447.54585 335.91121 R 1765.93848 883.47288 589.31768 442.24008 14
1437.67576 719.34152 479.89677 360.17440 P 1609.83736 805.42232 537.28397 403.21480 13
1552.70271 776.85499 518.23909 388.93114 D 1512.78459 756.89593 504.93305 378.95161 12
1665.78678 833.39703 555.93378 417.20215 I 1397.75764 699.38246 466.59073 350.19487 11
1766.83446 883.92087 589.61634 442.46407 T 1284.67357 642.84042 428.89604 321.92385 10
1913.90288 957.45508 638.63915 479.23118 F 1183.62589 592.31658 395.21348 296.66193 9
2014.95056 1007.97892 672.32171 504.49310 T 1036.55747 518.78237 346.19067 259.89483 8
2178.01388 1089.51058 726.67615 545.25893 Y 935.50979 468.25853 312.50811 234.63291 7
2325.08230 1163.04479 775.69895 582.02603 F 772.44647 386.72687 258.15367 193.86708 6
2453.14088 1227.07408 818.38515 614.04068 Q 625.37805 313.19266 209.13087 157.09997 5
2550.19365 1275.60046 850.73607 638.30387 P 497.31947 249.16337 166.44467 125.08533 4
2678.28862 1339.64795 893.43439 670.32761 K 400.26670 200.63699 134.09375 100.82213 3
2775.34139 1388.17433 925.78532 694.59081 P 272.17173 136.58950 91.39543 68.79839 2

R 175.11896 88.06312 59.04450 44.53520 1
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G

#1 b⁺ b²⁺ b³⁺ b⁴⁺ Seq. y⁺ y²⁺ y³⁺ y⁴⁺ #2
1 132.04778 66.52753 44.68744 33.76740 M 50
2 231.11620 116.06174 77.71025 58.53451 V 5295.58918 2648.29823 1765.86791 1324.65275 49
3 344.20027 172.60377 115.40494 86.80552 I 5196.52076 2598.76402 1732.84510 1299.88565 48
4 457.28434 229.14581 153.09963 115.07654 L 5083.43669 2542.22198 1695.15041 1271.61463 47
5 558.33202 279.66965 186.78219 140.33846 T 4970.35262 2485.67995 1657.45572 1243.34361 46
6 687.37462 344.19095 229.79639 172.59911 E 4869.30494 2435.15611 1623.77316 1218.08169 45
7 784.42739 392.71733 262.14731 196.86230 P 4740.26234 2370.63481 1580.75896 1185.82104 44
8 913.46999 457.23863 305.16151 229.12295 E 4643.20957 2322.10842 1548.40804 1161.55785 43
9 970.49146 485.74937 324.16867 243.37832 G 4514.16697 2257.58712 1505.39384 1129.29720 42

10 1041.52858 521.26793 347.84771 261.13760 A 4457.14550 2229.07639 1486.38668 1115.04183 41
11 1138.58135 569.79431 380.19863 285.40079 P 4386.10838 2193.55783 1462.70764 1097.28255 40
12 1253.60829 627.30778 418.54095 314.15753 N-Asn->Asp 4289.05561 2145.03144 1430.35672 1073.01936 39
13 1366.69236 683.84982 456.23564 342.42855 I 4174.02866 2087.51797 1392.01440 1044.26262 38
14 1467.74004 734.37366 489.91820 367.69047 T 4060.94459 2030.97593 1354.31971 1015.99161 37
15 1538.77716 769.89222 513.59724 385.44975 A 3959.89691 1980.45209 1320.63715 990.72969 36
16 1653.80411 827.40569 551.93955 414.20648 N-Asn->Asp 3888.85979 1944.93353 1296.95811 972.97041 35
17 1766.88818 883.94773 589.63424 442.47750 L 3773.83285 1887.42006 1258.61580 944.21367 34
18 1867.93586 934.47157 623.31680 467.73942 T 3660.74878 1830.87803 1220.92111 915.94265 33
19 1954.96789 977.98758 652.32748 489.49743 S 3559.70110 1780.35419 1187.23855 890.68073 32
20 2041.99992 1021.50360 681.33816 511.25544 S 3472.66907 1736.83817 1158.22787 868.92272 31
21 2155.08399 1078.04563 719.03285 539.52645 L 3385.63704 1693.32216 1129.21720 847.16472 30
22 2268.16806 1134.58767 756.72754 567.79747 L 3272.55297 1636.78012 1091.52251 818.89370 29
23 2355.20009 1178.10368 785.73821 589.55548 S 3159.46890 1580.23809 1053.82782 790.62268 28
24 2454.26851 1227.63789 818.76102 614.32258 V 3072.43687 1536.72207 1024.81714 768.86467 27
25 2614.29916 1307.65322 872.10457 654.33025C-Carbamidomethyl 2973.36845 1487.18786 991.79433 744.09757 26
26 2671.32063 1336.16395 891.11173 668.58562 G 2813.33779 1407.17253 938.45078 704.08991 25
27 2857.39995 1429.20361 953.13817 715.10545 W 2756.31632 1378.66180 919.44362 689.83454 24
28 2944.43198 1472.71963 982.14885 736.86345 S 2570.23700 1285.62214 857.41718 643.31471 23
29 3072.49056 1536.74892 1024.83504 768.87810 Q 2483.20497 1242.10612 828.40651 621.55670 22
30 3173.53824 1587.27276 1058.51760 794.14002 T 2355.14639 1178.07683 785.72031 589.54206 21
31 3286.62231 1643.81479 1096.21229 822.41104 I 2254.09871 1127.55299 752.03775 564.28014 20
32 3400.66524 1700.83626 1134.22660 850.92177 N 2141.01464 1071.01096 714.34306 536.00912 19
33 3497.71801 1749.36264 1166.57752 875.18496 P 2026.97171 1013.98949 676.32875 507.49839 18
34 3626.76061 1813.88394 1209.59172 907.44561 E 1929.91894 965.46311 643.97783 483.23519 17
35 3741.78756 1871.39742 1247.93404 936.20235 D 1800.87634 900.94181 600.96363 450.97454 16
36 3856.81451 1928.91089 1286.27636 964.95909 D 1685.84939 843.42833 562.62131 422.21781 15
37 3957.86219 1979.43473 1319.95892 990.22101 T 1570.82244 785.91486 524.27900 393.46107 14
38 4072.88914 2036.94821 1358.30123 1018.97774 D 1469.77476 735.39102 490.59644 368.19915 13
39 4169.94191 2085.47459 1390.65216 1043.24094 P 1354.74781 677.87754 452.25412 339.44241 12
40 4226.96338 2113.98533 1409.65931 1057.49630 G 1257.69504 629.35116 419.90320 315.17922 11
41 4364.02229 2182.51478 1455.34562 1091.76103 H 1200.67357 600.84042 400.89604 300.92385 10
42 4435.05941 2218.03334 1479.02466 1109.52031 A 1063.61466 532.31097 355.20974 266.65912 9
43 4550.08636 2275.54682 1517.36697 1138.27705 D 992.57754 496.79241 331.53070 248.89984 8
44 4663.17043 2332.08885 1555.06166 1166.54807 L 877.55059 439.27893 293.18838 220.14311 7
45 4762.23885 2381.62306 1588.08447 1191.31517 V 764.46652 382.73690 255.49369 191.87209 6
46 4875.32292 2438.16510 1625.77916 1219.58619 L 665.39810 333.20269 222.47088 167.10498 5
47 5038.38624 2519.69676 1680.13360 1260.35202 Y 552.31403 276.66065 184.77619 138.83397 4
48 5151.47031 2576.23879 1717.82829 1288.62304 I 389.25071 195.12899 130.42175 98.06814 3
49 5252.51799 2626.76263 1751.51085 1313.88496 T 276.16664 138.58696 92.72706 69.79712 2
50 R 175.11896 88.06312 59.04450 44.53520 1

Supplemental Figure 2. Mapping of N-linked glycosylation sites in plasma ADAMTS13. 
Fragmentation spectra of deglycosylated peptides WVNYSCLDQAR (A), VLESSLNCSAGDMLLLWGR 
(B), CQVCGGDNSTCSPR (C), MSISPNTTYPSLLEDGR (D), AREYVTFLTVTPNLTSVYIANHRPLFTHLAVR (E), 
RYGEEYGNLTRPDITFTYFQPKPR (F)  and MVILTEPEGAPNITANLTSSLLSVCGWSQTINPEDDTDPGHADLVLYITR 
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O-fucosylation sites in plasma-derived ADAMTS13
In order to identify O-fucosylation sites ADAMTS13 derived peptides were 
subjected to mass spectrometry analysis using a collision induced dissociation 
(CID). Supplemental Figure 3 shows the fragmentation spectrum of the glycosylated 
peptides. O-fucosylated sites were determined by performing searches for the 
sequential loss of the glucose-β(1-3) fucose group (308 Da) or of the single glucose 
(162 Da) of fucose (146 Da) on serine residues. Six O-linked glycosylated peptides 
within 6 of the 8 TSRs domains of ADAMTS13 were identified (Figure 4, Table II and 
Supplemental Figures 2 and 3). 
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(G). Upper panel represents the MS/MS spectrum of the peptide. The peak corresponding to the intact 
parent ion is indicated in green (in panel C), selected peaks corresponding to b- and y-ions are indicated 
in red and blue. The lower panel depicts the complete list of b- and y-ions. Theoretically predicted peptide 
masses are indicated in black. Y-ions that were found in the spectrum are indicated in blue whereas the 
b-ions that are indicated in red. Peptides masses highlighted in the spectrum are marked in yellow. The 
differences in m/z observed for the different b- and y-ions correspond to an increase of the peptide mass 
of 1 Da that results from an conversion of an Asn for Asp after cleavage of N-linked glycans by PNGaseF.
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Supplemental Figure 3. CID-spectra of TSR domain peptides modified by O-fucosylation. MS/MS 
spectra of tryptic peptides derived from WHVGTWMECSVSCGDGIQR (A), VMSLGPCSASCGLGTAR (B), 
LAACSVSCGR (C),ELVETVQCQGSQQPPAWPEACVLEPCPPYWAVGDFGPCSASCGGGLR (D), GPCSVSCGAGLR 
(E). The major ions represent the sequential neutral loss of a hexose (81 Da loss of glucose from doubly 
charged peptides; [M+2H-Hex]2+), of a deoxyhexose (73 Da loss of fucose from double charged peptides 
[M+2H-dHex]2+) and of a hexose-deoxyhexose (154 Da loss of the glucose-fucose disaccharide from 
double charged peptides; [M+2H-Hex-dHex]2+). Peaks corresponding to neutral losses are indicated 
by a red hexagon. Lower panels of A and B show the MS/MS/MS fragmentation confirming the 
assignment of the peptide. Selected peaks corresponding to b- and y-ions are indicated in red and blue.
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Supplemental Figure 4. ETD spectra of TSR domain peptides modified by O-fucosylation. ETD spectra 
of peptides WHVGTWMECSVSCGDGIQR (A) and TGAQAAHVWTPAAGSCSVSCGR (B). The difference 
between c12+ and c11+ ions for peptide displayed in panel A and z4+ and z3+ ions for the peptide displayed 
in panel B indicates that Ser1087 and Ser907 are modified by O-fucosylation.

Supplemental Figure 5. TSR1 domain is C-mannosylated. CID and ETD fragmentation spectrum of 
peptide WSSWGPR. Left panel show the MS/MS spectrum where the major peak corresponds to 
the neutral loss (120 Da) of a cross-ring fragmentation product derived from a C-mannosylated Trp 
(indicated by the red hexagon). The peak corresponding to the intact peptide is indicated in green. 
Right panel shows the ETD spectrum of the WSSWGPR peptide. Differences between z

4+ and z3+ ions 
allowed for identification of the modified Trp at position 390. 
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Abstract 

Acquired thrombotic thrombocytopenic purpura (TTP) is a severe disorder 
characterized by the production of autoantibodies directed against ADAMTS13, 
a metalloproteinase that regulates platelet adhesion and aggregation through 
cleavage of ultra-large von Willebrand factor (UL-VWF) multimers. At present, 
the cause of antibody formation is still unknown. We have previously shown that 
ADAMTS13 is efficiently internalized and presented on MHC class II by dendritic 
cells suggesting a possible role of CD4+ T cells in the initiation of the autoimmune 
reactivity towards ADAMTS13. Internalization of ADAMDTS13 by macrophages may 
contribute to its clearance from the circulation. Here we investigated endocytic 
mechanisms contributing to the uptake of ADAMTS13 by macrophages. Human 
monocyte-derived macrophages (MDMs) were used to monitor the uptake of 
fluorescently labelled recombinant ADAMTS13 by flow cytometry. Internalization 
of ADAMTS13 was partially blocked upon addition of mannan and EDTA suggesting 
a possible role of C-type lectin receptors (CLRs). However, uptake of ADAMTS13 by 
MDMs was not affected by a blocking antibody directed towards the macrophage 
mannose receptor. Interestingly, a robust inhibition of ADAMTS13 endocytosis was 
observed upon incubation with polyanions such as dextran sulphate and fucoidan 
suggesting a role for class A scavenger receptors. Taken together our data suggest 
that internalization of ADAMTS13 by macrophages proceeds via a mechanism that 
is dissimilar from that previously described in dendritic cells. We anticipate that 
endocytic uptake by macrophages might participate in the clearance of ADAMTS13 
from the circulation. 
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Introduction

Patients affected by the autoimmune disorder acquired thrombotic  
thrombocytopenic purpura (TTP) develop autoantibodies against ADAMTS13, a 
metalloproteinase that regulates proteolysis of ultra large von Willebrand factor 
multimers (UL-VWF).1 Lack of cleavage of platelet-reactive UL-VWF multimers 
promotes the formation of platelet-rich clots resulting in microvascular obstruction, 
low platelet counts (thrombocytopenia) and fragmentation of red blood cells 
(hemolytic anemia).2 Anti-ADAMTS13 antibodies are composed predominantly 
of subclasses IgG1 and IgG4

1,3-5 and the variable domains are modified by somatic 
hypermutation.1,3,6 Both isotype switching and somatic hypermutation of antibodies 
depends on the presence of antigen specific CD4+ T cells. Three independent studies 
have shown that HLA-DRB1*11 comprises a risk factor for acquired TTP further 
implicating CD4+ T cells in the pathogenesis of this disorder.7-9 We have previously 
shown that ADAMTS13 is endocytosed by antigen presenting cells (APCs), such as 
dendritic cells, by the macrophage mannose receptor.10 Following its intracellular 
processing a restricted set of ADAMTS13 derived peptides is presented on MHC 
class II for presentation to CD4+ T cells.11 These findings reveal a critical role for 
dendritic cells in the initiation of CD4+ T cell responses to ADAMTS13 in patients 
with acquired TTP. As yet cellular mechanisms contributing to the clearance of 
ADAMTS13 from the circulation have not been defined. The circulatory half-life 
of ADAMTS13 following plasma exchange using fresh frozen plasma ranged from 
2 to 3 days.12 Patients suffering from acute TTP can develop non-neutralizing 
antibodies4,5,13 that are considered to enhance clearance of ADAMTS13 from the 
circulation.13,14 It is well established that macrophages can directly recognize both 
microbial structures as well as endogenous ligands through the expression of a 
large repertoire of pattern recognition receptors.15-17 In this study we therefore 
analyzed the mechanism underlying the immune recognition of ADAMTS13 by 
human monocyte derived macrophages. Our results indicate that endocytosis of 
ADAMTS13 by human monocyte-derived macrophages does not depend on the 
macrophage mannose receptor as previously shown for dendritic cells. Using a 
number of pharmacological approaches our findings suggest that class A scavenger 
receptors mediate the uptake of ADAMTS13 by macrophages. 
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Materials and methods

Materials
The following antibodies were used in this study: APC-conjugated mouse monoclonal 
anti-CD206 (mannose receptor, MR, BD Biosciences, San Jose, CA, USA), APC 
conjugated mouse IgG isotype control, mouse monoclonal anti-early endosome 
antigen (EEA1, BD Biosciences), mouse IgG isotype control conjugated with FITC and 
PE (Dako, Glostrup, Denmark), anti-CD36 (Abcam, Cambridge,UK), 488-conjugated 
secondary antibody anti-mouse (Invitrogen, Carlsbad, CA, USA). The monoclonal 
anti-MR antibody clone 15.2 (BioLegend, San Diego, CA, USA), the monoclonal 
blocking antibody anti-CD36 (Abcam, Cambridge, UK) and the monoclonal control 
antibody (BioLegend) were used for blocking experiments. 

Generation of immature monocyte derived macrophages, uptake of ADAMTS13
Blood of healthy individuals was drawn in accordance with Dutch regulations and 
following approval from Sanquin Ethical Advisory Board in accordance with the 
declaration of Helsinki. Human monocytes were isolated from peripheral blood 
mononuclear cells (PBMCs) of healthy individuals using anti-CD14+ magnetic 
beads (Miltenyi Biotec, Bergisch Gladbach, Germany). Cells were differentiated into 
macrophages (MDMs) by culturing monocytes in RPMI 1640 medium, supplemented 
with 10% fetal calf serum (FCS) for 6 days in the presence of 50 ng/ml of M-CSF (Pepro 
tech, London, UK). For uptake experiments 0.2 x 106 MDMs were incubated with 25 
nM of recombinant ADAMTS13-488 (rADAMTS13-488) at 37°C for 1 hour in serum-
free RPMI medium (Lonza, Breda, The Netherlands). Recombinant ADAMTS13 
was purified and labeled as described previously.10,18 Uptake was analyzed by flow 
cytometry (Fortessa flow cytometer, BD Biosciences). In all uptake experiments 
fluorescently labeled isotype controls were used. Uptake of rADAMTS13 was also 
analyzed by confocal microscopy. rADAMTS13-488 (100 nM) was added to 0.4 x 106 
MDMs that were allowed to adhere to fibronectin coated glass slides for 2 hours in 
serum-free RPMI medium and uptake was performed for 1 hour at 37°C. Cells were 
fixed in 3% paraformaldehyde in phosphate buffered saline (PBS) for 15 minutes 
and subsequently stained in PBS supplemented with 0.5% human serum albumin 
(HSA) with or without 0.1% saponin with antibodies against early endosome 
antigen (EEA1) and subsequently with Alexa568-conjugated secondary antibodies 
(Molecular Probes, Breda, The Netherlands). Next coverslips were mounted with 
Prolong gold DAPI (Invitrogen) and viewed by confocal microscopy using a Zeiss LSM 
510 microscope (Carl Zeiss, Heidelberg, Germany).
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Blocking experiments
In order to analyze the mechanism of binding and uptake of ADAMTS13-488, MDMs 
were first pre-incubated for 20 minutes at 37°C with sucrose (0.75 M), dynasore (80 
μM; Sigma Aldrich, Zwijndrecht, The Netherlands) and with EDTA (5 mM). Uptake of 
rADAMTS13-488 was also monitored after pre-incubation of the cells with mannan (1 
mg/ml; Sigma Aldrich), D-mannose (10 mM; Sigma Aldrich), GlcNac (10 mM; Sigma 
Aldrich) , D-galactose (10 mM; Sigma Aldrich) or with monoclonal antibody clone 
15.2 directed against MR and with a monoclonal antibody directed against CD36. 
Blockage of uptake and/or binding was also analyzed after pre-incubation of the cells 
with different molecular weights of dextran sulphate (1 mg/ml and 100 μg/ml; 500 
kDa, 9-20 kDa, 6-10 kDa and 5 kDa; Sigma Aldrich), heparin (1 mg/ml and 100 μg/
ml; Sigma Aldrich), fucoidan (500 μg/ml; Sigma Aldrich), polyinosinic acid (poly (I); 
200 μg/ml; Sigma Aldrich) and polycytidylic acid (poly (C); 200 μg/ml, Sigma Aldrich).
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Results

ADAMTS13 is internalized by monocyte-derived macrophages
To examine the uptake of ADAMTS13 by human macrophages we isolated monocytes 
from healthy donors and differentiated them into MDMs. To determine the ratio 
of endocytosed and cell surface bound ADAMTS13, MDMs were incubated with 
25 nM of ADAMTS13-488 for 1 hour at both 37°C and 4°C. As observed in figure 
1A an increase in the mean fluorescent intensity (MFI) was obtained when cells 
were incubated at 37°C. Only limited uptake of ADAMTS13-488 was detected at 
4°C (Figure 1A). Incubation with various concentrations of ADAMTS13-488 as well 
as a prolonged time of incubation with MDMs revealed that uptake of ADAMTS13 
was concentration and time-dependent (Figure 1B). Endocytosis of ADAMTS13-488 
was confirmed by confocal microscopy. MDMs were incubated with 100 nM of 
ADAMTS13-488 for 30 minutes at 37°C. Subsequently cells were fixed and stained 
with an antibody against the early endosome marker EEA-1 (Figure 1C). Confocal 
microscopy revealed that ADAMTS13-488 was present within endocytic vesicles. 
Taken together, our data show that ADAMTS13 is efficiently internalized by MDMs.
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Figure 1. ADAMTS13 endocytosis by MDMs. (A) ADAMTS13-488 (25 nM) was incubated with MDMs 
for 1 hour at 37°C and 4°C. Cells were then analyzed by FACS analysis. (A) Left panel represents 
histogram of ADAMTS13 uptake at 37°C. The gray histogram represents control cells incubated 
without ADAMTS13-488. Right panel displays reduced uptake of ADAMTS13 at 4°C. (B) Uptake was 
performed at different time intervals (0-120 minutes; left panel) or with increasing concentrations of 
ADAMTS13-488 (0-100 nM; right panel). Graphs represent data of 3 independent experiments (mean 
± SD). Data are expressed as percentage of mean fluorescent intensity (MFI) at 37°C, where 100% 
corresponds to the highest MFI observed for individual experiments. (C) ADAMTS13-488 was added 
to MDMs for 30 minutes at 37°C. MDMs were stained with anti-EEA1 antibody, followed by Alexa 568 
labeled secondary antibody (EEA1 staining in red).

Uptake of ADAMTS13 by MDMs is clathrin-dependent 
Previously we have shown that ADAMTS13 is efficiently endocytoses by monocyte-
derived dendritic cells through a receptor mediated pathway.10 In order to analyze 
the mechanism that mediates uptake of ADAMTS13, MDMs were pre-incubated 
for 20 minutes at 37 °C with sucrose (0.35 M) or dynasore (80 μM) prior to the 
addition of ADAMTS13-488. Sucrose forms clathrin microcages on the inner surface 
of the plasma membrane thereby blocking receptor recycling19,20 while dynasore, 
a potent cell permeable inhibitor of dynamin blocks pinching-off of endocytic 
vesicles from the plasma membrane.21-23 Uptake of ADAMTS13-488 was completely 
inhibited when MDMs were pre-incubated with either dynasore or sucrose (Figure 
2). These data indicate that uptake of ADAMTS13 by MDMs proceeds via a clathrin-
dependent pathway.

ADAMTS13 uptake by MDMs proceeds via a mannose receptor-independent 
pathway
MDMs express several C-type lectin receptors (CLRs) on the cell surface that act 
as pattern recognition receptors and are able to bind and internalize both foreign 
and self antigens. These include the classical calcium-dependent sugar binding 
proteins like MR and Endo180, but also non classical CLRs that display structural 
homology with the classical CLRs but bind sugar and non sugar ligands in a calcium-
independent manner.24 To study whether CLRs might contribute to the uptake of 

C
ADAMTS13 EEA1 Merge



Chapter 6

148

Figure 2. MDMs endocytose ADAMTS13 through a receptor mediated pathway. MDMs were pre-
incubated with sucrose (0.35 M) or dynasore (80 μM) for 20 minutes prior to the addition of 25 nM of 
ADAMTS13-488. Cells were then analyzed by FACS. Grey histograms represent control cells incubated 
without ADAMTS13-488. Dotted histograms indicate cells pre-incubated with sucrose or dynasore 
while opened histograms represent cells incubated with only ADAMTS13-488. Data of 3 independent 
experiments (mean ± SD) are represented in the right panel and are expressed as percentage of MFI, 
where 100% corresponds to the mean fluorescence signal obtained for ADAMTS13-488 in the absence 
of sucrose and dynasore. 

ADAMTS13, we pre-incubated MDMs with either 5 mM EDTA or with 1 mg/ml or 100 
μg/ml of mannan, 10 mM D-mannose, N-acetyl-glucosamine (GlcNAc) or D-galactose. 
We found that endocytosis of ADAMTS13-488 by MDMs was significantly inhibited 
by EDTA and mannan (Figure 3A and 3B). Only 26 and 30% of residual uptake of 
ADAMTS13-488 was observed when cells were incubated respectively with EDTA or 
mannan (Figure 3A and 3B). Pre-incubation of MDMs with D-mannose, GlcNAc and 
D-galactose did not affect uptake of ADAMTS13 (Figure 3C). Taken together, these 
results indicate that ADAMTS13 endocytosis by MDMs is mannan sensitive. We have 
shown previously that the macrophage mannose receptor (MR) is responsible for 
ADAMTS13 uptake by human monocyte-derived dendritic cells.10 To asses whether 
the MR also contributes to the uptake of ADAMTS13 by MDMs, we pre-incubated 
MDMs with a specific blocking antibody against the MR, clone 15.2 (50 μg/ml). 
Endocytosis of 25 nM of ADAMTS13-488 was not reduced by the addition of the 
anti-MR antibody (Figure 4A). Interestingly, confocal microscopy revealed that part 
of endocytosed ADAMTS13-488 co-localized with MR (Figure 4B) suggesting that 
ADAMTS13 and MR co-localize in the same endocytic compartment. MR in fact is 
predominantly internalized into early endosomes10 and subsequently, after release 
of its ligand, is recycled to the plasma membrane.25 Taken together, our data indicate 
that ADAMTS13 endocytosis by MDMs proceeds via a MR-independent pathway.
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Chapter 6Figure 3. ADAMTS13 uptake is mannan sensitive. ADAMTS13-488 uptake by MDMs was analyzed by 
FACS. (A, B) Endocytosis of ADAMTS13 was inhibited by pre-incubation with EDTA and mannan. (C) 
Different monosaccharides did not affect ADAMTS13 uptake by MDMs. The grey histograms (right 
panel) represent controls incubated in the absence of ADAMTS13. Cells incubated with ADAMTS13 
are indicated by a solid line; cells incubated with ADAMTS13 and different sugar components are 
indicated by a dotted line. Left panels express ADAMTS13 uptake as percentage of MFI, where 100% 
corresponds to the mean fluorescence signal obtained for ADAMTS13-488 in the absence of EDTA or 
different sugars. 

Scavenger receptors participate in ADAMTS13 endocytosis
The scavenger receptors are a large family of immunosurveillance receptors 
highly expressed by MDMs.26 These receptors are known to bind and internalize 
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Figure 4. Uptake of ADAMTS13 is mannose receptor independent. 
(A) MDMs were pre-incubated with 50 μg/ml of anti-MR antibody 
(clone 15.2) for 20 minutes. Subsequently ADAMTS13-488 was added 
to the cells and uptake was analyzed by FACS. Graphs represent data 
of 3 independent experiments (mean ± SD). Uptake is expressed as 
percentage of MFI, where 100% corresponds to the mean fluorescence 
signal obtained for ADAMTS13-488 in the absence of the monoclonal 
antibody. As control, cells were incubated with a control antibody 
prior addition of ADAMTS13-488. (B) 100 nM of ADAMTS13-488 was 
added to MDMs for 1 hour at 37°C. MDMs were stained with anti-MR 
antibody, followed by Alexa 568 labeled secondary antibody. 

several self and non self molecules and participate in several cellular functions 
such as antigen presentation, inflammation and clearance.26,27 We evaluated the 
possible role of scavenger receptors in ADAMTS13 uptake by pre-treating MDMs 
with various polymers of dextran sulphate (100 μg/ml and 1 mg/ml) and heparin 
(100 μg/ml and 1 mg/ml). ADAMTS13 uptake was significantly reduced by both 
compounds (Figure 5A and B). To evaluate which class of scavenger receptors 
might be involved in uptake of ADAMTS13, we performed additional endocytosis 
assays using a specific monoclonal antibody against the scavenger receptor CD36, 
a class B scavenger receptor, and (CASR)-blocking agents, directed against standard 
non-selective class A scavenger receptors.28-31 It is well established that the class B 
scavenger receptor CD36 is able to bind thrombospondin repeat domains and it has 
been show to be able to bind ADAMTS13 in vitro.32 A blocking antibody directed 
towards CD36 did not prominently affect the uptake of ADAMTS13 by MDMs 
(Figure 6C). MDMs were pre-incuated with fucoidan (500 μg/ml), poly (I) (200 μg/
ml) and the control compound poly (C) (200 μg/ml) for 20 minutes at 37°C prior to 
the addition of ADAMTS13-488. Both fucoidan and poly (I) blocked endocytosis of 
ADAMTS13 whereas the control compound poly (C) did not affect internalization 
of ADAMTS13 (Figure 6A and 6B). Taken together, our data show that polyanionic 
ligands block the internalization of ADAMTS13 by MDMs implicating a role for class 
A scavenger receptors in this process. 
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Figure 5. Heparin and dextran sulfate reduce ADAMTS13 uptake by MDMs. MDMs were treated 
with heparin (A) or different molecular weights of dextran sulfate (B; 1 mg/ml and 100 μg/ml) for 20 
minutes at 37°C. ADAMTS13-488 was subsequently added to the cells and endocytosis was analyzed by 
FACS. Data are expressed as percentage of MFI at 37°C, where 100% corresponds to the highest mean 
fluorescence signal observed in the absence of heparin and dextran sulfate. Data of 3 independent 
experiments ± SD are represented.
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Figure 6. Class A scavenger 
receptors participate in 
ADAMTS13 uptake by MDMs. 
(A, B, C) MDMs were incubated 
with fucoidan, poly (I), poly (C) 
and anti-CD36 blocking antibody 
prior addition of ADAMTS13-488. 
Cells were analyzed by FACS. 
(A) Grey histograms represent 
controls incubated in the 

absence of ADAMTS13. Cells incubated with ADAMTS13 are indicated by a solid line; cells pre-incubated 
with CASR-inhibitors are indicated by a dotted line. (B,C) Data of 3 independent experiments ± SD are 
represented and uptake is expressed as percentage of MFI at 37°C, where 100% corresponds to the 
highest mean fluorescence signal observed in absence of inhibitors. 
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Discussion

In this study we demonstrate that ADAMTS13 is endocytosed by monocyte derived 
macrophages (MDMs). Blocking experiments with mannan and EDTA suggested that 
CLRs participate in the endocytosis of ADAMTS13 by macrophages. These receptors 
share at least one Ca2+/carbohydrate recognition domain (CRD), and bind sugars in 
a calcium dependent manner.24 Previously we have shown that the macrophage 
mannose receptor (MR), a mannan sensitive CLR, mediates internalization of 
ADAMTS13 by dendritic cells.10 Although mannan and EDTA significantly reduced 
ADAMTS13 uptake by macrophages, ADAMTS13 endocytosis appears to be 
independent from this C-type lectin, as its uptake by MDMs is not influenced 
neither by the presence of the blocking anti-MR antibody clone 15.2 nor by the 
addition of D-mannose or GlcNAc, that interfere with binding of ligands to mannan-
sensitive CLRs.33 Our experiments therefore indicate that ADAMTS13 is internalized 
by macrophages through a different mechanism then that previously described for 
human monocyte-derived dendritic cells.10

Macrophages express several pattern recognition receptors which include CLRs, 
Toll-like receptors and scavenger receptors (SR).15 SR comprise a large group 
of proteins that are divided in eight different classes of membrane and soluble 
proteins (Class A, B, C, D, E, F, G and H) according to shared structural domains.26,27,34 
All SRs are able to bind modified lipoproteins and a range of different polyanionic 
ligands of both host and exogenous origin.30,34 Incubation of MDMs with polyanionic 
ligands, such as heparin, dextran sulphate, fucoidan and polyinosinic acid (pol (I)), 
resulted in a significant inhibition of ADAMTS13 uptake. This suggests a possible 
role for scavenger receptors in ADAMTS13 internalization by MDMs. Interestingly, 
not all SRs are able to bind heparin. Stabilin-1 and stabilin 2 represent a class of 
receptors known to be involved in heparin binding and clearance.35,36 Both receptors 
are expressed on macrophages and different subtypes of endothelial cells 35,37 and 
mediate endocytosis of several ligands including hyaluronic acid, heparin, acetylated 
LDL and advanced glycation end products.35,37 Lectin-like ox-LDL receptor, also known 
as LOX-1, is expressed on macrophages, endothelial cells and platelets.38 LOX-1 is a 
structurally distinct SR with an extracellular C-type lectin domain (CRD) that mediates 
endocytosis of its ligands in a Ca2+-dependent manner. Although the specific ligands 
binding to the CRD domain of LOX-1 are still unknown, experiments have shown that 
even high concentrations of mannan, do not block transcytosis of the pancreatic 
bile salt-dependent lipase, suggesting that mannan does not bind the CRD region 
of the LOX-1 receptor.39 So far, not many scavenger receptors with both polyanion 
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and sugar binding properties have been identified. Recently, the scavenger receptor 
C-type lectin (SRCL), a unique component of the class A scavenger receptors, has 
been identified on the surface of endothelial cells.40 Like other SR it binds modified 
low density lipoproteins, but the additional CRD domain potentially endows SRCL 
with glycan binding properties. Functional analysis have shown that SRCL recognizes 
and binds LewisX-containing glycoproteins and that it shares several characteristics 
with the dendritic cell surface receptor DC-SIGN.40,41 Further studies are needed 
to address whether SRCL, or other SRs, participate in the binding and uptake of 
ADAMTS13 from MDMs. Taken together, our findings indicate that macrophages 
are able to endocytose ADAMTS13 through a mechanism that is distinct from that 
previously described in monocyte-derived dendritic cells. Our findings document 
that polyanionic ligands block the uptake of ADAMTS13 thereby implicating class A 
scavenger receptors in internalization of ADAMTS13 by macrophages. 
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The majority of the patients affected by acquired thrombotic thrombocytopenic 
purpura (TTP) develop autoantibodies directed towards ADAMTS13 that interfere 
with the processing of newly released high molecular weight von Willebrand factor 
(VWF) multimers.1 In the absence of ADAMTS13, high molecular weight VWF 
multimers persist and promote platelet adhesion in the microvasculature.2 Systemic 
platelet aggregation in the microcirculation of patients suffering from TTP results in 
thrombocytopenia and hemolytic anemia.1 So far the majority of the studies have 
been performed in order to characterize the heterogeneity of B cell responses in 
acquired TTP.1 As yet, our knowledge on the mechanisms involved in the onset of 
the autoimmune response to ADAMTS13 in previously healthy individuals is limited. 
In this thesis we studied the immune recognition and processing of ADAMTS13 by 
antigen-presenting cells (APCs). In this chapter we discuss our findings in relation to 
studies performed by other investigators. We also address the potential relevance 
of our studies for the pathogenesis and treatment of patients with acquired TTP.
 
Triggering the immune response in TTP patients: a complex mechanism
It is well established that anti-ADAMTS13 antibodies undergo both isotype switching 
and somatic hypermutation;1,3–7 two mechanisms that require help from CD4+ T cells. 
These observations strongly suggest that development of anti-ADAMTS13 antibodies 
in patients affected by acquired TTP requires activation of self-reactive T cells.1 An 
important step in activation of self-reactive T cells is presentation of antigen-derived 
peptides on MHC class I or II molecules. Upon endocytosis, internalized antigens, 
such as ADAMTS13, can be targeted to endosomal compartments, degraded or 
processed into peptides and presented on MHC class II or cross-presented on MHC 
class I molecules.8 In Chapter 3 we demonstrated that dendritic cells, professional 
APCs, endocytose ADAMTS13 via the macrophage mannose receptor (MR). Upon 
endocytosis, ADAMTS13 is processed into peptides and loaded on MHC class II 
molecules (Chapter 4). In Chapter 4 we identified ADAMTS13 derived peptides 
that are loaded on MHC class II in the late endosomal MHC class II compartment 
and presented on the cell surface of human dendritic cells. Dendritic cells from 17 
healthy donors, expanded and pulsed with different concentrations of ADAMTS13, 
presented peptides derived from different domains of ADAMTS13. In particular 
peptides derived from the C-terminal CUB2 domain were presented with higher 
efficiency compared to peptides derived from other domains of ADAMTS13, 
indicating that this domain contains a number of potential immuno-dominant T cell 
epitopes. Although the spacer domain is the major target of antibodies in patients 
with acquired TTP,1,6,9,10 it is not surprising to find potential T cell epitopes elsewhere 
in the molecule. T cells recognize linear peptides, at least 9 to 16 residues in length, 



Chapter 7

162

DRB1*1101
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that are loaded on MHC class I or II following proteolytic degradation of antigens by 
APCs. B cells instead recognize surface exposed conformational epitopes that are 
often comprised of noncontiguous amino acid sequences. Interestingly, the findings 
reported in Chapter 4 show that HLA-DRB1*11 positive donors present only a single 
CUB2 derived peptide: FINVAPHAR (Figure 1). HLA DRB1*11 has been identified 
as a risk factor for the development of acquired TTP.11-13 The increased frequency 
of DRB1*11 in patients with acquired TTP together with the results of our study, 
suggests that preferential presentation of FINVAPHAR by HLA DRB1*11 positive 
individuals contributes to the onset of acquired TTP. We speculate that appropriate 
presentation of the predicted HLA DRB1*11 binding sequence FINVAPHAR by 
APCs leads to proliferation of self-reactive CD4+ T cells that have escaped negative 
selection in the thymus (Figure 1). 

Figure 1. Model of FINVAPHAR-peptide bound to HLA-DRB1*11 containing MHC class II complex. 
FINVAPHAR-peptide indicated in yellow and red modeled into a binding groove of a MHC class II 
complex composed of HLA-DRB1*1101 (dark blue) and HLA-DRA*0101 (grey). Anchor residues of the 
FINVAPHAR core sequence are indicated in red: P1: Phe, P4: Val, P6: Pro and P9: Arg. The peptide-MHC 
class II complex was built using the MHCsim webserver (http;//igrid-ext.cryst.bbk.ac.uk/MHCsim) and 
displayed using Chimera imaging software.
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In the thymus, developing T cells which bind strongly to self peptide-MHC complexes 
are deleted from the repertoire. However, not all self-reactive thymocytes are 
eliminated, some of those with low/intermediate affinity escape the thymus and 
persist in the periphery becoming part of the normal repertoire in healthy individuals 
and have the potential to cause autoimmunity.14-16 Activation of T cells not only 
requires interaction between MHC peptide complex and the T cell receptor (TCR) 
but also requires co-stimulatory signals and cytokine stimulation. This indicates 
that additional triggering events, like infection and inflammation, are necessary to 
induce expression of the co-stimulatory molecules on APCs and activate self-reactive 
T cells in TTP patients (Figure 2). Viral and bacterial infection have been implicated 
in the etiology of TTP.1 As yet no single pathogen has been linked with the onset of 
TTP. However, cross-reactive CD4+ T cells arising during bacterial or viral challenges 
may be able to recognize complexes of MHC class II and the FINVAPHAR-peptide. 
It should be noted that TTP can also develop in HLA-DRB1*11 negative individuals. 
In Chapter 4 we have shown that other ADAMTS13 peptides can also be presented 
on cells derived from non-HLA-DRB1*11 donors although higher concentrations of 
ADAMTS13 are needed to allow sufficient presentation. It has been shown in other 
autoimmune disorders, like multiple sclerosis, that although the immuno-dominant 
peptide binds with low affinity to MHC class II it is still able to activate self-reactive 
T cells when high levels of antigen are present.17 This suggests that high densities 
of peptide MHC class II complexes are necessary in order to allow activation of 
self-reactive low affinity CD4+ T cells in DRB1*11 negative individuals (Figure 2). We 
hypothesize that increased endocytosis of ADAMTS13 by APCs would overcome the 
threshold required for recognition of unstable ligands and activation of ADAMTS13-
specific T cells. Modification of the glycosylation profile can potentially result in an 
increased endocytosis thereby promoting antigen specific T cell proliferation.18 A 
recent study showed that modifying carbohydrates in different allergens influenced 
the immune recognition by epithelial and dendritic cells.18 As shown in Chapter 
5, plasma derived ADAMTS13 is a highly glycosylated protein containing complex 
N-linked and O-linked glycans as a well as two C-mannosylated tryptophans in TSR1 
and TSR5. Glycosylation of ADAMTS13 is required for appropriate endocytosis by 
immature dendritic cells that occurs through the MR (Chapter 3). As reported in 
Chapter 3, deglycosylation of ADAMTS13 results in a significant reduction of its 
uptake by immature dendritic cells. Several studies have shown that pathogens 
and/or inflammatory conditions affect host glycosylation by up-regulating 
glycosyltransferase activities that modify the glycan structure of glycoproteins.19 This 
raises the possibility that inflammatory conditions, resulting from viral or bacterial 
infections, may result in hyperglycosylation or deglycosylation of ADAMTS13 that 
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might contribute to the onset of acquired TTP. Enhanced endocytosis and processing 
of ADAMTS13 by APCs would result in an increased MHC class II/peptide density 
required to overcome the activation threshold of intermediate/low affinity T cells 
that have escaped negative selection in the thymus (Figure 2; panel B). 

Glycosylation and presentation of ADAMTS13 derived peptides 
Protein glycosylation not only plays an important role in immune recognition 
of antigens by APCs, but is also important for appropriate T cell recognition.20 
Several studies have suggested that glycosylated self-derived peptides are often 
not efficiently presented on MHC class II molecules during negative selection in 
the thymus.21-23 Therefore, no tolerance is established against these peptides 
derived from endogenous antigens.20 Inflammatory conditions may promote partial 
deglycosylation of self proteins, like ADAMTS13. This may result in presentation of 
so-called “naked peptides” on MHC class II and activation of autoreactive CD4+ T 
cells.20 Interestingly, we have observed (Chapter 5) that two ADAMTS13 derived 
peptides presented on MHC class II molecules, GCRLFINVAPHARIA (residues 1327-
1338) and ASYILRDTHSLRTTA (residues 1355-1370) are located in close proximity 
to the N-linked glycosylation site N1354. Furthermore, evidence was obtained 
for the partial addition of N-glycans at this position although we were unable to 
quantify the extent of glycosylation at this site (Chapter 4). Our findings raise the 
possibility that modulation of the efficiency of N-linked glycosylation at N1354 may 
affect the efficiency of MHC class II presentation of peptides that are in proximity 
to this N-linked glycosylation site. Removal of the N-linked glycan at N1354 by site-
directed mutagenesis and subsequent pulsing of the resulting ADAMTS13 variant 
to dendritic cells will provide information on whether the presentation of the two 
CUB2 domains derived peptides identified in Chapter 4 is indeed affected by the 
glycan at N1354. 

Macrophages and anti-ADAMTS13 antibodies a dual role in acquired TTP
In Chapter 6 we show that ADAMTS13 is rapidly internalized by human monocyte-
derived macrophages. Macrophages are a large heterogeneous group of immune 
cells that can induce both anti- and pro-inflammatory responses.24,25 Depending 
on the microenvironment and stimuli, activated macrophages can be divided in 
two major groups: classical activated macrophages (M1) and alternative activated 
macrophages (M2).24,26 M1 cells have increased antigen presentation capacity and 
increased synthesis of pro-inflammatory and toxic mediators involved in the defense 
of the host from a variety of bacteria, protozoa and viruses.24,27-29 
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Figure 2. Model for the stimulation of self reactive CD4+ T cells in acquired TTP. In both DRB1*11 positive 
and DRB1*11 negative individuals ADAMTS13 is endocytosed via the mannose receptor (MR). Following 
its MR-dependent internalization, ADAMTS13 is processed into peptides and loaded on MHC class II. (A) 
Patients carrying the DRB1*11 allele preferentially present the CUB2 domain peptide FINVAPHAR. In 
order to activate naive T cells co-stimulatory signals are needed. These can be upregulated by intercation 
of pathogens with pattern recognition receptors on antigen presenting cells. (B) In Chapter 4 we reported 
that ADAMTS13 peptides are less efficiently presented by APCs derived from non-DRB1*11 positive 
donors. In order to obtain a sufficient density of MHC class II peptide complex and allow CD4+ T cell 
activation enhanced endocytosis of ADAMTS13 is needed. In DRB1*11 negative individuals ADAMTS13 
endocytosis may be enhanced by alteration of the glycans on ADAMTS13. Alternatively, more severe 
viral or bacterial challenges may promote enhanced upregulation of MHC class II and co-stimulatory 
molecules eventually resulting in the activation of self-reactive ADAMTS13 specific CD4+ T cells. 
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Activation of M1 cells is due to stimulation by Interferon (IFN)-γ, produced by activated 
CD4+ T helper 1 cells, CD8+ T cells and natural killer cells.30 Conversely M2 cells are 
characterized by an increased expression of the macrophage mannose receptor 
and MHC II molecules, which stimulate endocytosis and antigen presentation24,26,27 
and also express high levels of scavenger receptors31 that are know to play a role 
in clearance, tissue remodeling, immune modulation and tumor progression.31 In 
contrast to M1 macrophages, M2 cells are mainly induced by cytokines such as IL-4 
and IL-13 that are produced by activated CD4+ T helper 2 cells.24,26,27 Although M2 
macrophages exhibit potent anti-inflammatory activity and have important roles in 
wound healing and fibrosis,29 it has been shown that they are also involved in the 
development of T helper 2-dependent immunity to some extracellular parasites and 
fungi.32,33 This suggests that depending on the microenvironment M2 macrophages 
can have different roles in the immune response. M2 macrophages might therefore 
play a dual role in the pathogenesis of acquired TTP by not only participating in 
the immune response against ADAMTS13 by enhancing presentation of ADAMTS13 
derived peptides and stimulating activation of T helper cells, but can also contribute 
to the clearance of ADAMTS13 in normal and pathological conditions. It is well 
established that in addition to inhibitory antibodies also non-neutralizing antibodies 
can develop in patients with acquired TTP. These antibodies are known to enhance 
clearance of ADAMTS13 from the circulation.4,34-36 In Chapter 6 we analyzed the 
mechanism of internalization of ADAMTS13 by human macrophages. Surprisingly, 
our data show that in contrast to dendritic cells MR is not involved in the uptake of 
ADAMTS13 by macrophages. Our experimental results indicate a role for scavenger 
receptors in internalization of ADAMTS13 by macrophages. These observations 
implicate distinctive roles for dendritic cells and macrophages in the pathogenesis 
of acquired TTP. Dendritic cells by virtue of their ability to stimulate naive T cells 
are primarily involved in the onset of TTP whereas macrophages contribute to 
the clearance of ADAMTS13 from the circulation. This suggests that in normal 
physiological conditions ADAMTS13 is removed from the circulation by recognition 
and binding of scavenger receptors. In plasma of TTP patients ADAMTS13-specific 
immune-complexes (ICs) have been detected.37 Current data show that ADAMTS13-
ICs are rapidly cleared from the circulation.37 We propose that macrophages, in 
addition to clearance of ADAMTS13 via scavenger receptors, also participate in 
the clearance of ADAMTS13-ICs through rapid internalization via Fc receptors. This 
mechanism most likely contributes to the low ADAMTS13 antigen levels in patients 
with acquired TTP. 
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Final remarks and future directions
Plasma exchange is the current treatment in acquired TTP and is considered to 
remove circulating inhibitory antibodies and to replenish the deficient enzyme.27 In 
addition to plasma exchange immunosuppressive methods, such as treatment with 
corticosteroids or other agents like rituximab and clyclosporine,39-42 are required 
in order to reduce early (exacerbation) and late (relapse) recurrences of TTP.43 

Therapeutic administration of recombinant ADAMTS13 has been suggested as an 
alternative treatment for plasma exchange.10,44 In vitro experiments have shown 
that high dosages of ADAMTS13 can overcome neutralizing inhibitors in plasma 
from acquired TTP patients.44 In Chapter 2 we describe critical amino acid residues 
that contribute to an immuno-dominant antigenic site in the spacer domain. 
Follow-up studies by Jian and collaborators have shown that modification of the 
antigenic epitope identified in Chapter 2 results in an antibody resistant variant 
with increased VWF processing activity.10 
This gain-of-function variant that is resistant to inhibition by anti-spacer domain 
antibodies can potentially be used for treatment of patients with acquired TTP. 
However, a subset of TTP patients also develop antibodies targeting other domains 
besides the spacer domain prohibiting broad clinical application of gain-of-function 
spacer domain variants of ADAMTS13.9,45,46 During the last decade many studies 
have attempted to use tolerogenic dendritic cells (tDCs) to treat autoimmunity.47 

It is well established that dendritic cells can present a tolerogenic phenotype and 
selectively promote formation of CD4+CD25+FoxP3+ regulatory T cells (Tregs) while 
induce apoptosis of effector T cells. It has been shown that loading tolerogenic DCs 
with CD4+ T cell specific epitopes induces apoptosis of auto-reactive CD4+ T cells 
and converts naive CD4+ T cells into antigen-specific Tregs.48-50 This in turn endows 
DCs with regulatory capacity.51 In Chapter 4 we identified a number of potential 
ADAMTS13 specific T cell epitopes. In particular, HLA-DRB1*11 positive donors 
presented a unique CUB2 domain derived peptide, FINVAPHAR. It will be interesting 
to test whether loading tDCs with the CUB2 domain derived peptide might promote 
the formation of Tregs thereby restoring tolerance to ADAMTS13 in patients with 
acquired TTP. 
Together our findings have provided detailed information on the immune recognition 
and processing of ADAMTS13 by antigen presenting cells. Follow-up studies will 
need to address whether the identified peptides are recognized by ADAMTS13 
specific T cells. We also do not know which events trigger the development of 
autoantibodies directed towards ADAMTS13 in previously healthy individuals. 
Detailed analysis of the T cell repertoire in patients with acquired TTP is needed 
to answer these questions. The outcome of these studies is expected to greatly 
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increase our understanding of the mechanisms underlying the development of 
autoantibodies directed towards ADAMTS13 in patients with acquired TTP. 
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Summary

Autoantibodies directed against ADAMTS13 prohibit the processing of VWF 
multimers, initiating a rare and life-threatening disorder called acquired thrombotic 
thrombocytopenic purpura (TTP). At present it is not clear why previously healthy 
individuals develop anti-ADAMTS13 antibodies. The studies described in this thesis 
aim to increase our understanding of the molecular mechanisms involved in the 
generation of anti-ADAMTS13 antibodies in patients with acquired TTP. 
In Chapter 1 we summarize the current knowledge on the biology and function of 
ADAMTS13. We focus on the risk factors for inhibitor formation in patients with 
acquired TTP and highlight the basic features of a humoral auto-immune response.
In Chapter 2 we explored the epitope specificity and immunoglobulin class and 
subclass distribution of anti-ADAMTS13 antibodies in plasma of acquired TTP patients. 
Antibody profiling revealed that the majority of anti-ADAMTS13 antibodies were 
composed of IgG1 and IgG4, followed by IgM and IgA1. Subsequently, we assessed 
whether residues Arg658 and Phe592, present in two surface loops in close proximity 
to the previously described antibody epitope comprising residues Arg660, Tyr661 
and Tyr665, contribute to the binding of anti-ADAMTS13 antibodies. Introduction 
of multiple alanine substitutions at Arg658, Phe592, Arg660, Tyr661 and Tyr665 
abolished binding of polyclonal antibodies present in plasma of a large cohort of TTP 
patients to the spacer domain. In this study we also show the presence of anti-TSR2-8 
and CUB1-2 domain antibodies in respectively 17% and 35% of the patient samples 
analyzed.
The next chapters focus on the mechanisms involved in development of anti-
ADAMTS13 antibodies. This process requires immune recognition, endocytosis and 
subsequent processing of ADAMTS13 into peptides that are presented on MHC 
class II molecules to ADAMTS13 specific CD4+ T cells. In Chapter 3 we investigated 
endocytosis of recombinant ADAMTS13 by immature monocyte-derived dendritic 
cells (iDCs). Endocytosis of ADAMTS13 was blocked upon addition of EGTA and 
mannan. We subsequently explored the involvement of C-type lectin receptors (CLRs) 
in the uptake of ADAMTS13 using specific blocking antibodies and siRNA silencing. We 
found that ADAMTS13 endocytosis was significantly decreased in cells treated with a 
monoclonal antibody directed towards the macrophage mannose receptor (MR) or 
after siRNA silencing. These data show that ADAMTS13 is internalized by iDCs in a 
MR-dependent manner. In vitro binding studies confirmed that ADAMTS13 interacts 
with the carbohydrate recognition domains of MR. 
In Chapter 4, we identified ADAMTS13 derived peptides presented on MHC class II 
alleles from a panel of both HLA-DRB1*11 positive and negative donors by mass 
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spectrometry. Interestingly, at low antigen concentrations a limited number of CUB2 
derived peptides were presented by HLA-DRB1*11 or DRB1*03 positive donors. Pulsing 
of dendritic cells with higher concentrations of ADAMTS13 resulted in presentation 
of larger number of peptides on both HLA-DRB1*11 positive and negative donors.  
Although the presented peptides were derived from several ADAMTS13 domains, 
inspection of the peptide-profiles revealed that CUB2 domain-derived peptides were 
presented with a higher efficiency when compared to other peptides. Interestingly, 
dendritic cells from HLA-DRB1*11 donors only presented a specific CUB2 domain-
derived peptide. Our data suggests that functional presentation of the CUB2 domain-
derived peptide by HLA-DRB1*11 patients contributes to the onset of acquired TTP by 
stimulating low affinity self-reactive CD4+ T cells that have escaped negative selection 
in the thymus. 
Our data indicate that sugar moieties on ADAMTS13 are important for binding 
to the macrophage mannose receptor on DCs thereby promoting its endocytosis 
and the subsequent presentation of ADAMTS13-derived peptides on MHC class II. 
Furthermore, several studies have shown that aberrant glycosylation can play an 
important role in the pathogenesis of autoimmune diseases. We therefore analyzed 
in Chapter 5 the glycosylation profile of plasma ADAMTS13. Nine N-linked sites were 
identified in or near the metalloproteinase, spacer, thrombospondin type 1 repeat 
(TSR) and the CUB domain of plasma ADAMTS13. Moreover, six O-fucosylated sites 
were identified in the TSR domains of plasma ADAMTS13. In addition to N- and 
O-linked modifications, two novel C-mannosylation sites were identified within the 
TSR1 and TSR4 domains of ADAMTS13. 
In Chapter 6 we studied the endocytosis of ADAMTS13 by macrophages. Internalization 
of ADAMTS13 was reduced upon addition of mannan and EDTA suggesting a possible 
role of C-type lectin receptors (CLRs). We have demonstrated that the macrophage 
mannose receptor (MR) is involved in endocytosis of ADAMTS13 by human monocyte 
derived dendritic cells (Chapter2). However, uptake of ADAMTS13 by monocyte derived 
macrophages was not affected by a blocking monoclonal antibody directed towards 
the macrophage mannose receptor. Interestingly, a robust inhibition of ADAMTS13 
uptake was observed upon incubation with polyanions such as dextran sulphate and 
fucoidan, suggesting a role for class A scavenger receptors. Taken together our data 
suggest that internalization of ADAMTS13 by macrophages proceeds via a mechanism 
that is dissimilar from the previously defined mechanism in dendritic cells.
In Chapter 7 we discuss the major findings of this thesis and speculate on the 
mechanisms underlying the initiation of autoimmune reactivity towards ADAMTS13 
in patients with acquired TTP. Potential implications of our findings and perspectives 
for future studies on the etiology of inhibitor formation in acquired TTP are discussed.
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Samenvatting

Patiënten met verworven trombotische trombocytopenische purpura (TTP) hebben 
circulerende autoantistoffen gericht tegen ADAMTS13 die de processing van lange 
von Willebrand factor (VWF) polymeren remmen. Hierdoor circuleren er zeer lange 
VWF polymeren in plasma van patiënten met verworven TTP. Deze VWF polymeren 
kunnen zeer efficiënt aan bloedplaatjes binden en hierdoor kunnen er stolsels 
ontstaan in de kleine vaten. Dit kan leiden tot schade aan verschillende organen en 
wanneer niet tijdig met de behandeling wordt begonnen kan dit levensbedreigend 
zijn. Op dit moment is niet duidelijk waarom er auto-antistoffen gericht tegen 
ADAMTS13 ontstaan bij voorheen gezonde individuen. De in dit proefschrift 
opgenomen studies hebben tot doel om inzicht te verkrijgen in de moleculaire 
mechanismen die betrokken zijn bij de ontwikkeling van tegen ADAMTS13 gerichte 
antistoffen bij patiënten met verworven TTP. 
In hoofdstuk 1 wordt onze huidige kennis met betrekking tot de biologie en functie 
van ADAMTS13 samengevat. We concentreren ons daarbij op de risico-factoren 
voor het ontstaan van verworven TTP. Tevens wordt een model gepresenteerd dat 
een mogelijke verklaring geeft voor het ontstaan van tegen ADAMTS13 gerichte 
antistoffen.
In hoofdstuk 2 worden de eigenschappen van tegen ADAMTS13 gerichte antistoffen 
in kaart gebracht. De meerderheid van de tegen ADAMTS13 gerichte antistoffen 
bestaat uit IgG1 of IgG4. IgA en IgM antistoffen komen ook voor maar niet bij alle 
patiënten met verworven TTP. In dit hoofdstuk is ook bestudeerd aan welk deel van 
ADAMTS13 de antistoffen binden. Uit deze studies komt naar voren dat Arg658, 
Phe592, Arg660, Tyr661 en Tyr665 in het spacer domein van ADAMTS13 betrokken 
zijn bij de binding van tegen ADAMTS13 gerichte antistoffen. Daarnaast komen bij 
respectievelijk 17% van de patiënten met verworven TTP antistoffen voor gericht 
tegen de TSR2-8 en bij 35% antistoffen gericht tegen de CUB1-2 domeinen. 
In de hierop volgende hoofdstukken wordt gefocust op de mechanismen die 
betrokken zijn bij de vorming van tegen ADAMTS13 gerichte antistoffen. Dit proces 
bestaat uit verschillende stappen. Allereerst moet ADAMTS13 worden herkend 
en opgenomen worden door antigen presenterende cellen. Het opgenomen 
ADAMTS13 wordt gesplitst in korte peptiden die door MHC klasse moleculen op het 
oppervlak van antigen presenterende cellen gepresenteerd worden aan ADAMTS13 
specifieke CD4+ T cellen. In hoofdstuk 3 wordt de opname van ADAMTS13 door 
humane dendritische cellen bestudeerd. Endocytose van ADAMTS13 wordt 
geremd door EGTA en mannan. De betrokkenheid van C-type lectin receptors bij 
de opname is vastgesteld door gebruik te maken van blokkerende antistoffen en 
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siRNA. Blokkerende antistoffen gericht tegen de macrophage mannose receptor 
(MR) remden de opname van ADAMTS13 door dendritische cellen. Met behulp 
van siRNA werd de expressie van de MR sterk gereduceerd; dit resulteerde in 
een afname van de hoeveelheid ADAMTS13 die door dendritische cellen werd 
geïnternaliseerd. In vitro binding studies toonden aan dat ADAMTS13 aan de MR 
kan binden. Samengevat toonden deze resultaten aan dat de MR betrokken is bij de 
internalisatie van ADAMTS13 door dendritische cellen.
In hoofdstuk 4  hebben we met behulp van massaspectrometrie in kaart gebracht 
welke van ADAMTS13 afkomstige peptiden kunnen binden aan MHC klasse II. 
Hiervoor is gebruikt gemaakt van humane dendritische cellen van normale donoren 
die gepulst worden met ADAMTS13. Deze cellen nemen ADAMTS13 op en knippen 
het in kleine peptiden die op MHC klasse II worden gepresenteerd. Door een andere 
onderzoeksgroep is vastgesteld dat de MHC klasse II variant HLA-DRB1*11 relatief 
vaak voorkomt bij patiënten met verworven TTP. Uit onze studies kwam naar voren 
dat een klein aantal van het CUB2 domein afgeleide peptiden gepresenteerd werd 
door dendritische cellen die het HLA-DRB1*11 allel tot expressie brengen. HLA-
DRB1*11 negatieve donoren kunnen ook van ADAMTS13 afkomstige peptiden 
presenteren maar hiervoor zijn relatief hoge concentraties van ADAMTS13 nodig. 
Bij HLA-DRB1*11 positieve donoren wordt, ook wanneer hogere concentraties 
ADAMTS13 worden aangeboden, slechts 1 van het CUB2 domein afkomstig peptide 
gepresenteerd. Deze gegevens wijzen er op dat het van het CUB2 domein afgeleide 
peptide mogelijk een belangrijke rol speelt bij het ontstaan van verworven TTP. 
In hoofdstuk 5 is gekeken naar de glycosylering van plasma gezuiverd ADAMTS13. 
Met behulp van massaspectrometrie is aangetoond dat tenminste 9 van de 10 
potentiële N-glycosylerings sites een N-linked glycan bevatten. Van 6 serine-residuen 
in de TSR repeats is vastgesteld dat ze gefucosyleerd zijn. Naast de gevonden N-linked 
en O-linked glycans is er C-mannosylering van 2 tryptofaan residuen vastgesteld in 
TSR1 en TSR4. 
In hoofdstuk 6 hebben we de opname van ADAMTS13 door macrofagen bestudeerd. 
Opname van ADAMTS13 kon geremd worden door mannan en EDTA. Opname van 
ADAMTS13 kon echter niet geremd worden door een blokkerende antistof gericht 
tegen de MR. De opname van ADAMTS13 door macrofagen kon geremd worden 
door polyanions zoals dextransulfaat en fucoidan. Dit suggereert dat scavenger 
receptors mogelijk een rol spelen bij de opname van ADAMTS13 door macrofagen. 
De in dit hoofdstuk verzamelde gegevens wijzen er op dat opname van ADAMTS13 
via een ander mechanisme plaatsvindt dan eerder vastgesteld voor dendritische 
cellen (zie hoofdstuk 3).
In hoofdstuk 7 worden de belangrijkste bevindingen uit dit proefschrift besproken. 
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Daarnaast worden een aantal suggesties voor vervolgonderzoek gedaan die 
mogelijk kunnen leiden tot een beter begrip met betrekking tot de vorming van 
tegen ADAMTS13 gerichte antistoffen. 
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