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Thrombotic thrombocytopenic purpura
Acquired thrombotic thrombocytopenic purpura (TTP) is a severe and life 
threatening disorder with an annual incidence of 3 to 4 cases per million 
people.1,2 The first case of TTP was described by Moschcowitz in 1925.3 He 
described a case of a 16 year old girl who entered the hospital with fever, 
petechiae on her left arm, albumin in her urine and traces of occult blood 
in her feces and urine. Three days after admission to the hospital, slight 
facial paralysis and paresis of the left arm and leg was noted. The next 
day she went into a coma and died the same day.3 The disease was from 
then on referred to as “Moschcowitz” disease or syndrome. 
In 1966, Amorosi and co-workers reviewed 16 cases from the Columbia-
Presbyterian Medical Center in New York and 255 cases described in 
literature.4 They defined the hallmarks of acquired TTP and drafted the 
classic pentad used for diagnosing TTP as severe thrombocytopenia, 
purpura of the skin, hemolytic anemia, kidney and renal failure, and 
neurological disturbances.4 Moake and co-workers identified persistent 
high molecular weight von Willebrand Factor (HMW-VWF) multimers in 
plasma of patients with acquired TTP.5 They hypothesized that a mutation 
or inhibition of a putative cleaving protease responsible for processing 
of HMW-VWF underlies this disease.5 Pioneering work by Furlan6, Tsai7 and 
co-workers established an in vitro assay for measuring the activity of the 
putative VWF cleaving protease which confirmed its absence in patients 
with congenital TTP. Subsequently, it was established that inhibitory 
antibodies directed against the VWF cleaving protease were present in 
many patients with TTP.8–10 From these studies, it became apparent that 
inhibitory antibodies directed towards the VWF cleaving protease are 
present in the majority of patients with TTP. A congenital deficiency of the 
VWF cleaving protease appeared to be more rare and usually presented 
at an earlier age. 
Following the development of a diagnostic assay for the VWF cleaving 
protease several groups were able to purify and further characterize 
this enzyme.11–13 Genome-wide linkage analyses by Levy and co-workers 
linked the VWF cleaving protease to the 13th member of the ADAMTS (a 
disintegrin and metalloproteinase with thrombospondin type 1 repeats) 
family in patients with congenital TTP.14 They showed that mutations in 
ADAMTS13 reduced the VWF cleaving capability of the enzyme in plasma 
causing TTP.14 Patients affected by congenital TTP had similar disease 
characteristics as patients with acquired TTP which include ultra large von 
Willebrand Factor (UL-VWF) multimers, platelet- and VWF-rich thrombi in 
the microcirculation. Congenital TTP is also known as Upshaw-Schulman 
Syndrome is named after Upshaw and Schulman who reported the 
first cases of congenital TTP in 1960 and 1978, respectively.15,16 Upshaw-
Schulman Syndrome is typically diagnosed in early childhood (age 
< 10).17,18 The first case reports of TTP with a possible immune etiology 
appeared in 1972, in which IgM and complement where detected in 
the microthrombi.19 Based on the presence of IgM they suggested that 
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immune suppressive therapy could be useful in the treatment of TTP.19 
Following this case report, several other groups also reported cases of 
possible involvemnet of autoantibodies in the pathogenesis of TTP.20,21 
It was shown that, apart from the congenital form of TTP, there was an 
additional form called idiopathic or acquired TTP.

Structure and function of ADAMTS13
Genome-wide linkage analysis of genomic DNA from patients with 
congenital TTP identified 12 mutations in the ADAMTS13 gene, located 
on chromosome 9q34.14 Cloning of the cDNA revealed a 1427 amino 
acid long polypeptide identified as ADAMTS13.11,22,23 Like other members 
of the ADAMTS family, ADAMTS13 contains a signal- and propeptide, a 
metalloproteinase, distintegrin, several thrombospondin type 1 repeats, 
a cysteine-rich and a spacer domain. Additionally, ADAMTS13 contains 
two CUB domains that are highly homologous to domains found in bone 
morphogenic protein 1, the embryonic sea urchin epidermal growth factor 
and the complement receptor complex C1r/C1s (Figure 1).24 To date, 
approximately 140 different mutations, that cause Upshaw-Schulman 

Figure 1: Domain and three dimensional structure of ADAMTS13. A) Schematic representation 
of the domain structure of ADAMTS13. From left to right it contains a signal peptide, 
propeptide, metalloprotease, disintegrin domain, followed by the first TSP-1 repeat, then a 
cysteine rich domain, followed by the spacer domain, seven TSP-1 repeats and finally two 
CUB domains. B) Space filling reconstruction of the ADAMTS13 molecule. The spacer domain 
in orange with the binding site (Arg568, Phe592, Arg660, Phe661 and Phe665) highlighted 
in blue and the CUB domains (dark orange and red) shielding the binding site. Structure is 
based on the established three-dimensional structure of the Disintegrin-TSP1-Cys rich and 
spacer domain. Homology models for the TSP 2-8 and CUB1-2 domains were prepared 
employing HHpred.23 Small angle X-ray scattering and biochemical studies suggested that 
ADAMTS13 is circulating in a closed conformation in which the carboxy-terminal CUB-1 and 
CUB-2 domains interact with the cysteine-rich and spacer domain.
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syndrome, in the ADAMTS13 gene have been described. These mutations 
are recessive and primarily caused by compound heterozygous mutations 
in ADAMTS13 and reduce its function, the synthesis, folding or secretion of 
the mature protein.22,25–28 
ADAMTS13 is primarily synthesized in the hepatic stellate cells in the 
liver.29,30 Additionally, vascular endothelial cells,31,32 podocytes33 and renal 
tubular cells34 have been proposed to synthesize ADAMTS13. ADAMTS13 is 
synthesized as a zymogen: after cleavage of the pro-peptide fully active 
ADAMTS13 is released into the circulation.11 The plasma concentration 
of ADAMTS13 has been reported to be 0.5 – 1 μg/ml and a half-life of 
3-4 days was estimated in patients with congenital TTP after plasma 
infusion.35,36 ADAMTS13 is highly glycosylated with 10 N-linked glycans, 
2 C-mannosylations and 6 O-fucosylations.37 The N-linked glycans and 

Figure 2: Proteolysis of von Willebrand Factor by ADAMTS13. UL-VWF multimers are stored 
in Weibel-Palade bodies inside endothelial cells lining the vessel wall. Upon stimulation of 
the endothelial cells or vascular perturbation, the Weibel-Palade bodies secrete their 
content into the circulation. Blood flow elongates the released UL-VWF multimers. Under 
normal conditions, ADAMTS13 (scissors) binds to, and processes UL-VWF multimers resulting 
in a reduction in VWF-multimer size. In the case of acquired or congenital TTP, ADAMTS13 is 
inactive or absent and is not able to cleave the UL-VWF multimers into smaller fragments. 
Platelets are able to bind the UL-VWF multimers and form platelet-rich thrombi in the 
microvasculature.
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O-fucosylations have been shown to be important for the exocytosis of 
ADAMTS13.38,39 Serine to alanine substitutions of O-fucosylation sites in TSP2, 
TSP4, TSP7 and TSP8 in recombinant ADAMTS13 showed reduced secretion 
of ADAMTS13.38 Asparagine to aspartic acid substitutions of the N-linked 
glycosylation sites of ADAMTS13 showed decreased secretion for Asn142, 
Asn552 and Asn828 and decreased activity for Asn142 and Asn828.39 
Additionally, N-linked glycans were proposed to play an important role in 
the stabilization of ADAMTS13.40–42

In the circulation, ADAMTS13 is responsible for cleaving of UL-VWF multimers. 
UL-VWF multimers are condensed into tubules and packed in parallel 
bundles that are stored in the Weibel-Palade bodies inside endothelial 
cells which line the vessel wall.43,44 Upon stimulation of these cells the 
contents of the Weibel-Palade bodies are rapidly exocytosed and UL-VWF 
is released into the circulation, where it assembles into large filamentous, 
“string-like” structures on the surface of the endothelial cells (Figure 2). 
45,46 ADAMTS13 rapidly processes UL-VWF strings that are attached to the 
vessel wall, both in vitro as well as in vivo.47,48 The A2 domain of newly 
released UL-VWF molecules maintains a folded conformation (Figure 3A). 
The high shear stress in the microvasculature promotes unfolding of the A2 
domain exposing the Tyr1605-Met1606 cleavage site for ADAMTS13 (Figure 
3B). The following mode of action of ADAMTS13 mediated cleavage 
of the VWF A2 domain has been proposed. ADAMTS13 first binds to the 
D4CK domain of VWF via the C-terminal TSP5-8 and CUB1-2 domains 
under flow.49,50 The open conformation of the A2 domain, then enables 
ADAMTS13 to bind via Arg660, Tyr661 and Tyr665 to the Glu1660-Arg1668 
binding site in the A2 domain of VWF (Figure 3C).45 Following initial binding 
of the spacer domain to Glu1660-Arg1668 of the unfolded A2 domain 
multiple interactions between the disintegrin, cysteine-rich domain and 
the unfolded A2 domain position the active site of the protease domain 
to allow for cleavage of the scissile bond at Tyr1605-Met1606 (Figure 3D).47 
After cleavage of the scissile bond, the affinity of ADAMTS13 to VWF is 
dramatically altered, enabling the recycling of ADAMTS13.45 Recent 
small-angle X-ray scattering experiments revealed that, under normal 
physiological conditions, ADAMTS13 circulates in a closed conformation 
where the CUB1-2 domains of ADAMTS13 shield the spacer domain 
(Figure 1).51 The interaction between the C-terminal domains TSP5-CUB2 
of ADAMTS13 and the VWF exosite in D4CK results in conformational 
activation of ADAMTS13, allowing for correctly orienting its active site for 
cleavage of VWF.41,42,51

Development of autoantibodies in acquired TTP
Acquired TTP was classified as an autoimmune disease by Furlan and 
co-workers in 1998.10 In their first report, they showed that IgG purified 
from the plasma of a patient with acquired TTP inhibited the activity of 
the VWF cleaving protease.10 Subsequent studies by Furlan and Tsai and 
co-workers, revealed that inhibitory antibodies directed towards the 
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Figure 3: Model of VWF A2 domain cleavage by ADAMTS13. A) Crystal structure of VWF A2 
domain with in bright red the Tyr1605-Met1606 cleavage site and in dim red the binding site 
for the spacer domain of ADAMTS13. B) Partially unfolded VWF A2 domain with in bright red 
the Tyr1605-Met1606 cleavage site and in dim red the binding site for the spacer domain of 
ADAMTS13. C) VWF A2 domain bound to the spacer domain Arg660, Tyr661 and Tyr665 and 
the cleavage site Tyr1605-Met1606 bound in the active site Glu225 of ADAMTS13. D) Cleaved 
VWF A2 domain with the ADAMTS13 active site Glu225 visible in dark blue. After cleavage of 
the scissile bond Tyr1605-Met1606, the affinity of ADAMTS13 for VWF is dramatically lowered, 
enabling dissociation of the complex and recirculation of ADAMTS13. 
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VWF-cleaving protease are present in the majority of patients with TTP.9,10 
Epitope-mapping studies showed that the spacer domain of ADAMTS13 
contains a major binding site for autoantibodies that develop in patients 
with acquired TTP.52,53 More detailed epitope mapping revealed that 
Arg568, Phe592, Arg660, Tyr661 and Tyr665 serve as the major binding 
epitope for the anti-spacer domain antibodies.54–56 Apart from antibodies 
against the spacer domain, antibodies against metallo-disintegrin-TSP1 
and cysteine rich domains (12-56%)52,57 or the TSP2-8 and/or CUB domains 
(46-58%) have also been identified.57,58 It has been shown that anti-spacer 
domain antibodies interfere with binding of ADAMTS13 to the unfolded 
A2 domain of VWF.55 Antibodies directed towards the TSP2-8 and/or 
CUB1-2 domains have been suggested to accelerate the clearance of 
ADAMTS13; also low-affinity anti-spacer domain antibodies may promote 
removal of ADAMTS13-Ig complexes from the circulation.58,59 Analysis 
of the class and subclass of anti-ADAMTS13 antibodies in patients with 
acquired TTP showed the presence of immunoglobulin (Ig) type A, 
G and M.60–62 In most plasmas of patients with acquired TTP IgG1 and 
IgG4 antibodies have been detected.60,61,63 Phage display technology 
and Epstein-Barr virus transformation have been used to clone human 
monoclonal antibodies directed towards ADAMTS13 from patients with 
acquired TTP.53,64,65 Inspection of the amino acid sequence of human 
monoclonal antibodies directed towards ADAMTS13 revealed that the 
variable heavy chain segment used by a substantial number of these 
antibodies is encoded by the VH1-69.53,64,66 A more recent study of 2 
patients’ memory B cells showed that, beside the VH1-69 germline, other 
variable heavy chain gene segments such as VH1-3, VH3-30 and VH4-
28 are used for assembly of anti-ADAMTS13 antibodies.65 At this point 
in time, considerable knowledge on the amino acid sequence, class, 
subclass, epitope specificity and mode of action of auto-antibodies 
directed towards ADAMTS13 has been obtained. Currently it is still not 
known what triggers the onset of autoantibody formation in previously 
healthy individuals. Case reports indicate incidences of acquired TTP 
after bacterial or viral infections, such as HIV,67 Hepatitis C,68,69 Brucella,70,71 
parvovirus,72 Influenza A,73,74 Legionella,75,76 Dengue,77 Helicobacter pylori78 
and the zoonosis Capnocytophaga canimorsus septicemia.79–81 Overall, 
there appear to be no indications that a specific pathogen is linked to the 
onset of acquired TTP.
Patients with acquired TTP present primarily with anti-ADAMTS13 antibodies 
of subclass IgG1 and IgG4. Development of antibodies of subclass IgG1 
and IgG4 requires long-term and repeated exposure to antigen.82 Class-
switching and somatic hypermutation are needed for the generation 
of high-affinity antibodies of subclass IgG1 and IgG4.82 These processes 
require the help of activated CD4+ T lymphocytes and primarily take 
place in the germinal centers of the spleen.82 In order for CD4+ T cells 
to become activated, they first have to be primed and activated by 
dendritic cells. This activation occurs via peptide presentation on major 



1

Chapter 1: General Introduction

17

histocompatibility antigen class II (MHC-II) complexes by dendritic cells 
and subsequent recognition of peptide-MHC-II complexes by the T cell 
receptor (TCR) on CD4+ T cells. Co-stimulation via CD80/CD86 and CD28 
is required to fully activate CD4+ T cells (Figure 4A).83 ADAMTS13-specific B 
cells can internalize ADAMTS13 via the B cell receptor (BCR) (Figure 4B).82 
Subsequently, ADAMTS13 will be processed into peptides and loaded 
on MHC-II complexes on B cells.82 Activated CD4+ T cells are then able 
to recognize the MHC-II/peptide complexes on the B cell surface and 
via CD40/CD40L co-stimulation and cytokine release provides B cell 
help (Figure 4C).84–86 Especially, follicular helper T cells have evolved as 
being crucial for help to B cells.87,88 After class switching and somatic 
hypermutation to IgG the IgG plasma cells migrate from the spleen to 
the bone marrow.89 It has been shown that there is a link between major 

Figure 4: Uptake and processing of ADAMTS13 by dendritic cells. A) Dendritic cells endocytose 
ADAMTS13 via the macrophage mannose receptor (MMR). Following endocytosis, ADAMTS13 
is processed into peptides which are loaded on MHC-II. CD4+ T cells with the appropriate T 
cell receptor (TCR) are then able to bind the MHC-II/peptide complex, CD80/CD86/CD28 
co-stimulatory interactions promote the release of cytokines and activate CD4+ T cells. B) B 
cells are activated through binding of antigens (ADAMTS13) to the B cell receptor. Antigen 
are endocytosis, processed into peptides and presented on MHC-II on the B cell surface. 
C) After activation of CD4+ T cells, these CD4+ T cells migrate to the germinal centers in 
the spleen were they are able to recognize B cells with ADAMTS13-derived MHC-II/peptide 
complexes and provide stimulatory signals for the generation of either memory B cells or 
antibody secreting plasma cells. 
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histocompatibility antigen class II (MHC-II) alleles and the risk of TTP.90–92 
Comparisons of the HLA-DRB1 alleles showed that HLA-DRB1*11 was more 
common in acquired TTP patients compared to healthy individuals (44.0% 
vs. 12.0% (P=0.0024)), suggesting an increased risk for acquired TTP. HLA-
DRB1*04 frequencies were significantly reduced (10.0% vs. 35.0%), which 
suggests a protective role for HLA-DRB1*04 in acquired TTP.91 In addition, 
comparisons of HLA-DQB frequencies indicated on increase in frequency 
for HLA-DQB1*03 (58.0 vs 34.5% (P=0.048))91 and HLA-DQB1*02:02 (20% vs 
1.2% (P<0.001))92 in patients with acquired TTP. In a recent study the single 
nucleotide polymorphism rs69033608 was found to be linked to acquired 
TTP.93 Rs69033608 is located between HLA-DRA and HLA-DRB5 and has 
been proposed to affect the expression levels of linked HLA-DRA, HLA-
DQA1 and HLA-DQB1 alleles.93 It has been proposed that rs69033608 is in 
linkage disequilibrium with HLA-DRB1*11 thereby potentially explaining 
the observed association of DRB1*11 and acquired TTP.93 Furthermore, 
HLA-DQB1*03:01, HLA-DQA1*05:05 and HLA-B*18:01 were more frequently 
found in patients with acquired TTP when compared to controls, whereas 
HLA-DRB1*07 and DRA1*01:01 were underrepresented in patients with 
acquired TTP.93 The study of Mancini employed imputed data (during 
imputation estimated values based on other known information are used 
to generate putative datasets; in HLA-typing studies imputation is used to 
predict the presence of certain HLA-alleles by employing information on 
polymorphic sites that are genetically linked to these HLA-alleles).93,94 In 
view of the potential limitation of imputation based approaches94 it will be 
important to see whether results of this study can be reproduced in other 
cohorts of acquired TTP patients using classical direct HLA typing. The 
observed association between rs69033608 and development of acquired 
TTP raises the possibility that the altered expression of MHC class II may 
underlie the observed association of acquired TTP and the HLA genomic 
region. In this respect it is also interesting that rs69033608 has been reported 
to affect the expression of the α- and β-subunit of the T cell receptor.93 
In order to present ADAMTS13 derived peptides on MHC-II, it first needs 
to be endocytosed by dendritic cells, processed into peptides and then 
loaded on the MHC-II complex.83 Recent work in our department showed 
that endocytosis of ADAMTS13 by monocyte derived dendritic cells is 
mediated by the macrophage mannose receptor.66 Mannose receptor 
mediated uptake has been linked to enhanced MHC class II-restricted 
antigen presentation in vitro.95 Work from our laboratory exploring the role 
of different HLA-DRB1 alleles in the presentation of ADAMTS13-derived 
peptides by monocyte-derived dendritic cells from HLA-typed healthy 
individuals showed preferential presentation of the CUB-2 domain derived 
peptide “GCRLFINVAPHARIA” on HLA-DRB1*11 and a second CUB-2 
domain derived peptide “ASYILIRDTHSLR” on HLA-DRB1*03.96 These findings 
provide a basis for studies directed towards the dissection of CD4+ T cell 
responses in acquired TTP. 
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Treatment of acquired thrombotic thrombocytopenic purpura
In view of its sudden and rapid onset, the severe clinical symptoms and 
time needed for correct diagnosis, treatment of acquired TTP has been 
and still remains challenging. The first historic treatment described was 
in 1959 by Rubinstein and co-workers: they used fresh blood exchange 
transfusions for treatment of patients with TTP which resulted in rapid 
recovery.97 In 1977, case reports describing plasmapheresis as a treatment 
for TTP were described.98 Currently, the initial treatment of acquired TTP is 
still based on rapid plasmapheresis or plasma exchange.99,100 In view of its 
acute onset and severe clinical symptoms plasma exchange in patients 
with suspected TTP is frequently initiated before the results of diagnostic 
tests such as the ADAMTS13 activity assay, are available. Plasma 
exchange removes circulating antibodies directed against ADAMTS13 as 
well as UL-VWF multimers from the circulation and replenishes ADAMTS13. 
In addition, corticosteroids such as prednisone (1mg/kg/day) are given.101 
If plasma exchange and corticosteroids cannot induce remission, 
rituximab is given at a dose of 375 mg/m2. Rituximab is a therapeutic 
monoclonal antibody that binds CD20 on the B cell membrane and it is 
originally used in the treatment of B cell non-Hodgkin lymphoma and B 
cell leukemia.102–104 Rituximab removes the CD20-expressing B cells from 
the circulation via antibody-dependent cell-mediated cytotoxicity and 
suppresses proliferation of the B cells.103 Rituximab was first used in 2002 
for the treatment of relapsing acquired TTP.105,106 Cyclosporin A (CSA) 
has been suggested as an additional therapy in acquired TTP.107–109 CSA 
may suppress the host immune response which results in reducing the 
ADAMTS13 inhibitor levels.107 Several case reports show the efficacy of 
this additional treatment,107 but others show a relationship between CSA 
and the initiation of acquired TTP.110–113 As a last resort splenectomy is 
used to remove the antibody producing B cells.65,114 Recently, a new drug 
called Caplacizumab has been suggested as an adjuvant treatment for 
TTP.115 Caplacizumab is a humanized bivalent anti-von Willebrand factor 
single-variable-domain immunoglobulin that targets the A1 domain of 
VWF.115,116 Instead of acting on ADAMTS13, it blocks binding of platelets 
to the GPIb binding site on VWF, thereby preventing occlusion of small 
vessels by platelet and UL-VWF multimer-rich thrombi.116 A randomized 
control trial with 75 patients showed the efficacy of this new drug with a 
reduction in response time of 39%, with only mild to moderate bleeding 
risk.115 In addition the proteasome-inhibitor bortezomib has been used for 
treatment of individual patients with relapsing or refractory TTP.117 It has 
been hypothesized that bortezomib eliminates long-living plasma cells 
producing anti-ADAMTS13 antibodies that reside in the bone marrow 
or spleen.118 A prospective study in the use of bortezomib in refractory 
autoimmune hematological disorders showed a 77% response rate in 
patients affected by acquired hemophilia, acquired hemolytic anemia 
and acquired TTP.119 In these patients bortezomib resulted in a reduction 
of autoantibodies levels and major clinical improvements with an 
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acceptable safety profile.119

A number of potential novel treatment strategies for acquired TTP are 
currently explored in pre-clinical studies. Current treatment, employing 
plasma exchange and prednisone result in a reduction of anti-ADAMTS13 
antibodies and in parallel provide a source for ADAMTS13. Recombinant 
ADAMTS13 (BAX 930) is currently under development and may be useful 
for treatment of patients with congenital TTP.120–122 It is currently not clear 
whether administration of recombinant ADAMTS13 to patients with 
acquired TTP will be beneficial. 
Infusion of recombinant ADAMTS13 in an animal model for TTP has 
been shown to be efficacious.123 In vitro administration of recombinant 
ADAMTS13 to plasma of patients with acquired TTP resulted in normalization 
of the processing of UL-VWF multimers.124 In contrast to plasma exchange, 
administration of recombinant ADAMTS13 to patients with acquired TTP will 
not result in the removal of anti-ADAMTS13 antibodies. Immune complexes 
composed of recombinant ADAMTS13 and circulating anti-ADAMTS13 IgG 
are likely to form under these conditions. Circulating immune complexes 
consisting of ADAMTS13 and anti-ADAMTS13 antibodies have been 
suggested to predict relapses.125 The effect of the formation of ADAMTS13-
containing immune complexes upon infusion of recombinant ADAMTS13 
on disease progression in patients with acquired TTP is currently hard to 
predict. ADAMTS13 antibodies are mostly of subclass IgG1 and/or IgG4. 
IgG1 containing immune complexes may activate the complement system 
and are predicted to bind with high affinity to Fc receptors126 whereas IgG4 
containing immune complexes do not activate the complement system.126 
Apart from exacerbation of disease symptoms, prolonged administration 
of ADAMTS13 and subsequent formation of immune complexes may also 
help to induce tolerance as observed during immune tolerance therapy 
in hemophilia A.127

It is well-established that the majority of patients present with antibodies 
that target an exposed site in the spacer domain.55 Non-conservative 
substitutions of 5 crucial residues (Arg568, Phe593, Arg660, Tyr661 and 
Tyr665), comprising this immuno-dominant site have led to the design of 
two gain-of-function mutants Arg660Lys/Phe592Tyr/Arg568Lys/Tyr661Phe 
and Arg660Lys/Phe592Tyr/Arg568Lys/Tyr661Phe/Tyr665Phe which show 
increased activity in vitro.56 These novel auto antibody resistant forms of 
ADAMTS13 may be useful for future treatment of patients with acquired 
TTP. This so-called gain-of function variant will however still be recognized 
by TSP2-8 and CUB1-2 domain directed antibodies that are present in 
about 30-50% of the patients with acquired TTP. 
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Scope of the thesis
Our current knowledge on the underlying etiology of auto-immune TTP 
is still limited. Triggering events contributing to the onset of autoantibody 
formation against ADAMTS13 in previously healthy individuals have so far 
not been identified. In this thesis we explored the structure of ADAMTS13 
and provide insight into the mechanism of immune recognition of 
ADAMTS13 by antigen presenting cells. We also explored CD4+ T cell 
responses in patients with acquired TTP. In Chapter 2 an overview is given 
of the literature and a model is presented for the onset of acquired TTP. 
Chapter 3 shows that ADAMTS13 is efficiently endocytosed by monocyte-
derived macrophages via the macrophage-specific scavenger receptor 
CD163. This receptor is highly expressed by the Kupffer cells in the liver and 
by red pulp macrophages in the spleen. This observation suggests that 
CD163 might promote the clearance of ADAMTS13 from the circulation. 
In Chapter 4, we show for the first time that CD4+ T cells reactive with 
peptides derived of ADAMTS13 are present in patients with acquired TTP. 
CD4+ T cell directed to the “GCRLFINVAPHAR” peptide sequence and 
ADAMTS13 were identified in a HLA-DRB1*1104 positive patient whereas 
CD4+ T cells from a HLA-DRB1*0301 patient are primarily directed against 
the “ASYILIRDTHS” peptide sequence. Both peptides originate from the 
CUB-2 domain of ADAMTS13 and were previously shown to be presented 
on HLA-DRB1*11 and HLA-DRB1*03, respectively. Chapter 5 focusses on 
the glycosylation of ADAMTS13. Three C-mannosylation, 8 O-fucosylation, 
6 O-linked and 10 N-linked glycosylation sites were identified. Glycan 
structures attached to each site were defined. We speculate that these 
glycans might play a role in the immune recognition of ADAMTS13 by 
antigen presenting cells. Chapter 6 explores whether ADAMTS13-derived 
peptides are also presented on HLA-DQ. This would provide an explanation 
for the reported association between HLA-DQB01*03 and acquired TTP. In 
Chapter 7 the studies presented in this thesis are discussed with reference 
to other studies that have been reported on the etiology of acquired TTP. 
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Abstract 
The majority of the patients affected by acquired thrombotic 
thrombocytopenic purpura (TTP) develop autoantibodies directed towards 
ADAMTS13 that interfere with its von Willebrand Factor (VWF) processing 
activity. B cell responses have been shown to primarily target the spacer 
domain of ADAMTS13 thereby prohibiting the binding of ADAMTS13 to 
VWF A2 domain. In this review we summarize recent knowledge gained 
on the immune recognition and processing of ADAMTS13 by antigen-
presenting cells (APCs). HLA-DRB1*11 has been identified as a risk factor 
for acquired TTP. Analysis of MHC class II/peptide complexes of ADAMTS13 
pulsed dendritic cells have shown that the CUB2 domain derived peptide 
FINVAPHAR is preferentially presented on HLA-DRB1*11. Based on these 
findings we propose a model for the initiation of the autoimmune reactivity 
against ADAMTS13 in previously healthy individuals. We hypothesize that 
mimicry between a pathogen-derived peptide and the CUB2 derived 
FINVAPHAR-peptide might contribute to the onset of acquired TTP.
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1. Introduction
Thrombotic thrombocytopenic purpura (TTP) is a rare and life-threatening 
disorder of the blood coagulation system that mainly affects adult 
patients; the annual incidence is approximately 4 cases per million 
people.1–3 TTP is characterized by systemic aggregation of platelets within 
the vasculature (generally arteries and arterioles) causing microvascular 
thrombosis, hemolytic anemia and thrombocytopenia. 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). ADAMTS13 is a multidomain protein synthesized in stellate cells in the 
liver.4,5 Several studies have suggested that ADAMTS13 is also synthesized 
in endothelial cells.6,7 It is present in plasma of normal individuals at 
a concentration of about 1 μg/ml (approximately 10 nM).8 A small 
percentage of ADAMTS13 (approximately 3%) circulates in complex 
with VWF.9 VWF circulates in plasma as a multimeric molecule (ranging 
from 20-  to 40-  but even 100- or 200- covalently linked VWF subunits) 
which adopts globular conformation.10 Under conditions of high shear 
stress newly released VWF multimers unfold and assemble into string-like 
structures and bind platelets, leading to the formation of a platelet plug.11 
Newly released UL-VWF strings are rapidly processed by ADAMTS13.11 
In fact, shear stress unfolds the VWF A2 domain and exposes the Tyr1605-
Met1606 scissile bond which can now be cleaved by ADAMTS13.12,13 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.14 The majority of the patients suffering 
from acquired TTP develop autoantibodies that bind and neutralize the 
proteolytic activity of ADAMTS13 and/or accelerate its clearance in vivo.15 
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.16

To date, plasma infusion and/or plasma exchange remains the first-
line therapy regardless of the etiology and pathophysiology of TTP.1,17–19 
In addition to plasma exchange other methods are necessary to treat 
patients because of high frequency of relapse, especially in patients 
with high titer inhibitors. Adjunctive immunosuppressive therapies such 
as cyclophosphamide20, cyclosporine21 and rituximab22 are found to be 
effective in attaining remission and reducing relapse rates. Recently, the 
proteasome-inhibitor Bortezomib has been successfully used to deplete 
circulating levels of anti-ADAMTS13 antibodies in patients with refractory 
autoimmune TTP.23–25

In this review we summarize our current knowledge of the functional 
characteristics of anti-ADAMTS13 antibodies in plasma of patients with 
acquired TTP. Novel insights related to the recently described risk factor 
HLA-DRB1*11 are discussed and a model for the initiation of autoimmune 
reactivity against ADAMTS13 in previously healthy individuals is proposed. 
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2. Antibodies in patients with acquired TTP.
Anti-ADAMTS13 antibodies are present in the majority of 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 present non-neutralizing antibodies and severe 
ADAMTS13 deficiency.15,26 Such antibodies are suggested to enhance 
ADAMTS13 clearance from the circulation or interfere with ADAMTS13 
interaction with cells and/or other plasma proteins.15,26 Several studies have 
shown that anti-ADAMTS13 IgG predominates in plasma samples of patients 
with acquired TTP.26–28 Anti-ADAMTS13 IgG is predominantly of subclass IgG4 
that is present in 90% of patient samples analyzed, followed by IgG1, IgG2 
and IgG3 that are observed in 30-50% of the patients.27,28 High levels of IgG4 
are observed in relapsing patients and therefore are considered to be a 
risk factor for recurrence of TTP.28 The occurrence of elevated IgG4 levels 
in other disorders such as atopic eczema and dermatitis have been linked 
to prolonged antigen exposure.29 Apart from the IgG subclasses, a limited 
number of patients also have circulating anti-ADAMTS13 IgM and/or IgA 
antibodies. The clinical relevance of these subclasses, which are found in 
17-20% of TTP patients, is at present unclear.26,27,30 It is well established that 
IgM antibodies are the most commonly found and abundant antibodies 
in the circulation during the initial phase of infection or inflammation and 
are able to induce complement activation.31 IgA antibodies can be 
subdivided into two subclasses IgA1 and IgA2. The majority of acquired 
TTP patients only have subclass anti-ADAMTS13 IgA1 in their plasma.26 
Serum IgA1 specifically interacts with the Fca receptor I (FcaRI) mediating 
degranulation of neutrophils and release of inflammatory mediators 
upon receptor crosslinking. It has been shown that 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.32 Recent studies have revealed significant 
amounts of circulating ADAMTS13-specific immune complexes (ICs) in 
plasma of acquired TTP patients. These ICs can interact with Fc receptors 
and perpetuate a pro-inflammatory state promoting thrombosis and 
predisposing to relapse.31,33,34 Further, ADAMTS13-immune complex analysis 
revealed the presence of both ADAMTS13 IgG, IgA and to a lesser extent 
IgM-IC in plasma of acquired TTP patients.33 Circulating ICs may not only 
enhance clearance of ADAMTS13 from the circulation but could also 
initiate complement activation and thereby contribute to thrombotic 
microangiopathy in patients with acquired TTP. Recent findings have 
shown that increased plasma levels of complement activation products 
are observed in patients with acute TTP.32,35 This suggests that activation 
of complement plays an important pathogenic role in acute TTP. In this 
respect it is interesting to note that successful treatment of a patient 
with refractory TTP employing the C5a-targeting humanized monoclonal 
antibody eculizumab has been reported.36 
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The majority of the antibodies in acquired TTP patients target a specific 
antigenic site within the spacer domain of ADAMTS13.37,38 Fine mapping 
revealed that Arg660, Tyr661 and Tyr665 are crucial for the binding of 
the majority of these inhibitory antibodies.39 These residues comprise an 
exosite that contributes to the binding of ADAMTS13 to the A2 domain 
of VWF.39,40 Site directed mutagenesis showed that residues Arg568 and 
Phe592, which are in close proximity to Arg660, Tyr661 and Tyr665, also 
contribute to the binding of anti-spacer domain antibodies. In fact 
modifying Arg568, Phe592 in conjunction with Arg660, Tyr661 and Tyr665 
completely abrogated the binding of anti-spacer domain antibodies in 
the majority of the patient samples analyzed.39,41 Interestingly, modification 
of this antigenic site resulted in a gain of function variant of ADAMTS13 
resistant to auto-antibodies such mutated variant of ADAMTS13 has been 
suggested as a possible  future therapeutic strategy.42

Epitope mapping of autoantibodies in plasma of acquired TTP patients 
revealed the presence of antibodies binding to the carboxy-terminal part 
of ADAMTS13 including the TSR2-8 and/or CUB1-2 domains.26,43,44 It has not 
yet been established whether anti TSR2-8 and CUB domain antibodies 
inhibit the biological activity of ADAMTS13. Recently, it has been 
demonstrated that the carboxy-terminal domains of ADAMTS13 inhibit 
platelet aggregation and VWF string formation in a free thiol-dependent 
manner independently of its catalytic metalloprotease domain.45 
It has been proposed that the inhibitory antibodies directed against 
ADAMTS13 preferentially employ the heavy chain (VH) gene segment 
VH1-69.46–48 Diversity of antibodies is created by several rearrangements 
that lead to the 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. The clinical significance of 
the restricted VH1-69 gene usage in patients with acquired TTP remains 
still unclear. The VH1-69 germline gene segment has been observed in 
neutralizing antibodies directed towards a highly conserved region in the 
hemagglutinin ectodomain of influenza virus 49 and in patients with B cell 
lymphoma after chronic hepatitis C infection.50,51 It is currently unclear 
whether the restricted VH1-69 gene segment usage is related.

3. Initiation of development of anti-ADAMTS13 antibodies
The mechanism involved in the loss of tolerance and subsequent 
development of anti-ADAMTS13 antibodies in patients affected by 
acquired TTP is still unknown. As for other autoimmune disorders both 
genetic as well as environmental factors are likely to contribute to the 
development of autoimmune TTP.16,52 Three independent studies reported 
that HLA DRB1*11 was overrepresented in patients affected by acquired TTP 
when compared to a control population (22% vs 12% P-value=0.0024).53–55 
Interestingly, HLA DRB1*0401 was underrepresented in patients suffering 
from acquired TTP (10% vs 35% P-value=0.0096)54 and has therefore been 
suggested to protect against the development of the disease.53,54,56 A case 
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report describing the development of inhibitory anti-ADAMTS13 antibodies 
in identical twin sisters not carrying the HLA-DRB1*11 allele suggested that 
additional, not yet identified, genetic and/or environmental risk factors 
are linked to development of auto-immune TTP.52 
The observed association between the MHC class II allele HLA DRB1*11 
and the development of acquired TTP implies a role for helper CD4+ T cells 
in the initiation of the autoimmune reactivity against ADAMTS13 in patients 
affected with acquired TTP. Involvement of specific CD4+ T cells has also 
been inferred from subclass analysis and clonal analysis of anti-ADAMTS13 
antibodies which revealed that the variable domains are highly modified 
by somatic hypermutation.26,28,38,39,57,58  Both isotype switching to IgG4 and 
somatic hypermutation require activation of specific CD4+ T cells.26,28 
Further evidence for a role of T cells in the immune response in acquired 
TTP is derived from clinical observations 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 cyclosporine A, a potent suppressor of 
T cell function.23,59 Taken together, these observations strongly suggest 
that development of anti-ADAMTS13 antibodies in patients affected by 
acquired TTP requires activation of auto-reactive T cells.26 

Figure 1. Model of 
F I N V A P H A R - p e p t i d e 
bound to HLA-DRB1*11 
containing MHC class II 
complex. FINVAPHAR-
pepide indicated in yellow 
and red modeled into a 
binding groove of a MHC 
class II complex composed 
of HLA-DRB1*1101 (grey) 
and HLA-DRA1*0101 (dark 
blue). 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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Activation of specific CD4+ T cells requires endocytosis of antigens and 
subsequent presentation on the surface of professional antigen presenting 
cells (APCs) by MHC class class II complexes.60 Upon activation, CD4+ T 
cells secrete cytokines that stimulate B cells and initiate isotype switching.61 
We have recently shown that dendritic cells (DCs), professional APCs, 
endocytose ADAMTS13 via the macrophage mannose receptor (MR).62 
Moreover, studies with monocyte derived DCs from HLA typed healthy 
donors showed that upon endocytosis ADAMTS13 derived peptides are 
loaded onto MHC class II molecules and presented on the cell surface 
of human DCs.63 Interestingly, we found that peptides derived from the 
carboxy-terminal CUB2 domain of ADAMTS13 were preferentially presented, 
indicating that this domain contains a number of potential immuno-
dominant T cell epitopes. As outlined above, HLA-DRB1*11 provides a risk 
factor for the development of acquired TTP.53 Interestingly, DCs from HLA-
DRB1*11 positive donors presented only a single CUB2 domain derived 
peptide with the core-peptide sequence GCRLFINVAPHAR (figure 1).63 
Crystal structure analysis of MHC class II-peptide complexes have shown 
that peptide binding to the MHC class II groove is conferred by hydrogen 
bonds between the peptide and the MHC class II molecule and is further 
stabilized by side chain interactions. The binding motif for HLA-DR*11 has 
been previously established based on the identification of amino acid 
sequences of natural peptides binding to HLA-DR*11.64 Analysis of the 
sequence of the GCRLFINVAPHAR core-peptide identifies F1327 as the 
most likely P1 residue. The putative P4 residue V1330 follows the predicted 
binding motif.64 While the P6 (P1329) and P9-residue (R1332) of the identified 
GCRLFINVAPHAR peptide have different properties, in fact P6 has been 
predicted to be primarily composed of R/K and P9 of A/G/S/P (Figure 1). 
Crystal structures of autoimmune T cell receptors in complex with peptide 
MHC class II complexes have shown that some peptides only partly fill the 
binding site on MHC class II.65 The unusual topology of auto-immune T cell 
receptor/peptide MHC class II complexes is thought to allow for escape 
from negative  selection in the thymus while providing sufficient activation 
of these subset of T cells by self-antigens. 

4. Triggering of the immune response in TTP patients by microbial infections. 
It has been proposed that the development of anti-ADAMTS13 antibodies 
in TTP patients requires activation of auto-reactive T cells that have not 
been eliminated in the thymus during negative selection and can therefore 
recognize ADAMTS13 derived peptides in the context of the appropriate 
MHC class II allele.43,51 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.66–68

In order for T cells to recognize ADAMTS13, presentation of ADAMTS13 
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derived peptides on MHC class II on APCs is required. Although the 
majority of the antibodies presented by TTP patients are against the 
spacer domain of ADAMTS13 38,41–43 a CUB2 domain derived peptide is 
preferentially presented on HLA-DRB1*11. 63 It is known that B and T cells 
are able to bind different epitopes. CD4+ T cells recognize linear peptides/
antigens, while B cells often recognize surface exposed conformational 
epitopes that are often comprised of noncontiguous amino acid 
sequences. T cell activation, however, is not only dependent on binding of 
peptide-MHC complexes to the T cell receptor (TCR) but also requires co-
stimulatory signals and cytokine stimulation. Additional triggering events, 
like for instance infections are necessary for upregulation of co-stimulatory 
molecules on APCs and for the activation of self-reactive CD4+ T cells in TTP 
patients.69 This results in an enhanced presentation of self-antigen derived 
peptides which may overcome the activation threshold of T cells that have 
escaped negative selection in the thymus and have an intermediate/low 

Figure 2. In silico predicted peptides modeled into HLA-DRB1*11. A) Modeling of strong binding 
peptides into HLA-DRB1*11 (grey) and HLA-DRA1*0101 (dark blue). In bold the homologues 
aminoacids with ADAMTS13 CUB2 derived peptide FINVAPHAR are depicted and in red the 
anchor residues are labeled. 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. B) Representation of the in silico analysis identified homologues peptides to the 
ADAMTS13 CUB2 domain peptide (NCBI BLAST program; http://blast.ncbi.nlm.nih.gov/Blast.
cgi). In bold the homologues amino acids are depicted and in red the anchor residues 
are labeled. HLA-DRB1*11 affinity predictions were determined using NetMHCIIpan Server 
1.2103 (results presented in affinitynM) and the IEDB analysis resource consensus tool82,83 (results 
indicated in percentile rank).
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affinity for MHC-class II/peptide complexes.65,70 A large number of reports 
have suggested a role for viral or bacterial infections in the etiology of 
acquired TTP.26 Influenza A,71 HIV,72 parvovirus,73 Helicobacter pylori,74 
Hepatitis C,75 Brucella76 and Legionella77 infections have been suggested as 
a priming event for the development of acquired TTP. Moreover, recently 
it has been shown that a previously healthy individual developed TTP after 
pneumococcal vaccination.78 These findings suggests that triggering of 
the innate immune 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. 
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 CUB2 
domain derived FINVAPHAR-peptide.79 Cross reactivity of CD4+ T cells 
is dependent on molecular mimicry (i.e. common structural features) 
between pathogen and peptides derived of self-antigens.79 Molecular 
mimicry has been reported to be involved in several human autoimmune 
diseases like systemic lupus erythmatosus and autoimmune thyroiditis.80 
Recently, molecular mimicry between an influenza H1N1 derived peptide 
and the wake-promoting hormone orexin has been implicated in the 
pathophysiology of the autoimmune disorder narcolepsy.81 Interestingly, 
the HLA-DRB1*11 presented CUB2 derived peptide FINVAPHAR revealed 
considerable homology with peptide sequences derived from several 
microbial proteins (Figure 2A). In silico analysis employing prediction 
algorithms that calculate the affinity for MHC class II alleles revealed that 
several peptides derived from bacterial antigens expressed by Shewanella 
sp., Burkholderia pseudomallei, Leishmania donovani, Verminephrobacter 
eiseniae and Rhodococcus sp. were capable of binding to HLA-DRB1*11 
(Figure 2A). Strong binding peptides (as predicted by the NetMHCIIpan 
Server 1.2 with a threshold <50 nm) originating from Burkholderia 
pseudomallei and Leishmania donovani were identified (Figure 2B). Using 
IEDB analysis resource consensus tool82,83 a peptide from Shewanella sp. 
was also predicted as a high affinity binder for HLA-DRB1*11 (Figure 2B). 
Burkholderia pseudomallei is a Gram-negative bacillus which causes the 
serious infectious disease melioidosis84 while Leishmania donovani, is a 
protozoan that causes visceral leishmaniasis85, an opportunistic infection in 
patients with acquired immunodeficiency syndrome.86 Peptides derived of 
antigens expressed by these two bacteria are predicted to bind with high 
affinity to HLA-DRB1*1101 allele. However, based on the current clinical 
data it is not likely that Burkholderia pseudomallei or Leishmania donovani 
infections are linked to the onset of acquired TTP. Nevertheless our analysis 
suggests that viral or bacterial infections and subsequent presentation of 
pathogen derived peptides, homologues to the ADAMTS13 CUB2 derived 
peptide “FINVAPHAR”, can potentially trigger and initiate autoimmune 
reactivity against ADAMTS13 leading to the development of acquired TTP 
(Figure 3). Further study is needed to allow for identification of pathogen 
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derived FINVAPHAR-homologues peptides related to the onset of acquired 
TTP. Albeit it has not been experimentally confirmed yet, it is tempting to 
speculate that the T cells recognizing CUB2-specific peptide are cross-
reactive with pathogen derived peptides.
Of note, TTP can also develop in HLA-DRB1*11 negative individuals.53–55,59 
We have shown that ADAMTS13 derived peptides can also be 
presented on APCs derived from non-HLA-DRB1*11 donors although 
higher concentrations of ADAMTS13 are needed to allow for sufficient 
presentation.63 Weak binding of a self-peptide derived from myelin-basic 
protein to the multiple sclerosis linked HLA-DR4 allele was found to be 
compensated by high affinity binding of the corresponding TCR.87 These 
results suggest that although immuno-dominant peptides bind with low 
affinity to MHC class II they can still be recognized by self-reactive T cells. 87 
Most likely high densities of peptide MHC class II complexes are necessary 
to allow a productive binding of weak MHC class II binding peptides to 
CD4+ T cells. Our data show that incubation of APCs with relative high 
concentrations of ADAMTS13 promotes peptide presentation by non-
DRB1*11 alleles.63 Based on this, we anticipate that exposure of APCs to 
high levels of ADAMTS13 is needed to overcome the threshold required for 
recognition of low-affinity peptide-ligands by ADAMTS13-specific T cells. 
A recent study showed that carbohydrate-modifications modulate 
the immune recognition of allergens by epithelial and dendritic cells.88 
ADAMTS13 is a highly glycosylated protein containing complex N-linked 

Figure 3: Generation of self-
reactive CD4+ T responses 
in HLA-DRB1*11 positive 
individuals. ADAMT13 is 
endocytosed by APCs via 
the mannose receptor (MR). 
Following its MR-dependent 
internalization, ADAMTS13 
is processed into peptides 
and loaded on MHC class II. 
Individuals carrying the HLA-
DRB1*11 allele preferentially 
present the CUB2 domain 
derived peptide FINVAPHAR. 
Cross reactive CD4+ T cells can 
react with pathogen derived 
peptides (grey) also presented 
on HLA-DRB1*11 with peptide 
sequences homologues to the 
CUB2 domain derived peptide 
(orange). 
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and O-linked glycans as a well as two C-mannosylated tryptophans in 
TSR1 and TSR5.89 Glycosylation of ADAMTS13 is required for appropriate 
endocytosis by immature dendritic cells that occurs through the MR and 
deglycosylation of ADAMTS13 results in a significant reduction of its uptake 
by immature dendritic cells.62 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.90 This raises the possibility that inflammatory conditions 
resulting from viral or bacterial infections may result in hyperglycosylation 
or deglycosylation of ADAMTS13, and that a higher immunogenicity by 
these molecular changes could contribute to the onset of acquired TTP. 
Enhanced endocytosis by APCs of the hyperglycosylated or deglycosylated 
ADAMTS13 and subsequent processing would result in an increased MHC 

Figure 4. Generation of self-reactive CD4+ T responses in HLA-DRB1*11 negative individuals. 
ADAMTS13 derived peptides are less efficiently presented by APCs derived from HLA-
DRB1*11 negative patients. In order to obtain a sufficient density of MHC II peptide complex 
and allow antigen specific CD4+ T cell activation enhanced endocytosis of ADAMTS13 is 
needed. Alterations of ADAMTS13 glycosylation by glycosyltransferases, upregulated by 
pathogens, can enhance uptake of ADAMTS13 by the mannose receptor (MR). Moreover, 
cytokine stimulation can lead to an increase of the expression level of MR on dendritic cells. 
The increased endocytosis and subsequently presentation of ADAMTS13 derived peptides 
on MHC class II allows to overcome the activation threshold of intermediate/low affinity 
self-reactive ADAMTS13 specific CD4+ T cells that have escaped negative selection in the 
thymus. Once primed, anti-ADAMTS13 specific T cells can activate B cells in an antigen 
specific manner, which leads to formation of long-living plasma cells producing high affinity 
anti-ADAMTS13 antibodies.
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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 4).

5. Current and future treatment in acquired TTP
Several strategies are currently employed to treat patients suffering from 
acquired TTP. Plasma exchange is the current treatment in acquired 
TTP and is considered to remove circulating inhibitory antibodies and 
to replenish the deficient enzyme.27,91 Alternatively, immunosuppressive 
therapies like corticosteroids, rituximab or cyclosporine,21,22,92 are being 
used to treat acquired TTP.22 Cyclosporine inhibits lymphocytes proliferation 
and suppresses cytokine production and release, for instance of IL-2.21,93 
IL-2 is established as a T cell growth factor94 and regulates follicular T helper 
and B cell responses in vivo.95 Rituximab targets a large extra-cellular loop 
of the CD20 molecule. This leads to depletion of CD20 positive B cells 
and activation of natural killer cells through antibody-dependent cellular 
toxicity or complement dependent cytotoxicity.96 
Therapeutic administration of recombinant ADAMTS13 has been 
suggested as an alternative treatment for plasma exchange.97,98 In vitro 
experiments have shown that high dosages of ADAMTS13 can overcome 
neutralizing inhibitors in plasma from acquired TTP patients.97 Critical 
amino acid residues that contribute to an immunodominant antigenic 
site in the spacer domain have been previously identified.38,41 Follow-up 
studies by Jian and collaborators have shown that modification of the 
antigenic epitope results in an antibody resistant variant with increased 
VWF processing activity compared to wild-type ADAMTS13.98 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 develops antibodies targeting 
other domains besides the spacer domain prohibiting broad clinical 
application of gain-of-function spacer domain variants of ADAMTS13. 
During the last decade many studies have attempted to use tolerogenic 
dendritic cells (tDCs) to treat autoimmunity.99 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.100–102 Therefore it would be of interest to test whether loading 
tDCs with this CUB2 domain derived peptide could promote the formation 
of Tregs which might potentially restore tolerance towards ADAMTS13 in 
patients with acquired TTP. Further studies aiming at the characterization of 
CD4+ T cell responses are needed in order to assess whether modulation of 
CD4+ T cell responses provides a potential treatment strategy for patients 
with acquired TTP. 
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Abstract 
Internalization of ADAMTS13 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-labeled recombinant ADAMTS13 by flow 
cytometry. Internalization of ADAMTS13 was blocked upon addition of the 
cell-permeable dynamin-inhibitor dynasore. Partial blocking of ADAMTS13 
uptake was observed employing mannan; uptake however was not 
affected by an antibody blocking binding to the macrophage mannose 
receptor CD206 suggesting that other endocytic receptors contribute 
to the internalization of ADAMTS13 by macrophages. A pull-down with 
ADAMTS13 and subsequent mass spectrometric analysis identified the 
class I scavenger receptor CD163 as a candidate receptor for ADAMTS13. 
Blocking experiments with monoclonal anti-CD163 antibody EDHu-
1 resulted in decreased ADAMTS13 internalization by macrophages. 
Pronounced inhibition of ADAMTS13 uptake by EDHu-1 was observed in 
CD163 high-expressing macrophages. In agreement with these findings 
CD163-expressing CHO cells were capable of rapidly internalizing 
ADAMTS13. Surface plasmon resonance revealed binding of ADAMTS13 
to scavenger receptor cysteine-rich domains 1-9 and 1-5 of CD163. Taken 
together, our data identify CD163 as a major endocytic receptor for 
ADAMTS13 on macrophages.
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Introduction
ADAMTS13 (a disintegrin and metalloproteinase with thrombospondin 
type 1 repeats member 13) is a metalloproteinase that regulates the 
proteolysis of ultra-large von Willebrand factor multimers (UL-VWF).1 
ADAMTS13 consists of a metallo, disintegrin, cysteine-rich, spacer and 
2 CUB-domains and 8 thrombospondin type 1 repeats.2 ADAMTS13 is 
synthesized in hepatic stellate cells in the liver and vascular endothelial 
cells.3–5 The plasma concentration of ADAMTS13 has been shown to range 
between 0.5 and 1 µg/ml.6 A genetic deficiency of ADAMTS13 results in 
congenital thrombotic thrombocytopenic purpura TTP), a thrombotic 
microangiopathy caused by insufficient processing of ultra-large VWF 
multimers.7 Development of auto-antibodies towards ADAMTS13 occurs at 
low frequency in previously healthy individuals and gives rise to acquired 
or auto-immune TTP.1 Anti-ADAMTS13 antibodies are predominantly 
of the subclasses IgG1 and IgG42,8–11 and the variable domains are 
extensively modified by somatic hypermutation.8,13 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, which further 
implicates CD4+ T-cells in the pathogenesis of this disease.13–15 We have 
previously shown that ADAMTS13 is endocytosed by antigen presenting 
cells (APCs), such as dendritic cells (DCs), by the macrophage mannose 
receptor (MMR).16 Following its intracellular processing a restricted set of 
ADAMTS13-derived peptides is presented on MHC class II for presentation 
to CD4+ T-cells.17 These findings reveal a critical role for DCs in the 
initiation of CD4+ T-cell responses to ADAMTS13 in patients with acquired 
TTP. Currently, the cellular mechanisms contributing to the clearance of 
ADAMTS13 from the circulation have not been defined. The half-life of 
ADAMTS13 in TTP-patients transfused with fresh frozen plasma ranged from 
2 to 3 days.18 Macrophages can recognize both microbial structures as 
well as endogenous ligands through the expression of a large repertoire 
of pattern recognition receptors.19–21 Tissue-resident macrophages such 
as Kupffer cells residing in the liver and splenic macrophages have been 
implicated in clearance of a variety of plasma proteins by expression of 
multi-ligand endocytic receptors.22,23 In this study we employed human 
monocyte-derived macrophages to identify potential clearance 
receptors for ADAMTS13. Our findings show that macrophages very 
efficiently endocytose ADAMTS13 when compared to DCs. We show that 
endocytosis of ADAMTS13 by human monocyte-derived macrophages 
does not depend on the MMR as previously described for DCs. Instead, 
scavenger receptor cysteine-rich type 1 protein M130 (CD163) was 
identified as a candidate receptor for ADAMTS13. We show that CD163 
mediates the uptake of ADAMTS13 by macrophages implicating CD163 in 
clearance of ADAMTS13 from the circulation. 
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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 
controls conjugated with FITC and PE (Dako, Glostrup, Denmark), Alexa 
Fluor 488-conjugated anti-mouse antibody (Invitrogen, Carlsbad, CA, USA). 
The monoclonal anti-MMR antibody clone 15.2 (BioLegend, San Diego, 
CA, USA), monoclonal blocking antibody anti-CD36 (Abcam, Cambridge, 
UK) and monoclonal control antibody (BioLegend) were used for blocking 
experiments. EDHu-1, EDHu-2, EDHu-3 and EDHu-4 antibodies targeting 
different epitopes of CD163 have been previously characterized.24 A 
polyclonal anti-CD163 antibody has been described previously.25 

Recombinant ADAMTS13 and Alexa Fluor 488-labeling
Recombinant wild type full length ADAMTS13 (ADAMTS13) containing 
a carboxy-terminal V5 epitope and polyHis-tag was expressed in stably 
transfected HEK293 cells. Culture supernatant was harvested and 
concentrated. Subsequent purification was performed employing the 
polyHis-tag at the C-terminus of the protein using the ÄKTA-purifier system 
(GE-Healthcare) and a Ni-NTA column (GE-Healthcare) essentially as 
described.16,26 The purified protein was collected and analyzed by SDS-
PAGE followed by silver staining or immunoblotting. For flowcytometry and 
confocal microscopy ADAMTS13 was directly labelled with Alexa Fluor 488 
(AF488) using the Alexa Fluor 488 Microscale Labeling Kit according to 
the manufacturer’s protocol (Thermo Fisher). One ADAMTS13 molecule 
contained on average 2.4 AF488 molecules (ADAMTS13-488).

Generation of immature monocyte derived macrophages, dendritic cells 
and 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 (Lonza, Breda, The 
Netherlands), supplemented with 10% fetal calf serum (FCS) for 6 days in the 
presence of 50 ng/ml of M-CSF (Pepro tech, London, UK). Macrophages 
were cultured for 4 days in RPMI-1640 supplemented with M-CSF and on 
day 4 50 ng/ml IL-10 was added to increase the expression of CD163. 
For the generation of DCs, cells were cultured in CellGro medium in the 
presence of 800 U/ml IL-4 and 1000 U/ml granulocyte-macrophage colony 
stimulating factor (GM-CSF; CellGenix, Freiburg, Germany) for 6 days. For 
uptake experiments 2 x 105 MDMs or DCs were incubated with 25 nM of 
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ADAMTS13-488 at 37°C for 1 hour in 50 µl serum-free RPMI medium (MDMs) 
or CellGro (DCs). Uptake was analyzed by flow cytometry (Fortessa flow 
cytometer, BD Biosciences). Uptake of ADAMTS13 was also analyzed by 
confocal microscopy. ADAMTS13-488 (100 nM) was added to 0.4 x 106 
MDMs that were allowed to adhere to fibronectin-coated glass slides for 
2 hours in 100 µl serum-free RPMI medium and uptake was performed 
for 1 hour at 37°C. Cells were fixed in 4% paraformaldehyde (Electron 
Microscopy Sciences, Hatfield, PA, USA) in phosphate buffered saline (PBS, 
Fresenius Kabi, Zeist, The Netherlands) for 15 minutes and subsequently 
quenched with PBS containing 50 mM NH4Cl and 0.2% saponin. Following 
internalization of ADAMTS13, cells were stained in PGAS (PBS supplemented 
with 0.2% gelatin, 0.02% azide, 0.2% saponin) with antibodies against early 
endosome antigen (EEA1), the macrophage mannose receptor (clone 
15.2), CD163 (clone GHJ/61) and subsequently with Alexa568-conjugated 
or Alexa633-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) or Leica SP8 (Leica 
Microsystems GmbH, Wetzlar, Germany)

Blocking experiments
In order to analyze the mechanism of binding and uptake of ADAMTS13-488, 
MDMs were pre-incubated for 20 minutes at 37°C with 80 µM dynasore 
(Sigma Aldrich, Zwijndrecht, The Netherlands) and with 5 mM EDTA. Uptake 
of ADAMTS13-488 was also monitored after 1 hour pre-incubation of the 
cells with mannan (1 mg/ml or 100 μg/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 (50 μg/ml) directed 
against MR. Blockage of uptake and/or binding was also analyzed after 1 
hour pre-incubation of the cells with different molecular weights polymers 
of dextran sulphate (500kDa, 9-20kDa, 6-10kDa and 5kDa were used at 
concentrations of 100 µg/ml to 1 mg/ml; Sigma Aldrich), heparin (1 mg/
ml or 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). Monoclonal antibodies EDHu-
1, EDHu-2, EDHu-3, EDHu-4 and a rabbit polyclonal α-CD163 antibody, 
at concentrations ranging from 5 to 50 μg/ml were used to study the 
involvement of CD163 in ADAMTS13 uptake.

Surface plasmon resonance analysis of ADAMTS13 - CD163 interaction.
Binding of ADAMTS13 to CD163 was determined using 2 recombinant 
constructs; CD163 SRCR domain 1-9 (SRCR1-9) and SRCR domain 1-5 
(SRCR1-5).27 Surface plasmon resonance (SPR) analysis was performed 
on a BIAcore T200 biosensor (GE-Healthcare). SRCR1-9 or SRCR1-5 were 
immobilized to a CM5-sensor chip (~9000 RU) in immobilization buffer (10 
mM sodium acetate pH 4.0). Different ADAMTS13 concentrations (100 – 
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800 nM) in flowbuffer (10 mM HEPES, 150 mM NaCl, 2.0 mM CaCl2, 0.005% 
Tween-20 pH 7.5) were flowed over the sensor chip at a flow rate of 30 
μl/min for 120 seconds at 25°C and a dissociation time of 600 seconds. 
The sensorgrams were corrected for background binding to the chip. 
Regeneration was performed by flowing over regeneration solution 
containing 40 mM EDTA and 1 M NaCl for 30 seconds. 

Figure 1. ADAMTS13 endocytosis by MDMs is receptor-mediated. (A) ADAMTS13-488 was 
incubated with MDMs for 1 hour at 37°C or 4°C. Subsequently cells were analyzed by 
flowcytometry. (A) Left panel represents ADAMTS13 uptake at 37°C. The sample incubated 
without ADAMTS13-488 is depicted in grey. Right panel displays reduced uptake of ADAMTS13 
at 4°C. (B) ADAMTS13-488 (green) was added to MDMs for 30 minutes at 37°C. MDMs were 
stained for EEA1 (red), nuclei in blue. Scale bar is 10 μm. (C) Addition of EDTA reduces the 
uptake of ADAMTS13 (dotted histogram). Control cells incubated without ADAMTS13-488 are 
depicted in grey and ADAMTS13 uptake is depicted in the black histogram. Right panel 
quantifies the reduced uptake of ADAMTS13 in the presence of 5 mM EDTA. (D) Pre-incubation 
with dynasore for 20 minutes reduces the uptake of ADAMTS13 by 90% (dotted histogram). 
Control cells incubated without ADAMTS13-488 are depicted in grey and ADAMTS13 uptake 
is depicted in the black histogram. Right panel quantifies the reduced uptake of ADAMTS13 
upon incubation with dynasore. Graphs represent data of 3 independent experiments ± 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.
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Results
ADAMTS13 is internalized by monocyte-derived macrophages
To examine the uptake of ADAMTS13 by human macrophages; monocytes 
from healthy donors were isolated and differentiated into macrophages. 
Macrophages were incubated with 25 nM of ADAMTS13-488 for 1 
hour at 37°C or 4°C. As depicted 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 incubation time with macrophages revealed that uptake 
of ADAMTS13 was concentration and time-dependent (Supplementary 
figure 1A). Endocytosis of ADAMTS13-488 by macrophages was confirmed 
by confocal microscopy. Macrophages were incubated for 30 min with 
100 nM of ADAMTS13-488 at 37°C. ADAMTS13 co-localized with early 
endosomal marker EEA1, which indicates that ADAMTS13 is present 
within endocytic vesicles (Figure 1B). Pre-incubation with 5 mM EDTA 
resulted in a significant decline in uptake of ADAMTS13 (Figure 1C). Taken 
together, these data show that ADAMTS13 is efficiently internalized by 
macrophages. Previously, we have shown that rADAMTS13 is endocytosed 
by DCs through a receptor-mediated pathway.16 In order to analyze the 
mechanism for uptake of rADAMTS13, macrophages were pre-incubated 
for 20 minutes at 37°C with dynasore (80 μM) prior to the addition of 
ADAMTS13-488 (Figure 1D). Dynasore blocks the GTPases dynamin-1 and 
dynamin-2 which are involved in membrane fission thereby promoting 
clathrin-mediated endocytosis as well as other endocytic processes.28,29 
Uptake of ADAMTS13-488 was completely inhibited when macrophages 
were pre-incubated with dynasore (Figure 1D). These data indicate that 
ADAMTS13 is efficiently internalized by macrophages.

ADAMTS13 uptake by macrophages proceeds via a mannose receptor-
independent pathway.
Macrophages express several C-type lectin receptors (CLRs) on the cell 
surface that act as pattern recognition receptor for both foreign and 
self-antigens. These include classical calcium-dependent sugar binding 
proteins like macrophage mannose receptor (MMR) 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.30 
To study whether CLRs might contribute to the uptake of ADAMTS13, 
MDMs were pre-incubated with either EDTA or different concentrations of 
mannan. Endocytosis of ADAMTS13-488 by MDMs was significantly inhibited 
by mannan; only 30% of residual uptake of ADAMTS13-488 was observed 
when cells were incubated with mannan (Figure 2A). Pre-incubation of 
MDMs with D-mannose, GlcNAc or D-galactose did not affect uptake 
of ADAMTS13 (Supplementary figure 1B-C). Taken together, these results 
indicate that ADAMTS13 endocytosis by macrophages is mannan 
sensitive and metal-ion dependent. We have shown previously that the 
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MMR mediates the uptake of ADAMTS13 by DCs.16 MMR is predominantly 
internalized into early endosomes16 and, following release of its ligand, 
recycles to the plasma membrane.31 Confocal microscopy revealed 
that part of the endocytosed ADAMTS13-488 co-localized with the MMR 
(Figure 2C), suggesting that ADAMTS13 and MMR co-localize to the same 
endocytic compartment. To assess whether the MMR contributes to the 
uptake of ADAMTS13 by macrophages, we pre-incubated macrophages 
with a specific blocking antibody against the MMR. Endocytosis of 25 
nM of ADAMTS13-488 was not reduced by the presence of anti-MMR 
antibody clone 15.2 (50 μg/ml) (Figure 2B). These data indicate that a 
MMR-independent pathway contributes to the endocytosis of ADAMTS13 
by macrophages. 

Figure 2. Polyanionic ligands block the internalization of ADAMTS13 by MDMs. (A) Pre-
incubation with mannan (dotted curve) resulted in reduced endocytosis of ADAMTS13. (B) 
Antibody clone 15.2 blocking the mannose receptor did not affect ADAMTS13 uptake. (C) 
MDMs were incubated with ADAMTS13 at 37°C for 1 hour. Cells were stained for ADAMTS13 
(green), MR (red) and nuclei (blue), scale bar is 10 μm. (D,E) MDMs were incubated with 
fucoidan, poly(I) or poly(C) prior to addition of ADAMTS13-488. Cells were analyzed by 
flowcytometry. (D,E) Effect of Poly (I), Poly (C) and fucoidan on ADAMTS13 uptake (grey 
histograms represent controls incubated in the absence of ADAMTS13). Cells incubated with 
ADAMTS13 are indicated by a solid line; cells pre-incubated with the inhibitors are indicated 
by a dotted line. Data of 3 independent experiments ± SD.
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Polyanionic ligands block the internalization of ADAMTS13 by macrophages
Scavenger receptors belong to a large family of immune-surveillance 
receptors that are highly expressed on macrophages.32 These receptors 
are known to bind and internalize self- and non-self-molecules and 
participate in cellular functions such as antigen presentation, inflammation 
and clearance.32,33 We evaluated the possible role of scavenger receptors 
in ADAMTS13 uptake by pre-treating macrophages with polyanionic 
compounds such as dextran sulphate and heparin. ADAMTS13 uptake 
was significantly reduced by both compounds (Supplementary figures 
1D and E). To further evaluate whether scavenger receptors might be 
involved in uptake of ADAMTS13, macrophages were pre-incubated 
with fucoidan and poly-(I) which have been previously shown to block 
the binding of Clostridium sordellii to the Class A receptor MARCO.34–37 
Poly-(C) was used as a control for these experiments. Macrophages were 
pre-incubated with fucoidan, poly-(I) and poly-(C) 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 (Figures 2D and E). Taken together, 
these data show that polyanionic ligands block the internalization of 
ADAMTS13 bymacrophages.
To identify the putative receptor involved in binding and endocytosis of 
ADAMTS13, macrophages were incubated with or without ADAMTS13 at 
4°C for 2 hours. ADAMTS13 was then cross-linked to the macrophages 
using DMP, a membrane-permeable crosslinker that contains two amine-
reactive imidoester groups. Subsequently, cells were lysed and ADAMTS13 
was purified using anti-V5 antibody coated magnetic beads. Proteins 
bound to the V5-antibody coated magnetic beads were digested by 
chymotrypsin using an on-bead digestion protocol and subsequently 
subjected to by mass spectrometry analysis. Thirty one ADAMTS13-derived 
peptides were identified in the sample from MDMs that were incubated 
with; no ADAMTS13-derived peptides were identified in the sample derived 
from the control treated MDMs (Supplementary Figure 2A). Cell surface 
receptors were identified in both the sample derived from the ADAMTS13 
treated macrophages as well as control macrophages (Supplementary 
Figure 2A). The high affinity immunoglobulin gamma Fc receptor (FCGR1_
HUMAN) was identified in both ADAMTS13-treated samples as well as 
control samples (Supplementary Figure 2A). Recovery of FCGR1-derived 
peptides in both samples is most likely caused by binding of FCGR1 to the 
anti-V5 monoclonal antibody used for these experiments. Screening for 
pattern-recognition receptors in the ADAMTS13 treated sample yielded the 
type I scavenger receptor CD163 as a candidate (Supplementary Figure 
2A). A single peptide with amino acid sequence 246HNCDHAEDAGVICSK260 
originating from scavenger receptor cysteine-rich repeat 2 (SRCR2) 
was identified in the ADAMTS13 sample whereas this peptide was not 
identified in the control sample (Supplementary Figure 2A). The spectrum 
corresponding to this peptide is provided in Supplementary Figure 2B. 
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Figure 3. CD163 mediates endocytosis of ADAMTS13 by MDMs. MDMs were incubated for 20 
minutes at 37°C with monoclonal antibodies directed against CD163; EDHu-1, EDHu-2, EDHu-
3, EDHu-4, and a combination of EDHu-1,2,3 and 4 for 20 minutes at 37°C. ADAMTS13-488 
was subsequently added to the cells and endocytosis was analyzed by flowcytometry. (A) 
Macrophages incubated with EDHu-1 represented in the dotted histogram show reduction 
in uptake of ADAMTS13 compared to ADAMTS13 (black line). Grey-filled histrogram 
corresponds to non-treated cells (grey histogram). (B-D) Macrophages incubated with 
EDHu-2, EDHu-3 and EDHu-4 represented in the dotted histogram show no reduction in 
uptake of ADAMTS13 when compared to ADAMTS13 only (black line). Grey-filled histograms 
correspond to non-treated cells. (E) Macrophages incubated with a combination of EDHu-
1,2,3,4 represented in the dotted histogram show reduction in uptake of ADAMTS13 when 
compared to ADAMTS13 (black line) or non-treated control cells (grey filled histogram). (F) 
A quantification of the data presented in Figures 3A-E. Data are expressed as percentage 
of MFI with 100% corresponding to the mean fluorescence signal observed for ADAMTS13 
uptake in the absence of antibodies. Data of 3 independent experiments ± SD are shown. 
(G) ADAMTS13-488 was added to MDMs for 1 hour at 37°C. MDMs were stained for ADAMTS13 
(green), CD163 (red) and nuclei (blue), scale bar is 10 μm.
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This finding positioned CD163 as a candidate receptor for ADAMTS13. 
The primary function of CD163 is the clearance of free haptoglobin/
haemoglobin complexes (Hp/Hb) from the circulation.25,38–40 Ligand 
binding to this receptor is both clathrin, dynamin- and Ca2+ dependent.41 
The potential involvement of CD163 in the internalization of ADAMTS13 
by macrophages was studied using a panel of monoclonal antibodies 
which also included EDHu-1 which has been previously been shown to 
block the binding of Hp/Hb complexes to CD163.27 Pre-incubation of 
macrophages with monoclonal anti-CD163 blocking antibody EDHu-1 
resulted in inhibition of ADAMTS13 uptake (Figure 3A), in contrast to EDHu-2-
4 (Figure 3B-D). EDHu-1 is reported to bind to scavenger receptor cysteine-
rich (SRCR) domain 3 thereby inhibiting the binding and uptake of Hp/Hb 
complexes.27 EDHu-2 and EDHu-3 (Figure 3B-C) bind a different epitope 
of CD163 and these antibodies primarily block the binding and uptake 
of bacteria.24 EDHu-4 (Figure 3D) does not inhibit the uptake of Hp/Hb 
complexes or inhibit the recognition of bacteria. A combination of EDHu-
1,2,3 and 4 (Figure 3E) did not further decrease the uptake of ADAMTS13 
by macrophages when compared to EDHu-1 only (Figure 3A). In Figure 3F 

Figure 4. MDMs treated with IL-10 show increased CD163 expression as well as increased 
ADAMTS13 endocytosis. MMR (A) and CD163 (B) expression by DCs (dotted lines), MDM (Mφ) 
(interrupted lines) and IL-10 treated MDM (Mφ + IL-10)(solid lines). Grey histogram represent 
isotype control. (C) ADAMTS13 uptake by IL-10 treated MDMs. MDMs incubated without 
ADAMTS13 (light grey) ADAMTS13 uptake by DCs (dotted line; black bar), MDMs (interrupted 
line; grey bar) or IL-10 differentiated MDMs (solid line; black bar) are displayed. (D) Blocking 
of ADAMTS13 uptake by DCs, MDMs (Mφ), IL-10 treated MDMs (Mφ + IL-10) by EDHu-1, Clone 
15.2 and a mixture of EDHu-1 and Clone 15.2. Data are expressed as percentage of MFI with 
100% corresponds to the mean fluorescence signal observed for control treated MDMs in the 
absence of any inhibitor. 
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the uptake of ADAMTS13 depicted in Figures 3A-E is quantified. Confocal 
microscopy revealed that CD163 and ADAMTS13 co-localize in endocytic 
vesicles (Figure 3G). To further explore the difference in binding between 
DCs and macrophages we cultured DCs and macrophages from the 
same donors. Additionally, we also cultured macrophages for 3 days in the 
presence of IL-10, which has been shown to up-regulate the expression of 
both CD163 and MMR.42 The expression of the MMR was significantly lower 
on macrophages when compared to DCs and macrophages cultured 
in the presence of IL-10 (Figure 4A). CD163 expression was not detected 
on DCs; macrophages cultured in the presence of IL-10 expressed 2-fold 
more CD163 when compared to non-IL-10 treated macrophages (Figure 
4B). Striking differences where observed when comparing the efficiency 
of uptake of ADAMTS13 by macrophages and DCs. DCs were 10 times less 
efficient in endocytosing ADAMTS13 when compared to macrophages. 
Macrophages cultured in the presence of IL-10 showed 1.6-fold more 
ADAMTS13 uptake when compared to non-IL-10 treated macrophages 
(Figure 4C). No effect of the blocking anti-MMR antibody clone 15.2 on 
the uptake of ADAMTS13 by macrophages was observed (Figure 4D). In 
agreement with previous findings anti-MMR antibody clone 15.2 readily 
inhibited internalization of ADAMTS13 by DCs (Figure 4D). Anti-CD163 
antibody EDHu-1 did not affect uptake of ADAMTS13 by DCs, but revealed 
pronounced inhibition of ADAMTS13 internalization by macrophages 
(Figure 4D). More pronounced inhibition of EDHu-1 of ADAMTS13 uptake 
was observed in macrophages cultured in the presence of IL-10 (Figure 
4D). Internalization of ADAMTS13 by macrophages and DCs was not 
further reduced upon co-incubation with clone 15.2 and EDHu-1 
antibodies when compared to blocking experiments with the individual 
antibodies. The control anti-CD163 antibody EDHu-4 did not reduce the 
uptake of ADAMTS13 by macrophages or DCs (data not shown). To 
determine whether ADAMTS13 can interact with CD163 in vitro, surface 
plasmon resonance experiments were performed using immobilized 
CD163 fragments corresponding to SRCR domain 1-9 or SRCR 1-5.27 A 
dose-dependent complex binding of ADAMTS13 was observed to both 
SRCR 1-9 and SRCR 1-5 fragments (Figure 5A-B). Binding of ADAMTS13 to 
immobilized SRCR 1-9 fragment followed complex kinetics with rapid initial 
binding which was followed by a more slow and sustained binding (Figure 
5A). Also, a rapid initial dissociation was observed which was followed by a 
second slower rate of dissociation. The complex binding pattern obtained 
precluded calculation of the binding affinity of ADAMTS13 for CD163. As a 
control, we assessed whether EDHu-1 could still bind to immobilized CD163 
fragments. Binding of EDHu-1 to these fragments was observed (Figure 
5C). In contrast a monoclonal antibody against ADAMTS13 (II-1) did not 
bind to either SRCR1-5 or SRCR1-9 (Figure 5C). 

We also studied binding of recombinant ADAMTS13 to Chinese hamster 
ovary (CHO) cells expressing CD163.24 Confocal microscopy revealed 
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binding of ADAMTS13 to CD163 expressing CHO cells (Figure 6A). EDHu-
1 reduced binding and endocytosis of ADAMTS13 by CD163 expressing 
CHO cells (Figure 6B). No binding was observed to CHO cells that did not 
express CD163 (Figure 6C). Competition with 3-fold excess of unlabeled 
ADAMTS13 reduces the uptake of ADAMTS13-488 (Supplementary Figure 
3A). To assess the effect of the earlier described inhibitors on the uptake 
of ADAMTS13 CD163 expressing CHO-cells were pre-incubated with these 
compounds at 4°C. Subsequently, ADAMTS13 was added to the cells for 
2h at 4°C and either directly fixed or transferred to 37°C for 45 minutes to 
allow for endocytosis of ADAMTS13. Binding at 4°C and endocytosis at 
37°C of ADAMTS13 was blocked upon addition of EDHu-1, fucoidan, poly-
(I) and dextran sulphate (Supplementary Figure 3B). Mannan reduced the
binding and endocytosis, but did not as strong as the other compounds
(Supplementary Figure 3B). When incubating the cells with EDHu-4 no
reduction in binding and uptake was observed (Supplementary Figure
3B). Dynasore did not prevent binding of ADAMTS13 to CD163 expressing
CHO cells, but did prevent endocytosis of the surface bound protein
(Supplementary Figure 3B). These results show that both fucoidan, poly-
(I) and dextran sulphate block the CD163 mediated internalization of
ADAMTS13. We speculate that these negatively charged compounds
interact with ADAMTS13. This was confirmed experimentally for fucoidan
which bound with high affinity to immobilized ADAMTS13 (Supplementary
Figure 4).

Figure 5. ADAMTS13 binds to SRCR domain 
1-5 and SRCR domain 1-9 of CD163. SPR
analysis of the interaction between
ADAMTS13 and CD163. CD163 SRCR
domain 1-9 (A) or CD163 SRCR domain
1-5 (B) were immobilized on a CM5-chip.
ADAMTS13 was then flowed over the
chip in different concentrations. Graphs
represent the binding curves using 100,
300, 500, 700 or 900 nM of ADAMTS13. Two

independent experiments per concentration ADAMTS13 are displayed. In upper right of 
panel A and B the concentration-dependent increase in maximal binding of ADAMTS13 to 
the CD163 SRCR 1-9 and SRCR 1-5 fragments are displayed. (C) As a positive control EDHu-1 
(100 nM) was allowed to bind to immobilized SRCR 1-9 and SRCR 1-5 (EDHu-1 binds SRCR 3). 
Anti-ADAMTS13 antibody II-1 (500 nM) was used as a negative control. 
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Figure 6. CD163 transfected CHO cells internalize ADAMTS13. Binding and uptake of 
ADAMTS13 by CD163 expressing and control CHO cells. (A) CD163 transfected CHO cells 
internalize ADAMTS13. (B) ADAMTS13 binding and uptake was reduced by the addition of 
blocking antibody EDHu-1 (middle panels). (C) Un-transfected CHO cells stained for CD163 
(left panel) do not internalize ADAMTS13 (right panel). Upper panels show staining for CD163 
(in red). Middle panel corresponds to the signal obtained following internalization of 488 
labelled ADAMTS13 (in green). The overlay of CD163 staining and internalized ADAMTS13 is 
displayed in the lower panel. Prolong gold DAPI (blue signal) was used to stain nuclei. Scale 
bar is 10 μm.
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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.30 Previously we have shown that the MMR, a mannan-sensitive 
CLR, mediates internalization of ADAMTS13 by DCs.16 Although mannan 
significantly reduced ADAMTS13 uptake by macrophages, ADAMTS13 
endocytosis appears to be only partly dependent on this C-type lectin, 
as its uptake by macrophages is not influenced 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.43 
These data suggest that MMR does not play a major role in ADAMTS13 
internalization by macrophages. Although unlikely, we currently cannot 
exclude that ADAMTS13 may bind to a site on MMR that is not blocked 
by clone 15.2. Also other mannan-sensitive receptor (such as Endo180)44 
expressed on macrophages may contribute to the uptake of ADAMTS13.
Macrophages express several pattern recognition receptors which include 
CLRs, Toll-like receptors and scavenger receptors (SR).19 SR comprise a 
large group of proteins that are divided in 10 different structural classes 
(Class A, B, C, D, E, F, G, H, I and J).32,33,45,46 Using a proteomic approach 
CD163 was identified as a putative receptor for ADAMTS13. CD163 is a 
scavenger receptor expressed by macrophages and then primarily 
by bone marrow macrophages, liver macrophages (Kupffer cells) and 
red pulp macrophages in the spleen,42,47 whereas other tissue-resident 
macrophages express CD163 to a lesser extent.42,47 The primary function 
of CD163 is the removal of free Hp/Hb complexes from the circulation.25,40 
Macrophage scavenger receptor CD163 contains 9 SRCR domains. 
Domain 2, 3, 7 and 9 contain conserved Ca2+ binding domains composed 
of a triad of negatively charged amino acids.48 Mutagenesis studies have 
shown that calcium-coordinated acidic amino acid clusters contribute in 
SRCR2 and 3 mediate the binding of haptoglobin (Hp) -hemoglobin (Hb).48 
Complementary positively charged residues Arg252 and Lys262 in Hp are 
crucial for the binding of Hp/Hb complexes to CD163.48 EDHu-1 directed 
towards SCRC3 has been shown to block the binding of Hp/Hb complexes 
to CD163.27 In this study we show that monoclonal antibody EDHu-1 also 
reduced the uptake of ADAMTS13 by macrophages suggesting that binding 
of ADAMTS13 to CD163 is also mediated by the acidic amino acids triad 
cluster in SRCR3. The pronounced effect of the EDTA on internalization of 
ADAMTS13 by macrophages is consistent with the Ca2+ dependent binding 
of ligands to CD163. CD163 was first described as a clearance receptor for 
circulating Hp/Hb complexes.25,49 Hp/Hb complexes originate from lysed 
erythrocytes and are rapidly cleared in a CD163 dependent manner.25 
As yet no other endogenous ligands for CD163 have been identified. In 
this study we show that ADAMTS13 is internalized by macrophages in a 
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CD163-dependent manner. We also provide evidence for in vitro binding 
of ADAMTS13 to CD163 most likely via SRCR-3. The half-life of infused 
ADAMTS13 in patients with congenital TTP upon infusion of plasma is 
3-4 days.18 Macrophages residing in the red pulp of the spleen and the
Kupffer cells in the liver express high levels of CD163.50,51 As yet the site
of clearance of ADAMTS13 has not been defined. However, a prominent
role for tissue-resident macrophages in clearance of circulating plasma
proteins has been documented by several studies.22,52 Based on this we
propose that tissue-resident macrophages expressing CD163 contribute
to the in vivo clearance of ADAMTS13.
Interestingly, we observed inhibition of ADAMTS13 uptake by macrophages
employing the poly-anions fucoidan, dextran sulphate and poly(I) (bot not
poly(C)) (Figure 2; Supplementary Figure 1D-E). We also show a reduction
in uptake of ADAMTS13 in CD163 expressing CHO cells upon incubation
with these ligands (Supplementary Figure 3B). These ligands have been
previously shown to block the binding of Clostridium sordelli to the class A
scavenger receptor MARCO (SR-A6) and binding of acetylated low density
lipoprotein to murine scavenger receptor SR-AI.35,53 These poly-anionic
compounds may also interfere with binding of CD163 to its ligands although
so far this has not been investigated. Alternatively, poly-anions may bind to
positively charged residues present in exosites on ADAMTS13 that mediate
its binding to CD163 as has been shown for fucoidan (Supplementary
Figure 4). Exosites present in the disintegrin and spacer domain have been
shown to be crucial for binding of ADAMTS13 to VWF.26,54,55 Lys262 and
Arg252 present in a single exposed loop of HP are critically involved in
binding of Hp-Hb complexes to CD163.48 Based on the observed similarities
Hp-Hb and ADAMTS13 binding to CD163 we anticipate that similar to Hp,
exosites containing positively charged residues may also contribute to the
binding of ADAMTS13 to CD163. Modification of these sites may help to
modulate endocytosis by CD163 expressing populations of macrophages
present in liver and spleen thereby extending the circulatory half-life of
ADAMTS13 for improved treatment of patients with congenital TTP.
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Supplementary material

Materials and methods

Identification of candidate receptors for ADAMTS13
Macrophages differentiated for 6 days were collected and counted; 5x106 
cells in 500 μl PBS supplemented with 0.5% HSA were incubated with 100 nM 
of ADAMTS13 for 1 hour at 4°C. Cells were washed twice with ice-cold PBS 
and centrifuged at 400 x g. The cells were resuspended in 500 μl crosslinking 
solution composed of PBS supplemented with 1 mM dimethyl pimelimidate 
dihydrochloride (DMP; Thermo-Fischer Scientific) and incubated for 30 min 
at room temperature. The reaction was stopped by adding glycine to a 
final concentration of 10 mM. Cells were washed with PBS and subsequently 
resuspended in 500 μl lysis buffer (10mM Tris pH 7.6, 1% NP-40, 1% octyl-β-D-
glucopyranoside, 1% sodium deoxycholate and protease inhibitor cocktail 
(all mass spectrometry grade materials) for 30 min at 4°C. The lysate was 
pelleted at 14000 x g for 10 min at 4°C, and incubated O/N with 40 μl of 
anti-V5-tag mAb-Magnetic Beads (MBL International, Woburn, MA, USA) 
overnight at 4°C. Beads were then centrifuged at 400 x g for 3 min and the 
supernatant was discarded. The beads were washed 3 times with washing 
buffer composed of 10 mM Tris-HCl pH 7.6, 150 mM NaCl, 0.05% NP-40, 
after which the beads were washed twice with PBS. Beads were incubated 
with 50 μl denaturation buffer consisting of 1 M Urea (Thermo Scientific), 
100 mM Tris-HCl pH 7.5, 10 mM DTT (Thermo Scientific) for 20 minutes at 
room temperature. Iodocetamide (Thermo Scientific) was added to a 
final concentration of 50 mM and the resulting mixture was incubated for 
10 minutes at room temperature in the dark. CaCl2 was added to a final 
concentration of 2.5 mM after which on-bead digestion was performed 
with chymotrypsin (Promega, Promega Benelux, The Netherlands) at room 
temperature overnight. The beads were filtered out using a magnet and 
the supernatant was collected. Trifluoroacetic acid was added to lower 
the pH to <2.5. Samples were desalted and concentrated using C18 resin 
(Dr. Maisch Gmbh, Amersfoort, The Netherlands) STAGE Tips. Eluates were 
concentrated using a speed-vacuum (Savant, SPP1110, Thermo Scientific) 
to 1 μL and diluted in 5 μL of 2% acetonitrile, 0.1% TFA; 3 μL was analyzed 
employing an Orbitrap Fusion mass spectrometer (Thermo Scientific). The 
peptides were separated using a reversed phase C18 column (in house 
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made using a silica tip (New Objective, Woburn, MA, USA) and C18 resin 
(Dr. Maisch Gmbh) at a flow rate of 300 nl/min with a gradient of 0% to 
80% acetonitrile with 0.5% acetic acid, loading time of 22 minutes and a 
gradient time of 60 minutes. Eluted peptides where directly sprayed into 
the Orbitrap Fusion using a nano-electrospray source (Thermo Scientific).

Mass spectrometry data analysis
Raw data files from the Orbitrap Fusion were scored against the uniprot-
organism_9606_AND_keyword_kw_0181 database using Proteome 
Discover 1.4 (Thermo Scientific). A decoy database comprising the reverse 
protein sequences from the same database was used to obtain a false 
discovery rate. Fixed modification on cysteine residues (carbamidomethyl 
+57.0214 Da) and dynamic modification on methionine residues (oxidation
+15.994 Da) were included in the search.
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Supplementary figure 1. ADAMTS13 uptake by monocyte derived macrophages 
(MDMs). ADAMTS13-488 uptake by MDMs was analyzed by flowcytometry. (A) Time- and 
concentration-dependent uptake of ADAMTS13. Uptake was performed at different time 
intervals (0-120 minutes; left panel) or with increasing concentrations of ADAMTS13-488 (0-
100 nM; right panel). (B,C) Endocytosis of ADAMTS13 was not affected by incubation with 
different monosaccharides. 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. MDMs were treated with heparin (D) or different molecular weights of dextran sulfate (E) 
for 20 minutes at 37°C. ADAMTS13-488 was subsequently added to the cells and endocytosis 
was analyzed by flowcytometry. Data are expressed as percentage of MFI, where 100% 
corresponds to the mean fluorescence observed in the absence of heparin or dextran 
sulphate. Data presented are derived of 3 independent experiments ± SD. 

Results
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Supplementary figure 2. Identification of candidate receptors for ADAMTS13 by mass 
spectrometry. MDMs were incubated with 100 nM recombinant ADAMTS13 (containing a His 
and V5-tag) for 1 hour at 4°C; cells were washed twice with ice-cold PBS and centrifuged 
at 400 x g. Subsequently, 1 mM dimethyl pimelimidate was added to cross-link ADAMTS13 
to its putative receptor. Lysates of ADAMTS13 treated and control cells were prepared and 
incubated with anti-V5-tag mAb-Magnetic beads (MBL International, Woburn, MA, USA). On 
bead digestion of washed beads was performed as described in the Materials and Methods. 
Figure S2A shows the top 40 identified proteins in both samples. Forty peptides corresponding 
to ADAMTS13 were identified in the sample derived from MDMs that were incubated with 
ADAMTS13 (indicated by PD ADAMTS13); no ADAMTS13 peptides were identified in the sample 
derived from control treated MDMs (indicated by PD control). Endocytic receptors identified 
in the two samples are listed in Figure S4B. Based on the presence of scavenger receptor 
cysteine-rich type 1 protein M130 (CD163) in the ADAMTS13 treated sample we explored the 
involvement of this receptor in the internalization of ADAMTS13 by macrophages. Figure S4C 
shows the raw spectrum from which the peptide was identified by the MS. In this figure the 
peptide fragments have been added for clarification.
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Supplementary figure 4. Fucoidan binds to ADAMTS13 in SPR. SPR analysis of the interaction 
between ADAMTS13 and fucoidan. ADAMTS13 was immobilized on a CM5-chip and 100 
μg/ml of fucoidan was flowed over the chip. Strong binding of fucoidan to ADAMTS13 with 
very slow dissociation was observed.

Supplementary figure 3. ADAMTS13 competition experiments. CHO cells expressing CD163 
were grown on glass coverslips and stimulated with 50 nmol of ADAMTS13-488. Figure 
S3A shows that binding of ADAMTS13-488 can be prevented by the addition of 3-fold 
unlabeled ADAMTS13. In red the staining for CD163 is depicted and in green the staining for 
ADAMTS13-488. To investigate the effect of the inhibiting compounds on CD163 the CD163 
CHO cells were pre-incubated at 4°C for 20 minutes with the compound of interest and 
subsequently ADAMTS13-488 was added to the cell for 2h at 4°C to allow for binding. The 
cells were then either washed and directly fixed or transferred to 37°C for 45 minutes to allow 
for endocytosis. The left column of the figure S3C shows binding at 4°C and endocytosis at 
37°C for ADAMTS13, EDHu-1, EDHu-4 and mannan. The right column show binding at 4°C 
and endocytosis at 37°C for fucoidan, poly-(I), dextran and dynasore. The scale bar is 5 μm.
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Abstract
Acquired thrombotic thrombocytopenic purpura (TTP) is a life-threaten-
ing disorder that results from the development of auto-antibodies against 
ADAMTS13. HLA-DRB1*11 provides a risk factor for the development of ac-
quired TTP. Pulsing of antigen presenting cells from HLA-DRB1*11 and HLA-
DRB1*03 positive individuals with ADAMTS13 resulted in presentation of 
peptides derived from the CUB2 domain of ADAMTS13 with core sequenc-
es FINVAPHAR or ASYILIRD. In this study we assessed whether FINVAPHAR 
or ASYILIRD-reactive CD4+ T cells are present in peripheral blood mono-
nuclear cells from HLA-DRB1*11 and HLA-DRB1*03 positive subjects with 
acquired TTP. The presence of ADAMTS13 reactive CD4+ T cells was ad-
dressed by flow cytometry and by the expression of the activation marker 
CD40L by CD4+ T cells. FINVAPHAR reactive CD4+ T cells were identified 
in a HLA-DRB1*11 positive patient during the acute phase of the disease 
whereas ASYILIRD-positive CD4+ T cells were identified in a DRB1*03 positive 
patient with acquired TTP. Frequencies of CUB2-domain-reactive CD4+ T 
cells ranged from 0.5 – 4%. Control peptides in which the anchor-residues 
were modified did not induce activation of CD4+ T cells. Taken together, 
our data provide evidence for the involvement of CUB2-domain reactive 
CD4+ T cells in the etiology of acquired TTP. 



1

2

3

4

Chapter 4: CD4+ T cell responses in acquired TTP

75

Introduction
The autoimmune disorder thrombotic thrombocytopenic purpura (TTP) is 
characterized by the development of autoantibodies against ADAMTS13 
(a disintegrin and metalloproteinase with a thrombospondin type 1 mo-
tif, member 13) in previously healthy individuals.1–5 Most patients affected 
by TTP present antibodies of the immunoglobulin class G (IgG), predom-
inantly directed towards an exposed loop in the spacer domain.2,6–8  The 
production of high affinity antibodies of subclass IgG requires the help of 
CD4+ T cells.9 Recently, HLA-DRB1*11 has been reported to be a risk factor 
for the development of acquired TTP.10–12 We have explored the repertoire 
of ADAMTS13 peptides presented on MHC class-II.13 Pulsing of dendritic 
cells from healthy donors showed preferential presentation of the CUB-2 
domain derived peptide FINVAPHAR on HLA-DRB1*11.13 In addition we ob-
served presentation of a CUB-2 domain peptide with the core-sequence 
ASYILIRD on APCs derived from HLA-DRB1*03 positive individuals.13 In this 
study we assessed whether patients affected by TTP carry CD4+ T cells 
reactive towards these CUB-2 domain derived peptides. Antigen-specif-
ic CD4+ T cells were identified employing the activation marker CD40L 
(CD154).14–16 CD40L expression is induced following binding of the T cell 
receptor (TCR) to antigenic peptides presented on MHC class-II; subse-
quently CD40L expression is stabilized by addition of an anti-CD40 block-
ing antibody. In this study we screened peripheral blood mononuclear 
cells (PBMCs) from HLA typed healthy donors and patients affected by 
acquired TTP for CD4+ T cells reactive against the previously identified 
FINVAPHAR and ASYLILIRD peptides derived from the CUB-2 domain of 
ADAMTS13. 

Methods
Peripheral blood samples
Peripheral blood samples from a cohort of patients with acquired TTP were 
included in this study. The study protocol was approved by the Medical 
Ethical Committee of the University Medical Center Utrecht in accor-
dance with the Declaration of Helsinki. PBMCs of healthy volunteers were 
collected in accordance with Dutch regulations and after approval from 
Sanquin Ethical Advisory Board in accordance with the Declaration of Hel-
sinki. Blood was collected into heparinized tubes and PBMCs were isolated 
using Ficoll Plaque density centrifugation and frozen down in DMEM sup-
plemented with 50% fetal calf serum and 10% DMSO; PBMCs were stored 
in liquid nitrogen until use.

Detection of antigen-specific CD4+ T cells.
PBMCs from HLA typed patients or healthy donors were thawed, washed, 
counted and seeded in serum free AIM-V medium (Life Technologies, Carls-
bad, CA) in a 96-well plate at 2x106 cells per well. Cells were allowed to 
rest for 24 hours and were then stimulated with either 10 µg/ml FINVAPHAR 
peptide, CP_FINVAPHAR peptide, ASYLIRD peptide, CP_ASYILIRD peptide, 
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full-length ADAMTS13 (FL-ADAMTS13), Staphylococcus Aureus Enterotox-
in B (SEB) (1 µg/ml) (Sigma-Aldrich, St Louis, MO) or AIM-V medium only; 
all conditions were supplemented with 1 µg/ml blocking antibody αCD40 
pure (clone HB14; Miltenyi Biotech, Auburn, CA). Samples were stimulated 
for 24h and subsequently harvested and labeled with Live/dead® Fixable 
Near-IR Dead Cell Stain Kit (Life Technologies), anti-Mouse CD3 Alexa Flu-
or® 700 (eBioscience, San Diego, CA, clone 17A2), BUV395 Mouse Anti-Hu-
man CD4 (BD Biosciences, San Jose, CA), CD14 QDot®800 (Life Technolo-
gies, clone: TüK4), CD19 QDot®655 (Life Technologies, clone: SJ5-C1), CD8 
PerCp-Cy™5.5 (BD Biosciences), PE Mouse Anti-Human CD154 (BD Biosci-
ences) and analyzed by flow cytometry (LSRFortessa, BD Biosciences).  
The synthetic peptides FINVAPHAR (NAGGARLFINVAPHARIAIH), CP_FIN-
VAPHAR (SPAISNAGGCRLKINTADHANAIHALATNM), ASYILIRD (EGANASYIL-
IRDTHSLRTTA) and CP_ASYILIRD (EGANASYITIRPTFSLNTTA) used in this study 
were at least 90% pure as assessed by high performance liquid chroma-
tography  and mass spectrometry; peptides were prepared and analyzed 
at the Peptide core facility at the Dutch Cancer Institute. Peptides were 
dissolved in DMSO and stored at -30°C. Recombinant human ADAMTS13 
was obtained as described previously.17

Results & Discussion
In vitro stimulation of PBMCs from either healthy donors or patients af-
fected by TTP with FINVAPHAR and ASYILIRD containing peptides were 
analyzed by flow cytometry. PBMCs incubated with AIM-V medium only 
were used as a negative control. Stimulation with SEB was used as a pos-
itive control in our experiments.18 SEB is a super antigen crosslinking spe-
cific Vβ-chains (Vβ12, 14, 15 and 17) of the TCR with MHC class-II.19 We 
first analyzed a HLA-DRB1*11 positive patient with acquired TTP. A sample 
collected during the acute phase was first analyzed. Stimulation with SEB 
resulted in an expression of CD40L on 20-25% of the CD4+ T cells from both 
this patient as well as a healthy control (Figure 1). Upon incubation with full 
length ADAMTS13 a distinct population of CD40L positive CD4+ T cells was 

Figure 1. CD4+ T-cell response in an HLA-DRB1*11–positive patient with acquired 
TTP. (A) Analysis of PBMCs from an HLA-DRB1*11 patient in the acute phase of the 
disease. Incubations of PBMCs with AIM-V (medium control), SEB (positive control 
which activates a subset of CD4+ T cells by crosslinking MHC-II to TCRs with specific 
Vb chains [Vb12, 14, 15, and 17]),19 ADAMTS13 (10 mg/mL), FINVAPHAR-peptide 
(10 mg/mL), CP_FINVAPHAR peptide (10 mg/mL) with modified MHC-II anchor res-
idues (negative control). CD40L is plotted on the y-axis whereas CD4 is plotted on 
the x-axis. The percentage of CD4+ T cells expressing CD40L is depicted in the up-
per right quadrant. (B) Analysis of PBMCs obtained from an HLA-DRB1*11 healthy 
volun-teer. PBMCs were incubated as described for the sample depicted in the 
panel A column. PBMCs of this HLA-DRB1*11–positive healthy volunteer only re-
spond to SEB stimulation and not to stimulation with ADAMTS13, FINVAPHAR, or CP_
FINVAPHAR pep-tides. (C) Analysis of PBMCs derived of the same HLA-DRB1*11 TTP 
patient 2 years after splenectomy revealed no FINVAPHAR- or ADAMTS13-reactive 
CD4+ T cells. We acquired at least 0.5*106 events for each sample analyzed.
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Figure 2. CD4+ T-cell 
response in an HLA-
DRB1*03–positive pa-
tient with acquired TTP. 
(A) Analysis of PBMCs 
from an HLA-DRB1*03–
positive patient in the 
acute phase of the 
disease. Incubations 
of PBMCs with AIM-V 
(medium control), 
SEB (positive control), 
ADAMTS13 (10 mg/mL), 
ASYILIRD peptide (10 
mg/mL), CP_ASYILIRD 
peptide (10 mg/mL) 
with modified anchor 
residues (negative con-
trol). CD40L is plotted 
on the y-axis whereas 
CD4 is plotted on the 
x-axis. The percentage 
of CD4+ T cells express-
ing CD40L is depicted 
in the upper right quad-
rant. (B) Analysis of PB-
MCs obtained from an 
HLA-DRB1*03–positive 
healthy volunteer. PB-
MCs were incubated 
as described for the 
sample depicted in the 
panel A column. PBMCs 
of this HLA-DRB1*03–
positive healthy vol-
unteer only respond 
to SEB stimulation and 
not to stimulation with 
ADAMTS13, ASYILIRD, or 
CP_ASYILIRD peptides. 
We acquired at least 
0.5*106 events for each 
sample analyzed.

A B
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observed (Figure 1). CD40L positive CD4+ T cells were also observed upon 
incubation with the CUB-2 domain peptide FINVAPHAR (Figure 1). The 
frequency of FINVAPHAR-positive cells was higher than observed for FL-
ADAMTS13 (4.5% versus 2.5%). This may be due to the fact that ADAMTS13 
needs to be processed by APCs in order to be presented on MHC class-II. 
No CD4+ T cells recognizing a control FINVAPHAR-containing peptide in 
which the anchor residues required for MHC class-II binding were modified 
were identified in PBMCs from this patient (Figure 1). These results show 
that ADAMTS13 as well as FINVAPHAR-reactive CD4+ T cells are present in 
this patient during the acute phase of the disease. The patient analyzed 
suffered from relapsing TTP that was resolved following splenectomy. No 
ADAMTS13 or FINVAPHAR-reactive reactive CD4+ T cells were observed 
in a sample obtained 2 years after splenectomy. Also, no ADAMTS13 
and FINVAPHAR reactive CD4+ T cells were observed in PBMCs of HLA-
DRB1*11 positive healthy individuals (Figure 1). Together these findings sug-
gest that ADAMTS13/FINVAPHAR-reactive CD4+ T cells may contribute to 
the pathogenesis of acquired TTP. We also addressed whether we could 
identify ADAMTS13 reactive CD4+ T cells in a peripheral blood sample ob-
tained from a HLA-DRB1*03 positive patient during the acute phase of the 
disease. A distinct population of CD40L positive CD4+ T cells was observed 
upon incubation with an ASYILIRD-containing peptide; 1.5% of the total 
number of CD4+ T cells responded to this peptide (Figure 2). We have pre-
viously shown that this peptide was presented on ADAMTS13 pulsed den-
dritic cells most likely in a HLA-DRB1*03 dependent manner.13 Stimulation 
with the corresponding control peptide in which the anchor residues were 
modified did not result in activation of CD4+ T cells (Figure 2). As expect-
ed no ASYILIRD-reactive CD4+ T cells were observed in PBMCs derived of 
healthy individuals (Figure 2). In this patient no activated CD40L+ T cells 
were observed upon incubation with ADAMTS13 (Figure 2). The absence 
of ADAMTS13 reactive CD4+ T cells may be due to insufficient processing 
of FL-ADAMTS13 under our experimental conditions. The CUB2 domain of 
ADAMTS13 contains a N-linked glycan at residue N1354,20 this glycan is 
closely located to the ASYILIRD peptide (residues A1355-D1362) and this 
might affect efficiency of presentation of the ASYILIRD peptide on MHC 
class-II.

Altogether, we provide evidence for the presence of FINVAPHAR and 
ASYILIRD-reactive CD4+ T cells in patients with acquired TTP. We are 
currently exploring whether FINVAPHAR- and ASYILIRD-positive CD4+ T 
cells are also present in other patients with acquired TTP. Low levels of 
ADAMTS13 have previously been associated with an increased risk for 
relapse in patients with acquired TTP.21–23 In future studies we will assess 
whether ADAMTS13-specific CD4+ T cells are still present in the periphery 
of patients with relapsing TTP. Based on our results we propose that FINVA-
PHAR- and ASYILIRD-reactive CD4+ T cells are involved in the onset and/
or relapse of acquired TTP.
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Abstract 
Patients suffering from acquired thrombotic thrombocytopenic 
purpura develop autoantibodies directed toward the plasma glyco-
protein ADAMTS13. Here, we studied the glycan composition of plas-
ma-derived ADAMTS13. Purified ADAMTS13 was reduced, alkylated, 
and processed into peptides with either trypsin or chymotrypsin. 
Glycopeptides were enriched using zwitterionic HILIC zip-tips and 
analyzed by tandem mass spectrometry employing higher-energy 
collision dissociation fragmentation. Upon detection of a diagnos-
tic ion of a glycan fragment, electron transfer dissociation frag-
mentation was performed on the same precursor ion. The majority of 
N-linked glycans were of the complex type containing terminal sialic
acids and fucose residues. A high mannose-containing glycan was
attached to Asn614 in the spacer domain. Six O-linked glycans most-
ly terminating in sialic acid were found dispersed over ADAMTS13.
Five O-linked glycans were attached to a Ser and one to Thr. All 6
O-linked glycans contained a terminal sialic acid. O-fucosylation is
a common posttranslational modification of thrombospondin type
1 repeats. We identified 7 O-fucosylation sites in the thrombospon-
din (TSP) type 1 repeats. Unexpectedly, one additional O-fucosylation
site was found in the disintegrin domain. This O-fucosylation site did
not meet the proposed consensus sequence CSX(S/T)CG. C-man-
nosylation sites were identified in TSP1, linker TSP4-TSP5, and TSP8.
Overall, our findings highlight the complexity of glycan modifications
on ADAMTS13, which may have implications for its interaction with im-
mune- or clearance receptors containing carbohydrate recognition
domains.
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Introduction
ADAMTS13 (a disintegrin and metalloproteinase with a thrombospon- din 
type 1 motif, member 13) is a metalloproteinase responsible for cleaving 
ultralarge von Willebrand factor multimers in the circulation. Absence or lack 
of activity of ADAMTS13 results in the microvascular angiopathy thrombotic 
thrombocytopenic purpura (TTP), which is characterized by systemic ag-
gregation of the platelets in the microvasculature, fragmented erythrocytes, 
renal, and neurological disturbances.1 Clinical assays measuring ADAMTS13 
activity are used to diagnose TTP.2 The reduction in activity of ADAMTS13 is pre-
dominantly caused by the formation of autoantibodies against the spacer 
domain.3-6 Antispacer domain antibodies inhibit the binding of ADAMTS13 to 
von Willebrand factor but may also accelerate its clearance from the circula-
tion.7,8 In a subset of patients, autoantibodies directed toward the thrombos-
pondin (TSP) 2-8 and CUB1-2 domains have also been identified.6,8,9 Autoan-
tibodies directed against the carboxyterminal domains of ADAMTS13 have 
been proposed to promote its clearance from the circulation.8,10 Develop-
ment of high-affinity autoantibodies is crucially dependent on the activation 
of CD4+ T cells.11 These CD4+ T cells are activated by dendritic cells that
present ADAMTS13- derived peptides on major histocompatibility com-
plex class II.12 Previously, we have shown that ADAMTS13 is endocytosed 
by dendritic cells via the macrophage mannose receptor.13 This observa-
tion suggests that high-mannose glycans are present on ADAMTS13. Previous 
work in our department identified 9 N-linked glycosylation, 6 O-fucosylation, 
and 2 C-mannosylation sites on plasma-derived ADAMTS13 (pADAMTS13).14 
In this study, we determined the glycan composition on pADAMTS13 and dis-
cuss the possible role of glycans in the immune recognition and clearance 
of ADAMTS13.

Experimental procedures
Purification of plasma-derived ADAMTS13
Purification of pADAMTS13 was performed as described previously.15 Briefly, 
ADAMTS13 from cryosupernatant was purified using the A10 antibody cou-
pled to CNBr sepharose (GE Healthcare, Eindhoven, The Netherlands). 
Bound ADAMTS13 was washed to remove impurities, subsequently eluted us-
ing 40% dimethyl sulfoxide, dialyzed, and stored in 10 mM Tris-HCl pH 7.4 at 
230°C until use.

Sample preparation
Samples for analysis by tandem mass spectrometry (MS) were prepared 
as follows. Five micrograms of purified pADAMTS13 was diluted in 50 mM 
ammonium bicarbonate buffer pH 8.0 to a final volume of 50 mL. To reduce 
the cysteine bridges, dithiothreitol (Thermo Scientific, Bremen, Germany) was 
added to a final concentration of 10 mM and incubated for 30 minutes at 
56°C. Iodoacetamide (Thermo Scientific) was added to a final concentration 
of 55 mM and incubated for 45 minutes at 25°C (in the dark). Trypsin Gold 
(Promega, Madison, WI) or chymotrypsin (Thermo Scientific) was added to 
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a final con- centration of 5 ng/mL and incubated overnight at 37°C. Pep-
tide samples were dried using a speed-vac (Savant, SPP1110; Thermo Scien-
tific) and purified using ZIC-HILIC Protea Tips according to the manufactur-
er’s protocol (Protea, Morgantown, WV). Next, the samples were eluted in 
20 mL ZIC-HILIC Elution Solution and subsequently dried using the speed-vac. 
Purified and dried samples were reconstituted in 8 mL of 1% formic acid. The 
flow through of the ZIC- HILIC columns was purified using C18 stage-tips pre-
pared in-house (3M, Neuss, Germany) to further increase the peptide cover-
age.

MS analysis of plasma-derived ADAMTS13 glycopeptides
Glycopeptide-enriched samples were separated by nanoscale C18 re-
verse-phase chromatography coupled on line to an Orbitrap Fusion mass 
spectrometer (Thermo Scientific) via a nanoelectrospray ion source (Nano-
spray Flex Ion Source; Thermo Scientific). Peptides were loaded on a 20-cm 
75 to 360-mm inner- to outer-diameter fused silica emitter (New Objective, 
Woburn, MA) packed in-house with ReproSil-Pur C18-AQ, 1.9-mm resin 
(Dr. Maisch, Ammerbuch-Entringen, Germany). The column was installed 
on a Dionex Ultimate3000 RSLC nanoSystem (Thermo Scientific) using a Mi-
croTee union formatted for 360-mm outer-diameter columns (IDEX, Erlangen, 
Germany) and a liquid junction. The spray voltage was set to 2.15 kV. Solu-
tion A was composed of 0.5% acetic acid, and solution B was composed of 
0.5% acetic acid and 80% acetonitrile. Peptides were loaded for 17 minutes 
at 300 nL/min in 95% solution A and 5% solution B, equilibrated for 5 minutes in 
the same mixture (17-22 minutes), and eluted by increasing solution B from 
5% to 15% (22- 87 minutes) and 15% to 38% (87-147 minutes), followed by a 
10-minute wash to 90% and a 5-minute regeneration to 5%. Survey scans of
peptide precursors from 120 to 2000 m/z were performed at 30K resolution
(at 200 m/z) with a 1.5 x 105 ion count target. Tandem MS was performed by
isolation with the quadrupole with isolation window 2.0, higher-energy col-
lision dissociation (HCD) fragmentation with normalized collision energy
of 30, and rapid scan MS analysis in the ion trap. The MS2 ion count target
was set to 1 x 105 and the maximal injection time was 250 ms. Only those
precursors with charge state 2 to 8 were sampled for MS2. The dynamic
exclusion duration was set to 60 seconds with a 10-ppm tolerance around
the selected precursor and its isotopes. Monoisotopic precursor selection
was turned on. The Filter Product Ion Trigger was selected, and a mass list
corresponding to the masses of HexNAc (204.0867 m/z), HexNAcfragment
(138.0545 m/z), and HexNAcHex (366.1396 m/z) was compiled. Electron
transfer dissociation (ETD) was triggered when these masses were detected
within the top 20 of the identified fragments. Tandem MS was performed
on these ions employing a quadrupole isolation with isolation window of 3.0
ppm and an ETD reaction time of 70 milliseconds. The instrument was run in
top-speed mode with 3-second cycles. All data were acquired with Xcali-
bur software (Thermo Scientific).
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Data analysis
Data files from the Orbitrap Fusion were first analyzed using the Preview soft-
ware (Protein Metrics, San Carlos, CA). The Preview software allows for re-
calibration of the m/z measurements and screen for peptide modifications; 
static (carbamidomethylation of cysteine residues [C] +57.0214 Da) and 
dynamic modifications (oxidation of methionine residues [M] +15.994 Da, 
deamination of asparagine residues [N] or glutamine residues [Q] +0.9840 
Da, addition of dithiothreitol to cysteine residues +159.657 Da). The resulting 
data were subsequently analyzed employing Byonic software (Protein Met-
rics) and screened against the Uniprot_organism_9606_And_kw_0181 data-
base. Additional parameters to identify C-mannosylation (hexose +162 Da 
attached to a tryptophan [W]) and O-fucosylation (deoxyhexose +146 Da 
or glucose-fucose +308 Da attached to a serine [S] or threonine [T]) were 
added manually. Byonic software was used to screen the fragments against 
the following glycan databases: N-glycan 182 human no multiple fucose, 
O-glycan 70 human, N-glycan 57 human plasma, or a combination of the
3 databases (databases included in the Byonic software package). Spectra
were further analyzed manually, adding additional peptide and glycan frag-
ments to identified m/z peaks.

Results
We used tandem MS employing HCD and ETD to determine the glycosyla-
tion profile of pADAMTS13. The HCD fragmentation of glycan-modified pep-
tides allowed for determining the glycan composition. Subsequent ETD mo-
dus was used to identify the location of glycans within a peptide sequence. 
Supplemental Figure 1, shows the sequence coverage for both trypsin (sup-
plemental Figure 1A) and chymotrypsin digestion (supplemental Figure 
1B). To increase the total sequence coverage, the flow through from the 
ZIC-HILIC purification was further purified using C18 stage tips and analyzed 
subsequently. Peptide coverage from the ZIC-HILIC purification was 88.7% 
and 85.9% for trypsin or chymotrypsin digestion, respectively. Combining the 
ZIC-HILIC and the C18-resin enrichments, the total coverage increased to 
90.1% for trypsin and to 86.2% for chymotrypsin. Combining data from 
trypsin and chymotrypsin digestion, 94.8% of ADAMTS13 sequence was 
covered. Taking into account that the signal peptide (aa 1-29) and the 
pro-peptide (aa 30-74) are both removed prior to secretion, we identified 
99.9% of the mature ADAMTS13 amino acid sequence.

Identification and determination of the N-linked glycan structures
The biosynthetic pathways involved in the biosynthesis of N-linked glycans 
are well characterized (see supplemental Figure 2).16,17 To determine the 
glycan structures on ADAMTS13, we used the Byonic software package, 
which analyzes the fragmentation patterns obtained for each peptide. 
Peaks resulting from the fragmentation of attached glycans were scanned 
for fragment masses of 146 Da, 162 Da, 203 Da, and 291 Da corresponding to 
inclusion of fucose, mannose/glucose/galactose, GlcNAc/GalNAc, and si-
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alic acid residues, respectively. Figure 1A shows the spectrum that was used 
to identify the N-glycan linked to Asn667, which includes the b- and y-ions 
from the fragmentation of the peptide backbone and the annotations 
for the glycan moieties. Byonic software identifies the glycan moieties 
as being either Hex, HexNAc, NeuAc, HexNAcHex, HexNAcHexNeuAc, 
but does not distinguish between galactose, mannose, and glucose or 
between GlcNAc and GalNAc. In Figure 1B, the corresponding cartoon 
symbols have been added manually to the spectrum. The total mass of the 
added glycan, the glycan moieties re- covered from the spectrum, and our 
knowledge on the biosynthesis  of complex glycans were used to derive the 

Figure 1. Reconstruction of a N-linked glycan at Asn667. (A) Spectrum as provided by Byonic software. In blue, the b-ions, 
and in red, the y-ions are depicted. In green, the glycan moieties are indicated as identified by Byonic software. (B) 
Corresponding glycan moieties depicted in the commonly used cartoons: green circles, blue squares, purple diamonds, 
and yellow circles for mannose, GlcNAc, sialic acid, and galactose, respectively. From this spectrum, we can determine 
the glycan structure attached to this asparagine. Starting with the core structure 2-GlcNAc-3-mannose, from the spectrum, 
we can conclude that this is a complex type glycan; a GlcNAc-galactose-sialic acid fragment is present. The presence of 
a fucose moiety suggests that this glycan is fucosylated. The fragment corresponding to the mass of the peptide 1 HexNAc 
1 fucose suggests that the first GlcNAc is fucosylated. Combining these individual fragments results in the final structure of a 
fucosylated biantennary complex glycan structure attached to Asn667.
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glycan structure attached to Asn667. The same procedure was followed for 
the other N-linked glycosylation sites. Figure 2A provides an overview of the 
N-linked glycans as detected by MS. Figure 2B displays the location of these 
glycans and the exact glycan fragment as identified by Byonic software. The 
glycan at position Asn828 in TSP 4 was newly identified; however, it was previ-
ously predicted to be a possible N-linked glycosylation site.18 Nine of the 
10 N-linked glycans contained complex carbohydrate structures with a ter-
minal sialic acid. In addition, the glycans at these N-linked sites were iden-
tified both with and without a fucose on the primary GlcNAc (Figure 2; Table 
1). We were unable to identify a third GlcNAc residue in the glycan linked 
to Asn614 in the spacer domain (supplemental Figure 3). The absence of 
a third GlcNAc suggests that the glycan on Asn614 consists primarily of high 
mannose structures (see supplemental Figure 4 for all the N-linked gly-
can spectra and reconstructed glycans). Most glycan-containing Asn 
contained multiple glycan structures. Table 1 provides an overview of the 
glycans that were detected less frequently at the specified positions. The 
majority of the glycans identified were of the complex structure and con-
tain terminal sialic acid, and 50% of the glycans were also fucosylated. Only 
high-mannose N-linked glycans were identified on Asn614 (Figure 2; Table 
1). High-mannose N-linked glycans were also identified on Asn142, Asn146, 
and Asn1235, although spectra corresponding to these glycans were ob-
served less frequently.

Figure 2. Schematic 
representation of the N-linked 
glycosylation sites and the 
most frequently identified 
glycans attached to each 
site. The glycan structures 
were determined using 
the workflow described in 
supplemental Figure 2. (A) 
Schematic representation 
of the glycans identified 
on ADAMTS13. Each 
glycan is attached to the 
corresponding domain. 
(B) Glycan composition,
amino acid position, and
corresponding domain of

ADAMTS13. There is one glycan on pADAMTS13 that was only identified with a high mannose 
structure; the remaining glycosylation sites were predominantly identified with complex 
structures terminating in sialic acid; 6 of 10 glycans were fucosylated.
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Identification and determination of the O-linked glycan structures 
and sites
O-Linked glycosylation starts with the linkage of a GalNAc to a Ser/Thr resi-
due by a family of glycosyltransferases known as UDP-GalNAC: polypep-
tide N-acetylgalactosaminyltransferases in the Golgi apparatus.19,20 This
GalNAc linkage to a serine/threonine is also known as the Tn antigen. The
Tn antigen is usually extended by different glycosyltransferases yielding
a wide variety of complex O-glycans, which are commonly divided into 8
different O-linked core structures (supplemental Figure 5).17,19 Six O-linked
glycans were identified on ADAMTS13; 5 O-linked glycans were attached
to a Ser and 1 to a Thr (Figure 3B). Figure 3B shows the exact glycan fragment
as identified by the Byonic software. Our MS approach is not able to distin-
guish between different hexoses (such as mannose, glucose, or galactose)
or HexNAcs (such as GlcNAc or GalNAc). We used our current knowledge
on the assembly of O-linked glycans to propose the most likely structure for
each of the O-linked glycans on ADAMTS13 using the individual masschro-
matograms for each O-linked glycosylation site, as shown in supplemental Fig-
ure 6. All 6 O-glycans contained a terminal sialic acid. Three O-linked glycans

Table 1. Overview of N-linked glycans identified on ADAMTS13. Column 1 shows the position of 
the asparagine in the sequence of ADAMTS13. Column 2 shows the most frequently identified glycan 
(as depicted in Figure 2), and columns 3, 4, and 5 show additional glycans identified on the same 
position as the glycan in column 2. Most of the glycans identified are of the complex type and contain 
terminal sialic acid. About 50% are also fucosylated. The glycan at Asn614 has only been identified with 
a high mannose structure, and the glycans on Asn142, Asn146, and Asn1235 have been identified with 
both high mannose and complex glycan structures.
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were fucosylated on either GlcNAc or galactose. Based on the expression of 
fucosyltransferase VI and the synthesis of ADAMTS13 in the liver,21-23 we pro-
pose that the fucosylation of these glycans is likely to occur on GlcNAc.

Figure 3. O-linked glycosylation of 
ADAMTS13. O-linked glycosylation 
starts with a GalNAc attached 
to either a serine or a threonine; 
glycan moieties such as galactose, 

O-fucosylation and C-mannosylation of ADAMTS13
A common posttranslational modification of TSP1 repeats is O-fucosyla-
tion. Previously, O-fucosylation sites have been described in the TSP1, 2, 3, 5,
6, 7, and 8 in recombinant ADAMTS13.24 O-fucosylation of TSP2, 5, 7, and
8 was shown to contribute to the secretion of recombinant ADAMTS13.24
Our current analysis confirms the presence of O-linked fucose residues
in TSP1, 2, 3, 5, 6, 7, and 8 of pADAMTS13. Unexpectedly, we identified 1
O-linked fucosylation sites in the disintegrin domain at Ser336 (Figure 4). This
O-fucosylation site did not fulfill the proposed consensus sequence CSX-
(S/T)CG.25 Mass spectra identifying O-fucosylation of Ser336 are displayed
in supplemental Figure 7. Unmodified, nonfucosylated peptides were iden-
tified at all 8 sites (data not shown).
We previously reported that Trp390 (TSP1) and Trp884 (linker TSP4-TSP5) were
modified by C-mannosylation.14 In this study, we confirm that Trp884 is in-
deed modified by C-mannosylation (Figure 4; supplemental Figure 8). Pep-
tides containing a mannose moiety attached to Trp390 were not identified
in this study. We found evidence for a mannose moiety attached to Trp387
in accordance with the proposed consensus sequences for C-mannosyla-
tion (supplemental Figure 8).25,26 C-mannosylation of this residue was also
reported by Akiyama and coworkers.27 We identified C-mannosylation of
Trp1016 (TSP7) (supplemental Figure 8). Non-C-mannosylated peptides were
identified spanning Trp387, Trp884, and Trp1016 (data not shown).

fucose, GlcNAc, GalNAc, or sialic acid are added subsequently. There is no consensus on the 
composition of these structures, and the presented structures are possibilities corresponding 
to the residues identified by the MS and Byonic software. (A) Possible glycan structures that 
correspond to the glycan moieties identified using the Byonic software. Our MS approach is 
not able to distinguish between different hexoses (such as mannose, glucose, or galactose) 
or HexNAcs (such as GlcNAc and GalNAc); the presented structures are based on our current 
knowledge of the biosynthetic pathway of O-glycans. (B) Amino acid position (serine or 
threonine) and the corresponding domain of ADAMTS13 and glycan elements are identified 
on this position as determined using Byonic software.



1

2

3

4

5

Chapter 5: Identification of glycans on plasma-derived ADAMTS13

92

Discussion
In this study, we determined the glycan structures attached to pADAMTS13, 
employing glycopeptide enrichment followed by tandem MS. We iden-
tified glycans on all of the 10 predicted N-linked sites. As expected, indi-
vidual sites contained several different N-linked glycans. Based on the 
limitation of MS being dependent on the efficiency of ionization and the 
fragmentation efficiency of peptides by high-energy collision dissociation 
and ETD, we can only discuss glycans that we identified; we cannot exclude 
that additional glycan structures are present, which escaped detection by 
the methods employed in this paper. We identified a single high-mannose–
ending glycan at Asn614 in the spacer domain. In addition, 3 mannose-end-
ing glycans were identified in other domains of ADAMTS13 (Table 1). We 
speculate that high-mannose glycans identified in this study are potentially 
involved in the binding of ADAMTS13 to the mannose receptor on dendrit-
ic cells.13

The glycan positioned at Asn1354 is closely located to the peptide “ASYIL-
IRDTHSLRTTA” (residues 1355-1369), previously identified to be present on 
HLA-DRB1*03.11,12,14 The glycan at Asn1354 may modulate presentation of 
peptide 1355-1369 on major histocompatibility complex class II.12,14 Aberrant 
glycosylation has previously been implicated in initiation of autoimmune dis-
orders.28 In normal individuals, type II collagen contains an O-linked glycan 
attached to a modified L-hydroxylysine at position 264.29 In patients with 
rheumatoid arthritis, the lysine at position 264 does not contain an O-linked 
glycan.29 In a murine model of collagen-induced arthritis, the deglycosylated 
peptide is recognized as a foreign entity by pathogenic CD4+ T cells.29

Figure 4. O-fucosylation 
and C-mannosylation 
sites on ADAMTS13. (A) 
Schematic representation 
of the ADAMTS13 molecule 
with the O-fucosylation 
sites depicted as red 
triangles and blue circles 

(fucose and glucose residues); green circles represent the mannose residues. In total, 3 
C-mannosylation sites were identified by the Byonic software. Eight O-fucosylation sites, all of
them modified by a glucose-fucose group attached to either a serine or a threonine, were
identified. (B) Amino acid position and corresponding domain of ADAMTS13 and attached
glycan structures (Hex either being a mannose or a glucose, and dHex being a fucose
moiety) are depicted.
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In this study, we show that ADAMTS13 is extensively modified by O-linked 
glycans. No consensus sequences for O-linked glycosylation have been 
defined; nevertheless, high-energy collision dissociation and ETD allowed 
for the identification of 6 O-linked glycans on ADAMTS13. The diversity 
of O-linked glycans provides a major challenge for their identification em-
ploying MS. The biosynthesis of O-linked glycans is less well defined when 
compared with that of N-linked glycans.30 The composition of the O-linked 
glycans can be accurately determined employing the methods used in this 
study (Figure 3). However, it is not possible to distinguish between GlcNAc or 
GalNAc due to their identical mass. We identified 3 O-linked glycosylation 
sites (Thr378, Ser863, and Ser1170) that were modified with a HexNAc(1)
Hex(1)NeuAc(2) glycan structure corresponding to a disialyl-T antigen. The 
other 3 O-linked glycosylation sites (Ser266, Ser1008, and Ser1312) were more 
complex, and we propose the structures as shown in Figure 3 based on our 
current knowledge on the assembly and composition of the most prev-
alent O-linked glycans.17,19 The fucosylation of the O-linked glycosylation 
sites Ser266, Ser1008, and Ser1312 has been assigned to the GlcNAc resi-
due within the glycan structure, based on our knowledge that ADAMTS13 
is synthesized in the liver22,23 and the expression of fucosyltransferase VI in 
the liver.21 Fucosyltransferase VI adds a fucose moiety to a GlcNAc via an 
a-1-3 linkage.21 N- and O-linked glycans are hydrophilic and negatively
charged and can have a significant effect on protein conformation.
Small-angle X-ray scattering has demonstrated that the carboxyterminal
TSP8 and CUB1-2 domains interact with the aminoterminal disintegrin, TSP1, 
Cys-rich, and spacer domains.31 In a separate study, South and cowork-
ers showed that the CUB1-2 domains of ADAMTS13 interacted with the
Arg568, Phe592, Arg660, Tyr661, and Tyr665 in the spacer domain.32 Both
CUB domains and the spacer domain of ADAMTS13 contain a number
of N- and O-linked glycans, and these may contribute to the interaction
between the spacer and CUB domains. In this respect, it is interesting to
note that the glycan attached to Asn614 is primarily composed of nonfu-
cosylated, high- mannose–ending sugars, which suggests that this site may
be poorly accessible for mannosidases, galactosyltransferases, and sialyl-
transferases due to its interaction with the CUB1-2 domains.31,32

We identified 8 O-fucosylation sites, of which 7 were previously reported by 
Ricketts and coworkers.14,24 These 7 O-fucosylations occur at serines in agree-
ment with the consensus sequence for O-fucosylation established for the TSP 
domains. A glucose-fucose moiety was identified on all the O-fucosyla-
tion sites.31,32 TSP-derived peptides containing a single fucose moiety were 
also identified (data not shown). O-fucosylation has so far been reported ex-
clusively in TSP domains and epidermal growth factor (EGF) domains.24,25,33 
Interestingly, the EGF domains of several blood coagulation factors such as 
factor VII, factor IX, and factor XII contain O-fucosylated residues. A consen-
sus sequence for O-fucosylation of EGF domains have been defined: Cys- 
X-X-X-X-(Ser/Thr)-Cys.34 O-fucose-linked glycans on EGF domains appeared
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to be quite heterogenous comprising O-fucose monosaccharides but also 
tetrasaccharide modifications as observed for factor IX.34 Also, EGF domains 
in Notch and the Notch-ligand D-like 1 (DLL1) are modified by O-fucosyla-
tion.34-36 O-fucosylation of TSP repeats has been demonstrated for TSP1.25 
Identification of this modification on TSP of other proteins, which include 
properdin and ADAMTS13, has led to the proposal of the following consensus 
sequence: CX2-3(S/T) CX2G.24,33 In this study, we show that O-fucosylation is 
not limited to TSP repeats or EGF domains; O-fucosylated peptides derived 
from the disintegrin domain of ADAMTS13 were also identified (Figure 4). In 
the consensus sequence, the Ser/Thr residue that is modified by O-fucosyla-
tion is immediately followed by a cysteine residue.24,33 Ser336 (disintegrin) 
is also followed directly by a cysteine residue. Two O-fucosyltransferases 
have been identified so far. Protein O-fucosyltransferase 1 (Pofut1) has 
been implicated in fucosylation of EGF domains,37 whereas protein O-fu-
cosyltransferase 2 (Pofut2) mediates fucosylation of TSPs.36 Following initial 
fucosylation, β1-3 glycosyltransferases can add an additional glucose moiety 
to fucosylated TSPs.36 More complex sugars are added to O-fucosylated resi-
dues within EGF domains, which are elongated by β3-N-acetylglucosaminyl-
transferases.38 We did not find evidence for the addition of complex O-linked 
sugars to O-fucosylated sites within ADAMTS13. The exclusive presence of 
disaccharide glucose-β(1,3)fucose suggests that the sequential action of 
Pofut2 and β1,3 glycosyltransferase is responsible for the attachment of the 
disaccharide to the non-TSP sites within pADAMTS13, as previously described 
for recombinant ADAMTS13.24 Both Pofut1 and Pofut2 are involved in quality 
control in the endo- plasmic reticulum. Modification of O-fucosylation sites 
in TSP2, 5, 7, and 8 of recombinant ADAMTS13 resulted in reduced secre-
tion,24 which suggests that O-fucosylation serves as a quality control for 
proper protein folding of the TSPs of ADAMTS13. We identified 3 C-man-
nosylation sites at Trp387 (TSP1), Trp884 (linker TSP4-TSP5), and Trp1016 (TSP8) in 
this study. Trp387, Trp884, and Trp1016 were not fully C-mannosylated; we also 
identified non-C- mannosylated peptides (data not shown). In a previous 
study, we reported that Trp390 was C-mannosylated; however, in that par-
ticular study, we also observed C-mannosylated peptides that could not 
be unambiguously assigned to either Trp387 or Trp390.14 The assignment 
of Trp387 as a prominent site for C-mannosylation in the current study is 
based on the analysis of spectra derived of 34 peptides, of which 16 were 
found to contain a C-mannosylation at Trp387; on 6 peptides, a C-man-
nosylation was detected, but the modification could not be assigned to 
either Trp387 or Trp390. The remainder of the peptides spanning Trp387 
and Trp390 were not modified by C-mannosylation (data not shown). No 
evidence of C-mannosylation of Trp390 was therefore obtained in our cur-
rent analysis (data not shown). Nevertheless, we cannot fully exclude that 
a small proportion of pADAMTS13 is indeed C-mannosylated on Trp390 
as suggested by our previous work.14 The NetCGlyc 1.0 prediction tool 
identifies Trp387 and Trp390 as potential targets for C-mannosylation.25,26 
C-mannosylation of Trp387 was also suggested by electron density linked
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to the side chain of Trp387 in the crystal structure of a recombinant ADAMTS13 
fragment containing a P475S substitution that was expressed in CHO Lec 
3.2.8.1 cells.27 Based on the currently available data, we therefore feel it is 
likely that Trp387 is the preferred site of C-mannosylation in the TSP1 domain 
of ADAMTS13. Interestingly, we identified peptides containing C-mannosylat-
ed Trp387 that lacked the presence of an O-glycan at Thr378 (supplemental 
Figures 6 and 8) suggesting that these modifications are mutually exclusive. 
We speculate that following addition of an O-glycan at Thr378, Trp387 is not 
accessible for C-mannosylation. Conversely, C-mannosylation at Trp387 
apparently also prevents addition of an O-glycan to Thr378.
Overall, our findings illustrate the complexity and heterogeneity of N-linked, 
O-linked, and C-linked glycans on ADAMTS13. We show that O-fucosylat-
ed residues are not exclusively present in the TSP repeats of ADAMTS13 and 
demonstrated that not all sites are fully occupied by glycans. In future stud-
ies, we will explore whether the observed glycan heterogeneity plays a role 
in the onset of acquired TTP.
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Figure S-1. Sequence coverage of ADAMTS13. The first residue of each domain is indicated 
above the amino acid sequence. Assignment of domains is based on the UniProtkB 
database (Q76LX8). Peptide sequences identified following digestion with either trypsin 
(A) or chymotrypsin (B) as identified by the tandem-MS employing both HCD and ETD 
fragmentation. The green peptide sequences are peptides identified after ZIC-HILIC 
purification, the additional blue peptides are detected after the flow through of the ZIC-
HILIC purification was purified by C18-resin STAGE Tips. The coverage increased from 88.7% 
to 90.1% for trypsin digestion and from 85.9% to 86.2% for chymotrypsin digestion. Combining 
both digestion methods and both enrichment methods the total sequence coverage of 
mature ADAMTS13 (lacking the signal and propeptide) obtained in these analyses was 
99.9%. The red peptide sequences are peptides that are neither identified in the trypsin or 
chymotrypsin digestion samples

Supplementary Information
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Figure S-2. Schematic representation of the N-linked glycan synthesis pathway. The figure is
adapted from Varki and co-workers.17 The dolichol phosphate-linked glycan which contains 
a high mannose structure terminating in glucose moieties is added to an asparagine in the 
consensus sequence NX(S/T) in the endoplasmic reticulum (ER). Subsequently, the glucose 
moieties are removed by glucosidase I-III. This N-linked glycan is important for the trafficking 
of the modified peptide from the ER to the Golgi. This glycan can remain on the peptide 
unmodified or it can be modified by mannosidase IA, IB or IC removing the mannose residues 
from the structure. An additional GlcNAc is added to the 2HexNAc5Hex core by GlcNAc 
transferase I. From this point the glycan can be fucosylated on the first GlcNAc by fucosyl 
transferase B and it can undergo further modification by mannosidase II, GlcNAc Transferase 
II/III/V, galactosyl transferase and sialyl transferase resulting in hybrid, complex, bi-antennary 
or tri-antennary glycan structures.
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Figure S-3. Spectrum of the glycan linked to Asn614. The spectrum of the glycan linked to 
Asn614 as annotated using the Byonic software. The red fragments correspond to the Y-ions 
and the blue fragments correspond to the B-ions. This spectrum shows an added mass of 
+1378 Da (see table lower panel) to the asparagine at position 614. The mass corresponds
to 2 HexNAc (2x +203 Da) moieties and 6 Hex (+162 Da) moieties. The spectrum also shows
mass fragments corresponding to the peptide mass + HexNAc, peptide mass + 2x HexNAc
and peptide mass + (2)HexNac(1)Hex. The symbols corresponding to the glycan moieties
have been added to informative peaks of the spectra.
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Figure S-4. Spectra of N-glycans identified in this study. Overview of the different N-linked 
glycosylation sites and the spectra corresponding to each glycan that was predominantly 
identified using the Byonic software package. The core fragments HexNAc (GlcNAc (blue 
square) or GalNAc (yellow square) mass 203.0794), Hex (mannose (green circle) or galactose 
(yellow circle) mass 162.0528) NeuAc (sialic acid (purple diamond) mass 291.0954) and 
fucose (red triangle mass 146.0579) are indicated as well as the more complex glycan threes 
and corresponding fragments. (A) Spectra corresponding to the glycans at Asn142 and 
Asn146 three different spectra are displayed, in the upper panel a spectrum corresponding 
to a peptide containing both a glycan at Asn142 and Asn146; total mass of the glycans 
added (mass of +2373 Da to Asn142 and mass of +2060 Da added to Asn146) are indicated 
in the table below the spectrum. In the middle panel a spectrum corresponding to a peptide 
containing a glycan at Asn142 total mass of the glycan added (mass of +2373 Da to Asn142) 
is indicated in the table below the spectrum. In the lower panel a spectrum corresponding 
to a peptide containing a glycan at Asn146; total mass of the glycans added (mass of +2060 
Da to Asn146) is indicated in the table below the spectrum. (B) Spectra corresponding to the
glycans at Asn552, in the upper panel a spectrum corresponding to a Asn552 is displayed, 
in the lower panel a detail of the spectrum (m/z 1500 - 1900) is displayed; total mass of the 
glycans added (mass of +2060 Da to Asn552) is indicated in the table below the spectrum. 
(C) Spectra corresponding to the glycan at Asn579; total mass of the glycan added (mass of 
+2351 Da to Asn579) is indicated in the table below the spectrum. (D) Spectra corresponding 
to the glycans at Asn614; total mass of the glycans added (mass of +1378 Da to Asn614) 
is indicated in the table below the spectrum. (E) Spectra corresponding to the glycans at 
Asn667; total mass of the glycans added (mass of +2352 Da to Asn667) is indicated in the 
table below the spectrum. (F) Spectra corresponding to the glycans at Asn707, in the upper 
panel a spectrum corresponding to a Asn707 is displayed, in the lower panel a detail of the 
spectrum (m/z 980 - 1200) is displayed; total mass of the glycans added (mass of +2351 Da 
to Asn707) is indicated in the table below the spectrum. (G) Spectra corresponding to the 
glycans at Asn828, in the upper panel a spectrum corresponding to a Asn828 is displayed, 
in the lower panel a detail of the spectrum (m/z 660 - 1100) is displayed; total mass of the 
glycans added (mass of +2367 Da to Asn828) is indicated in the table below the spectrum. 
(H) Spectra corresponding to the glycans at Asn1235, in the upper panel a spectrum 
corresponding toa Asn1235 is displayed, in the lower panel a detail of the spectrum (m/z 
800 - 1010) is displayed; total mass of the glycans added (mass of +2408 Da to Asn1235) 
is indicated in the table below the spectrum. (I) Spectra corresponding to the glycans at 
Asn1354, in the upper panel a spectrum corresponding to a Asn1354 is displayed, in the 
lower panel a detail of the spectrum (m/z 9400 - 1220) is displayed; total mass of the glycans 
added (mass of +2408 Da to Asn1354) is indicated in the table below the spectrum.
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S4-A - Asn142-Asn146
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S4-A - Asn142-Asn146 - continued
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S4-B - Asn552
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S4-C - Asn579

S4-D - Asn614
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S4-E - Asn667
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S4-F - Asn707
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S4-G - Asn828
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S4-H - Asn1235



1

2

3

4

5

Chapter 5: Identification of glycans on plasma-derived ADAMTS13

110

S4-I - Asn1354
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Figure S-5. Schematic representation of O-linked glycan synthesis pathway. The figure is 
adapted from Nakayama et al.17 and Varki et al.19 The O-linked glycosylation starts with the 
addition of a GalNAc to either a serine or a threonine also known as the Tn antigen. This Tn 
antigen can then be modified by T-synthase/CIGalT that adds a galactose to the Tn antigen 
forming the T-antigen. This Tantigen can subsequently undergo a series of modifications 
leading to a range of different O-linked glycans. The Tn-antigen can also be modified by 
a series of other glycosyltransferases leading to the minor core structures 5-8 and the sialyl 
Tn-antigen.
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Figure S-6. Spectra of O-linked glycans identified in this study. Overview of the different 
O-linked glycans that were identified using the Byonic software package. The core
fragments HexNAc (GlcNAc or GalNAc (yellow/blue square) mass 203.0794), Hex (galactose
(yellow circle) mass 162.0528), NeuAc (sialic acid (purple diamond) mass 291.0954) and
fucose (red triangle mass 146.0579) are indicated as well as the more complex glycan trees
and glycan fragments. (A) Spectra corresponding to the glycan at Ser266, in the upper
panel a spectrum corresponding to a Ser266 is displayed, in the lower panel a detail of the
spectrum (m/z 800 - 900) is displayed; total mass of the glycans added (mass of +1370 Da
to Ser266) is indicated in the table below the spectrum. The b5++ peptide SPCSR contains
the glycan moieties HexNAc(2)Hex(1)Fuc(1)NeuAc(1) (glycan moieties included in a box);
multiple compositions are possible for this glycan. Based on our knowledge on the assembly
of O-linked glycans we suggest an extended core 4 structure with a fucose added to one
of the GlcNAc moieties. The proposed structure is indicated in the left upper corner of this
figure. (B) Spectra corresponding to the glycan at Thr378, in the upper panel a spectrum
corresponding to a Thr378 is displayed, in the lower panel a detail of the spectrum (m/z 700
- 850) is displayed; total mass of the glycans added (mass of +947 Da to Thr378) is indicated
in the table below the spectrum. The proposed structure is indicated in the left upper corner
of this figure. (C) Spectra corresponding to the glycan at Ser863, inthe upper panel a
spectrum corresponding to a Ser863 is displayed, in the lower panel a detail of the spectrum
(m/z 200 - 260) is displayed; total mass of the glycans added (mass of +947 Da to Ser863) is
indicated in the table below the spectrum. The proposed structure is indicated in the left
upper corner of this figure. (D) Spectra corresponding to the glycan at Ser1008, in the upper
panel a spectrum corresponding to a Ser1008 is displayed, in the lower panel a detail of the
spectrum (m/z 1290 - 1400) is displayed; total mass of the glycans added (mass of +1167 Da
to Ser1008) is indicated in the table below the spectrum. The b19++ and b21++ peptides
contain the glycan moieties HexNAc(2)Hex(2)Fuc(1)NeuAc(1) (glycan moieties included in
a box); multiple compositions are possible for this glycan. Based on our knowledge on the
assembly of O-linked glycans we suggest an extended core 1 structure with a fucose added
to one of the GlcNAc moieties, also known as Sialyl Lewis X.17 The proposed structure is
indicated in the left upper corner of this figure. (E) Spectrum corresponding to the glycan
at Ser1170; total mass of the glycans added (mass of +947 Da to Ser1170) is indicated in
the table below the spectrum. The proposed structure is indicated in the left upper corner
of this figure. (F) Spectra corresponding to the glycan at Ser1312; total mass of the glycans
added (mass of +1005 Da to Ser1312) is indicated in the table below the spectrum. The sugar
moiety observed at m/z 1005 contains the glycan moieties HexNAc(2)Hex(1)Fuc(1)NeuAc(1)
(glycan moieties included in a box); multiple compositions are possible for this glycan. Based
on our knowledge on the assembly of O-linked glycans we suggest an extended core 3
structure with a fucose added to the GlcNAc moiety. The proposed structure is indicated in
the left upper corner of this figure.
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S6-B - Thr378
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S6-F - Ser1312
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Figure S-7. Spectra of O-fucosylated residues on ADAMTS13. Overview of spectra 
corresponding to each O-fucosylation that was identified using the Byonic software 
package. The core fragments Hex (glucose (blue circle) mass 162.0528) and fucose (red 
triangle mass 146.0579) are indicated as well as the glucose-fucose group (blue circle and 
red triangle combined, mass 308.1107). (A) Spectrum corresponding to the O-fucosylation 
at Ser336; total mass added (mass of +308 Da to Ser336) is indicated in the table below the 
spectrum. (B) Spectra corresponding to the O-fucosylation at Ser399, in the upper panel a 
spectrum corresponding to a Ser399 is displayed, in the lower panel a detail of the spectrum 
(m/z 120 - 400) is displayed; total mass added (mass of +308 Da to Ser399) is indicated in the 
table below the spectrum. (C) Spectrum corresponding to the glycan at Ser698; total mass of 
the glycans added (mass of +308 Da to Ser698) is indicated in the table below the spectrum. 
(D) Spectra corresponding to the O-fucosylation at Ser757, in the upper panel a spectrum 
corresponding to a Ser757 is displayed, in the lower panel a detail of the spectrum (m/z 
1100 - 1340) is displayed; total mass added (mass of +308 Da to Ser757) is indicated in the 
table below the spectrum. (E) Spectra corresponding to the O-fucosylation at Ser907, in the 
upper panel a spectrum corresponding to a Ser907 is displayed, in the lower panel a detail 
of the spectrum (m/z 550 - 580) is displayed; total mass added (mass of +308 Da to Ser907) is 
indicated in the table below the spectrum. (F) Spectra corresponding to the O-fucosylation 
at Ser965, in the upper panel a spectrum corresponding to a Ser965 is displayed, in the lower 
panel a detail of the spectrum (m/z 580 - 790) is displayed; total mass added (mass of +308 
Da to Ser965) is indicated in the table below the spectrum. (G) Spectra corresponding to 
the O-fucosylation at Ser1027, in the upper panel a spectrum corresponding to a Ser1027 
is displayed, in the lower panel a detail of the spectrum (m/z 415 - 560) is displayed; total 
mass added (mass of +308 Da to Ser1027) is indicated in the table below the spectrum. 
(H) Spectra corresponding to the O-fucosylation at Ser1098, in the upper panel a spectrum 
corresponding to a Ser1098 is displayed, in the lower panel a detail of the spectrum (m/z 560 
- 670) is displayed; total mass added (mass of +308 Da to Ser1098) is indicated in the table 
below the spectrum.
S7-A - Ser336
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Figure S-8. Spectra of C-mannosylated residues on ADAMTS13. Overview of the different 
Cmannosylation sites and the spectra corresponding to each site that was identified using 
the Byonic software package. The core fragment Hex (mannose) is indicated with a green 
circle (mass 162.0528). (A) Spectrum corresponding to the C-mannosylation at Trp387; total 
mass added (mass of +162 Da to Trp387) is indicated in the table below the spectrum. (B) 
Spectrum corresponding to the C-mannosylation at Trp884; total mass added (mass of +162 
Da to Trp884) is indicated in the table below the spectrum. (C) Spectrum corresponding to 
the C-mannosylation at Trp1016; total mass added (mass of+ 162 Da to Trp1016) is indicated 
in the table below the spectrum.

S8-A -Trp387
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S8-B - Trp884

S8-C - Trp1016
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Abstract
Formation of platelet- and von Willebrand Factor (VWF)-rich microthrombi 
are one of the characteristic hallmarks of acquired thrombotic 
thrombocytopenic purpura. The microthrombi originate from insufficient 
processing of pro-thrombotic ultra large VWF multimers by ADAMTS13 due 
to the development of auto antibodies directed against this VWF cleaving 
protease. Several studies have identified the major histocompatibility 
complex class II (MHC-II) alleles HLA-DRB1*11, HLA-DQB1*03 and also HLA-
DQB1*02 as risk factors for acquired TTP. Previous research in our department 
indicated that ADAMTS13 CUB2 domain-derived peptides “FINVAPHAR” 
and “ASYILIRDTHSRL” are presented on HLA-DRB1*11 and HLA-DRB1*03, 
respectively. In this study we studied the repertoire of ADAMTS13 peptides 
presented on HLA-DQ. In parallel, the HLA-DR presented peptide repertoire 
was also monitored. Using the HLA-DR specific antibody L243 and the 
HLA-DQ specific antibody SPV-L3 we purified MHC-II/peptide complexes 
from monocyte-derived dendritic cells pulsed with 100 nM of ADAMTS13. 
Using this approach we were able to identify ADAMTS13-derived peptides 
presented on HLA-DR for all 11 samples analyzed; ADAMTS13-derived 
peptides presented on HLA-DQ were identified in 5 out of 11 samples. 
We were able to confirm the presentation of the CUB2 domain-derived 
peptides “FINVAPHAR” and “ASYILIRDTHSRL” on HLA-DR. In total 15 different 
core-peptides sequences were identified on HLA-DR and 7 on HLA-DQ. 
For HLA-DR 11 several potential new core peptides were found; 3 novel 
core-peptides were exclusively identified on HLA-DQ. The current study 
provides an unbiased view on ADAMTS13-derived peptides presented on 
HLA-DR and HLA-DQ. The results from this study provides a basis for the 
identification of immune-dominant epitopes on ADAMTS13 involved in the 
onset of acquired TTP. 
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Introduction
Thrombotic thrombocytopenic purpura (TTP) is a severe life-threatening 
disorder resulting from the formation of von Willebrand Factor (VWF) 
rich thrombi in the microvasculature.1 Platelet-rich thrombi blocking the 
microvasculature give rise to thrombocytopenia and fragmentation 
of erythrocytes which presents as hemolytic anemia.1 Additional 
clinical symptoms may include fever, renal failure or neurological 
abnormalities.1 Patients with TTP often presents with skin petechiae due 
to thrombocytopenia induced blood loss from small vessels in the skin.1,2 
TTP is caused by the absence of ADAMTS13 (a disintegrin and metallo 
proteinase with trombospondin type 1 motifs, member 13) which regulates 
VWF multimer size through cleavage of a Tyr1605-Met1606 peptide bond 
in the A2 domain of VWF.1 In the majority of patients with TTP, auto-
antibodies directed towards ADAMTS13 develop which either inhibit the 
proteolytic function of ADAMTS13 or enhance its clearance from the 
circulation.3–6 The onset of formation of these auto-antibodies against 
ADAMTS13 is not known, however several reports have suggested that 
infections, pregnancy or transplantation are potential risk factors for TTP.7–9 
Auto-antibodies found in TTP primarily are composed of immunoglobulin 
(Ig) type G1 or G4.4,10,11 Generation of high affinity antibodies of subclass 
IgG1 and IgG4 is dependent on cytokines that are released by follicular 
helper CD4+ T cells in germinal centers in the secondary lymphoid organs 
such as spleen and lymph nodes.12 Binding of CD4+ T cells to peptides 
presented on major histocompatibility complex class II (MHC-II) on the 
surface of professional antigen presenting cells such as dendritic cells is 
crucial for initiating an adaptive immune response.13 The protein products 
encoded by MHC class II genes are highly polymorphic. Several human 
leukocyte antigen (HLA) alleles have been linked to autoimmune disorders 
such as rheumatoid arthritis and celiac disease.14 HLA typing in three 
different cohorts of patients with acquired TTP have defined HLA-DRB1*11 
as a risk factor for acquired TTP.15–17 Interestingly, the frequency of HLA-
DRB1*04 was significantly reduced in patients with acquired TTP (10.0% 
vs. 35.0%).15–17 Apart from HLA-DRB1*11 also HLA-DQB1*0315,16 and HLA-
DQB1*02:0217 alleles were found to be increased in patients with acquired 
TTP when compared to healthy controls. A recent study in 190 Italian TTP 
patients and 1255 healthy controls suggested that HLA DQB1*05:03 was 
less prevalent in patients with acquired TTP.18 This study also proposed 
that the single polymorphism rs6903608 combined with HLA-DQB1*05:03 
explains most of the observed association between the HLA locus and 
acquired TTP.18 
We have previously shown that monocyte derived dendritic cells (moDCs) 
from DRB1*11 positive donors preferentially presented the ADAMTS13 
CUB-2 domain derived peptide “GCRLFINVAPHARIA”.19 Additionally a 
second CUB-2 domain derived peptide “ASYILIRDTHS” was shown to 
be presented on HLA-DRB1*03. In a subsequent study, we showed that 
CD4+ T cells reactive with “GCRLFINVAPHARIA” peptide were present in 
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a DRB1*11 positive patient with acquired TTP.20 In addition, CD4+ T cells 
reactive with the “ASYILIRDTHS” peptide were detected in a DRB1*03 
positive patient with acquired TTP.20 These findings suggest that CD4+ T 
cells recognizing these CUB2 domain derived peptides are involved in the 
pathogenesis of acquired TTP. Not only HLA-DRB1*11 is overrepresented 
in patients with acquired TTP, but also HLA-DQB1*03 was more common 
in the patient population compared to the healthy population (58.0% 
vs. 34.5%; (P = 0.048)).16 Also, HLA-DQB1*02:02 has been proposed as a 
risk factor for acquired TTP.17 This prompted us to explore the repertoire 
of ADAMTS13 derived peptides that is presented on HLA-DQ. In parallel 
we also analyzed the repertoire of ADAMTS13 peptides presented on 
HLA-DR. Overall the number of ADAMTS13 derived peptides presented 
on HLA-DR was much higher when compared to HLA-DQ. One CUB-1 
domain peptide was presented by three different HLA-DQB*06 positive 
donors. Interestingly, a CUB-2 domain peptide with core sequence 
“IHALATNMG” located adjacent of the “GCRLFINVAPHARIA” peptide was 
presented on HLA-DR of several donors. The previously identified peptide 
with consensus sequence “LIRDTHSLR” was identified in 2 DRB1*03 positive 
donors; peptides overlapping this core sequence were also presented on 
HLA-DQ. Our findings indicate that both HLA-DR and DQ contribute to the 
presentation of ADAMTS13 derived peptides. 

Material and Methods

Isolation of PBMCs and generation of immature dendritic cells
Peripheral blood mononuclear cells (PBMCs) were isolated from buffy 
coats obtained from healthy HLA class II typed donors. Blood was 
drawn in accordance with Dutch regulations and after approval from 
the Sanquin Ethical Advisory Board in accordance with the declaration 
of Helsinki. Briefly, first a Ficoll Plaque density gradient (GE healthcare, 
Eindhoven, The Netherlands) was used to separate the PBMCs from the 
buffy coat.21 The ring fraction containing the PBMCs was resuspended 
in the PBS diluted plasma fraction and monocytes were separated from 
the lymphocytes, neutrophils and granulocytes by elutriation (Avantie 
J-26 XPI, Beckman Coulter, Woerden, The Netherlands). Monocytes were 
subsequently cultured in Cellgro medium (CellGenix, Freiburg, Germany) 
in the presence of 800 U/ml IL-4 and 1000 U/ml granulocyte-macrophage 
colony stimulating factor (GM-CSF, CellGenix) for 5 days.

HLA-DR and HLA-DQ genotyping
Next generation sequencing for HLA-DR and HLA-DQB was performed 
in house. For HLA-DQA next generation sequencing was performed by 
GenDX (Utrecht, The Netherlands).
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Materials
Recombinant full length ADAMTS13 was produced in stable transfected 
HEK293 cells and purified as described previously.6 Concentration of 
purified ADAMTS13 was determined by Bradford. Anti-CD40-PE, anti-CD80-
FITC, anti-CD83-PerCP-Cy5.5, anti-CD86-APC and anti-HLA-DRB-Pacific 
Blue (clone L243) were obtained from BD Biosciences (San Jose, CA). 
Lipopolysacharide (LPS) was obtained from Sigma-Aldrich (St. Louis, USA). 
The hybridoma producing the HLA-DQ-specific antibody (SPV-L3)22 was a 
kind gift from Prof. dr. H. Spits (Academic Medical Center, Amsterdam); 
hybridoma producing the HLA-DR-specific monoclonal antibody (L243) 
was purchased from ATCC (Wesel, Germany). Antibodies were purified 
from hybridoma supernatant via protein A Sepharose (GE Healthcare) 
and coupled to CNBr Sepharose 4B at a final concentration of 2 mg/ml 
(Amersham Biosciences, Buckinghamshire, UK).

Endocytosis of ADAMTS13
After 6 days of differentiation 5x106 immature DCs were incubated with 
100 nM of recombinant ADAMTS13 in Cellgro medium supplemented with 
800 U/ml IL-4 and 1000 U/ml GM-CSF. After 5 hours of incubation the DCs 
were maturated overnight following the addition of 1 μg/ml of LPS + 10% 
fetal calf serum. After maturation the cells were detached from the plate 
using phosphate buffered saline (PBS) and mechanical force.

Affinity purification of HLA-DR and HLA-DQ restricted peptides
HLA-DR and HLA-DQ peptide complexes from mature DCs pulsed with 
ADAMTS13 were purified using a modification of a previously described 
protocol.23 Briefly, cells were resuspended in 500 μl lysis buffer (10 mM Tris-
HCl, 0.25% octyl-β-D-glucopyranoside, 1% sodium deoxycholate and Halt 
Protease and Phosphatase Inhibitor Cocktail, EDTA-free (1:100 dilution) 
(Thermo Scientific)) and incubated at 4°C for 30 minutes. Lysates were 
centrifuged at 20.000 x g for 15 minutes at 4°C. HLA-DR and HLA-DQ peptide 
complexes were purified from the supernatant by L243 or SPV-L3 coupled 
CNBr Sepharose respectively. Lysates were incubated end-over-end at 
4°C overnight. Following overnight incubation L243 or SPV-L3 Sepharose 
was washed 2x with lysis buffer and 4x with 10 mM Tris-HCl pH 7.0. MHC 
class II-peptide complexes were eluted using 500 μl 10% acetic acid for 
10 minutes at room temperature. Then the samples were centrifuged at 
400xg for 5 minutes at room temperature and the supernatant transferred 
to low-binding 1.5 ml Eppendorf tubes and heated for 15 minutes at 70 
°C. Trifluoroacetic acid was added to lower the pH to <2.5. Samples were 
desalted and concentrated using C18 resin (Dr. Maisch Gmbh, Amersfoort, 
The Netherlands) STAGE Tips.24 The STAGE Tips were eluted with 20 μl of 
1% formic acid/30% acetonitrile and concentrated using a SpeedVac 
(Savant, SPP1110, Thermo Scientific) to a final volume of 5 μl. 
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Mass spectrometric analysis of purified peptides
Peptides were separated by nanoscale C18 reverse phase chromatography 
coupled on line to an Orbitrap Fusion Tribrid mass spectrometer (Thermo 
Scientific) via a nanoelectrospray ion source (Nanospray Flex Ion Source, 
Thermo Scientific). Peptides were loaded on a 20 cm 75–360 µm inner-
outer diameter fused silica emitter (New Objective) packed in-house with 
ReproSil-Pur C18-AQ, 1.9 μm resin (Dr Maisch GmbH). The column was 
installed on a Dionex Ultimate3000 RSLC nanoSystem (Thermo Scientific) 
using a MicroTee union formatted for 360 μm outer diameter columns (IDEX) 
and a liquid junction. The spray voltage was set to 2.15 kV. Buffer A was 
composed of 0.5 % acetic acid in water and buffer B of 0.5 % acetic acid, 
19.5% water, 80% acetonitrile. Peptides were loaded at 300 nl/min at 5% 
buffer B, equilibrated for 22 minutes at 5% buffer B (0-22 min) and eluted by 
increasing buffer B from 5-40% (22-62 min), followed by a 10 minute wash 
to 90 %, 3 minute hold at 90 %, a 2 minute ramp back to 5 % and a 5 min 
regeneration at 5%. Survey scans of peptide precursors from 400 to 1500 
m/z were performed in the Orbitrap Fusion Tribrid mass spectrometer at 
120K resolution (at 200 m/z) with a 1.5 x 105 ion count target. Tandem mass 
spectrometry of the 5 most intense precursors was performed by isolation 
with the quadrupole with isolation width 1.6, higher-energy collisional 
dissociation (HCD) fragmentation with normalized collision energy of 30, 
and rapid scan mass spectrometry analysis in the ion trap. The dynamic 
exclusion duration was set to 60 s with a 10 ppm tolerance around the 
selected precursor and its isotopes. Mono-isotopic precursor selection was 
turned on. The MS2 ion count target was set to 500 and the max injection 
time was 35 ms. Only those precursors with charge state 2 and up were 
sampled for MS2. All data was acquired with Xcalibur software.

Mass spectrometry data analysis
Raw data files from the Orbitrap Fusion Tribid were scored against the 
uniprot-organism_9606_AND_keyword_kw_0181 database using Proteome 
Discover 1.4 (Thermo Scientific) with a 20 ppm tolerance for precursor 
mass and 10 ppm tolerance for fragment mass. Oxidation (+15.995 Da) 
on methionine was selected as dynamic modification. A decoy database 
comprising the reverse protein sequences from the same database was 
used to obtain a false discovery rate (FDR). Only peptides with a high 
confidence (FDR threshold 0.05%) were considered for protein scoring.

Results

Parallel profiling of HLA-DR and HLA-DQ peptide presentation
Previously, we have studied the repertoire of ADAMTS13 derived peptides 
that is presented on HLA-DR.19 These studies revealed that CUB2 domain 
peptides containing the core-sequence “FINVAPHAR” were preferentially 
presented on HLA-DR11.19 These observations are consistent with the 
reported association of HLA-DR11 as a risk factor for acquired TTP.15–17 An 
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increase in the frequency of DQB1*03 in patients with acquired TTP was 
reported in several studies.15,17,25 DQB1*02 was identified as a potential 
risk factor for acquired TTP in a separate study by John and co-workers.17 
As yet the role of HLA-DQ in presentation of ADAMTS13 derived peptides 
has not been explored. To assess the relative contribution of HLA-DQ to 
peptide presentation of ADAMTS13 we pulsed dendritic cells (DCs) of a 
panel of HLA-typed donors with ADAMTS13. HLA-DR and DQ profiling of 
the healthy donors included in this study was performed (Table I).

Table 1: MHC-II genotype of donors used in the study. The donors used in this study were 
typed for HLA-DRB1, HLA-DQA1 and HLA-DQB1 by next generation sequencing. For donor 
11 the HLA-DQA1 alleles could not be determined using next generation sequencing, so we 
used imputation analysis to link HLA-DQA1 to the already identified alleles HLA-DRB1 and 
HLA-DQB1. Using the HLA-Haplotype frequency search (allelefrequencies.net) indicated 
that HLA-DRB1*03:01/HLA-DQB1*02:01 is linked to HLA-DQA1*05:01 (frequency 25.3%) and 
that HLA-DRB1*11:01/HLA-DQB1*03:01 is linked to HLA-DQA1*05:01 (frequency 13.6%).

 Immature dendritic cells (iDCs) were harvested after 5 days of differentiation 
and pulsed with 100 nM of ADAMTS13 for 4 hours. Subsequently, iDCs were 
incubated overnight with 1 μg/ml lipopolysaccharide and 1% fetal calf 
serum (FCS) to allow for their maturation. Maturation of DCs was monitored 
by assessing the expression levels of CD80, CD83, CD86, CD40 and HLA-
DR (Supplemental Figure 1). Peptides bound to HLA-DR and HLA-DQ were 
purified employing anti-HLA-DR monoclonal antibody L243 and anti-HLA-
DQ antibody SPV-L3.23,26 A list of HLA-DR bound peptides presented on DCs 
of donor 10 is displayed in Table 2. 
In agreement with previous findings a significant number of peptides is 
derived from endogenously expressed proteins present in endo-lysosomal 
compartments is presented on HLA-DR (Table 2). These proteins include 
HLA-DR itself; 8 peptides derived of HLA-class II histocompatibility antigen 
are presented on HLA-DR. Also transferrin receptor protein 1 and prolow-
density lipoprotein receptor-related protein 1 were presented on HLA-DR 
(Table 2A). Seven peptides derived of ADAMTS13 were presented on HLA-
DR of DCs of donor 10. These peptides included the previously identified 
“RLFINVAPHAR” peptide (Table 3A). Interestingly a metallo-protease 
domain derived peptide (sequence “IGAELLRDSLGAQFR”) which was 
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Table 2 List of peptides presented on HLA-DR and DQ on ADAMTS13 pulsed dendritic cells. 
Most peptides are derived from endogenous proteins. The number of unique peptides 
observed for each protein is depicted in the right column. Seven ADAMTS13 derived peptides 
were presented on HLA-DR and 2 ADAMTS13 derived peptides were presented on HLA-DQ. 

Table 3: Presentation of ADAMTS13 
derived peptides on HLA-DR (A) 
and HLA-DQ (B) of dendritic cells 
derived of donor 10. The first column 
lists the ADAMTS13-derived peptides 
presented on HLA-DR (A) or HLA-
DQ (B), followed by the peptide 
confidence (q-value) and the 
peptide charge.
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previously identified in an unrelated DRB1*04 positive donor was also 
identified in donor 10 (Table 3).19 As expected also a significant number 
of HLA-DQ presented peptides is derived from proteins residing in endo-
lysosomal compartments (Table 2B). Fifteen unique peptides derived of the 
alpha chain of HLA-DR and 5 unique peptides derived of the beta chain 
(data not shown) are presented on HLA-DQ whereas peptides derived of 
HLA-DQ itself were not found (data not shown). Apart from HLA-derived 
peptides also peptides derived from cathepsin B and S were presented on 
HLA-DQ (Table 2B). The overall number of peptides presented on HLA-DQ 
is approximately 3 fold lower for HLA-DQ when compared to HLA-DR (436 
unique peptides on HLA-DQ versus 1429 on HLA-DR for donor 10 (Figure 1)). 
This is also reflected in the number of ADAMTS13 derived peptides that is 
presented on HLA-DQ. Two different ADAMTS13 peptides were identified; 
peptide “IGAELLRDPSLGAQFR” was also presented by HLA-DR (compare 
results for donor 10 listed in Table 3A for HLA-DR and in Table 3B for HLA-
DQ). Peptide “SPGGASFYHWGAAVPHSQG” derived from the cysteine-
rich domain of ADAMTS13 was not presented on HLA-DR and has also not 
been found in previous studies.19 

In the previous section we have successfully established a protocol for 
the parallel profiling of peptides presented on HLA-DR and HLA-DQ on 
DCs derived of a single donor. To extend these observations we pulsed 
DCs of a panel of 10 additional donors with 100 nM ADAMTS13, purified 
HLA-DR and HLA-DQ and assessed the repertoire of peptides presented 
on these alleles. The number of unique peptides presented on DC derived 
of different donors varied considerably. Between 1000 and 2700 unique 
peptides were found to be presented on HLA-DR (Figure 1). Also the 
number of peptides presented on HLA-DQ varied considerably. Between 
250 and 1000 unique peptides were presented on HLA-DQ (Figure 1). 
Overall, 2-3 fold lower numbers of unique peptides were identified as 
being presented on HLA-DQ when compared to HLA-DR. The number 

Figure 1: Number of unique peptides identified in the MS samples for HLA-DR or HLA-DQ. 
Please note that donor 8 was not taken along since the dendritic cells generated from 
monocytes of this donor failed to present sufficient numbers of peptides (number of peptides 
presented on HLA-DR < 500).
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of ADAMTS13 peptides presented varied considerably for the different 
donors. Also here the number of ADAMTS13 derived peptides presented 
on HLA-DQ was less then observed for HLA-DR. No HLA-DQ presented 
peptides were identified on DCs derived of donor 1, 3, 5, 6, 7 and 9; limited 
number of ADAMTS13 derived peptides presented on HLA-DR were also 
identified for donor 1, 5, 6, 7 and 9 (Table 4 and 5). In contrast for donor 
3 multiple peptides presented on HLA-DR were identified whereas no 
ADAMTS13-derived peptides were presented on HLA-DQ.

Peptide presentation on HLA-DR.
Previously, we have shown that peptides derived from the core-sequence 
“FINVAPHAR” were presented on HLA-DRB1*11.19 Peptides derived from the 
same core-sequence were also presented on non-HLA-DRB1*11 positive 
donors when DCs were pulsed with 500 nM of ADAMTS13.19 In this study 
peptides containing the “FINVAPHAR” core sequence were identified in 
donor 1, 9, 10 and 12 (Table 2). No peptides containing the “FINVAPHAR” 
core sequence were identified in HLA-DRB1*11 positive donor 7 and 11 
(Table 2). Peptides derived from the core sequence “IHALATATNMG” 
which is located adjacent to the “FINVAPHAR” core peptide were found 
in donor 2 and 3 who are both DRB1*11 negative (Table 2). Peptides 
derived from core sequence “LIRDTHSLR” were identified in donor 11 
and donor 12; both these donors are DRB1*03 positive. These results are 
fully concordant with the identification of “LIRDTHSLR” derived peptides 
in DRB1*03 positive donors in a previous study.19 Overall, the majority of 
the DRB1 presented peptides identified in this study were derived from 
the CUB domains (Table 2, 4). The affinities for each ADAMTS13-derived 
peptides to their corresponding HLA-DRB1 complex was calculated using 
the NetMHCIIpan 3.1 software (Supplementary Table 1).27 

Peptide presentation on HLA-DQ
In 5 out of 11 donors ADAMTS13 derived peptides presented on HLA-
DQ were identified (Table 3, 5). One peptide with the core sequence 
“CAVAIGRFL” derived from the CUB-1 domain was presented by DCs 
from 3 different donors (Table 5). Donors presenting this peptide were 
positive for HLA-DQB1*06 whereas this peptide was not identified in HLA-
DQB1*06 negative donors (Table 1 and 5). This indicates that “CAVAIGRFL” 
containing peptides are preferentially presented on HLA-DQB1*06. The 
predicted affinity of “CAVAIGRFL” containing peptides for HLA-DQA1*05/ 
DQB1*06 complexes ranged from 50 to 54 nM (see donor 12; Supplementary 
Table 2). The predicted low affinity suggests that “CAVAIGRFL” derived 
peptides that are presented on DQB1*06 containing HLA-DQ complexes 
may be targeted by auto-reactive CD4+ T cells in patients with acquired 
TTP. A single “CAVAIGRFL” derived peptide was also presented on HLA-
DR by donor 2 and 4 (Table 4 and Supplementary Table 1). The predicted 
binding affinity of this peptide to the HLA-DRB1 molecules of these donors 
was however quite low. Two peptides were presented by 2 different 
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donors; these peptides were derived from the cysteine-rich and CUB-2 
domains with core-sequences “SFLDGTRCM” and “IRDTHSLRT”-derived 
peptides, respectively. The peptide with core sequence “SFLDGTRCM“was 
also presented on HLA-DR (by donor 2). The other HLA-DQ presented 
peptide with core-sequence “IRDTHSLRT” was also presented by HLA-
DRB1*03 positive donors (donor 11 and 12). Interestingly, presentation of 
“RIDTHSLRT” containing peptides was observed on both HLA-DR and HLA-
DQ in donor 11 and donor 12; this particular peptide was not presented 
by DCs derived of other donors. Four HLA-DQ presented peptides were 
only presented by a single donor; 2 out of these 4 peptides were also 
presented on HLA-DR. In total 10 different core peptides were presented 
on HLA-DQ. These peptides originated from 5 domains of ADAMTS13; the 
metalloprotease, cysteine-rich, TSP-2, CUB-1 and CUB-2 domains. The 
affinities for each ADAMTS13-derived peptides to their corresponding HLA-
DQ was calculated using the NetMHCIIpan 3.1 software (Supplementary 
Table 2).27

Discussion
In this study we explored the repertoire of HLA-DQ presented peptides in 
ADAMTS13 pulsed monocyte-derived dendritic cells. In parallel we used 
also assessed the HLA-DR presented peptide repertoire. This approach 
allows for a direct comparison of the repertoires expressed on HLA-DR 
and HLA-DQ. Our data reveal that the number of peptides presented 
on HLA-DQ is 2-3 fold lower when compared to the repertoire presented 
on HLA-DR. This may be due to lower expression of HLA-DQ when 
compared to HLA-DR on monocyte derived dendritic cells. HLA-DQ is not 
highly expressed in monocytes but following GM-CSF and IL-4 induced 
differentiation into dendritic cells expression of HLA-DQ is increased.28 The 
observed differences in size of peptide repertoire may also be explained 
by differences in affinity of peptides generated by cathepsins and 
related proteases in endolysosomes for HLA-DR and DQ. Peptides may 
preferentially be loaded on HLA-DR when compared to HLA-DQ. In this 
respect it is interesting to note that the predicted affinity of binding of 
ADAMTS13 derived peptides is much higher for HLA-DR when compared 
to HLA-DQ (see Supplementary Table 1 and 2). Whether this also accounts 
for peptides derived of endogenous proteins has not yet been explored. 
Finally, we cannot exclude that differences in amounts of unique peptides 
that are identified on HLA-DR and HLA-DQ are caused by differences in 
experimental protocols used for generation of these peptide repertoires. 
For purification of HLA-DR we have used monoclonal antibody L243, 
whereas SPV-L3 was used for purifying HLA-DQ.22,29 Both antibodies have 
been successfully used for profiling of peptide presentation on either and 
HLA-DR and HLA-DQ.19,23,30–32 Nevertheless, it is possible that L243 more 
efficiently captures MHC class II molecules from cell-lysates of antigen 
presenting cells when compared to SPV-L3. 
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Similar to HLA-DR the majority of peptides presented on HLA-DQ is derived 
from endogenous proteins. In this study we focused on HLA-DR and HLA-
DQ presented peptides that are derived of ADAMTS13. Our findings show 
that there is overlap but also differences in the repertoire of ADAMTS13 
derived peptides that are presented on HLA-DQ and HLA-DR (Table 3 
and 4). This is illustrated by the CUB2 domain derived peptides with core-
sequences ”FINVAPHARIA” and “YILIRDTHS”. “FINVAPHARIA” derived 
peptides were exclusively identified in the HLA-DR eluted peptide pools 
whereas “YILIRDTHS” derived peptides were identified in both HLA-DR 
and HLA-DQ eluted peptide pools (Table 3 and 4). A limited number of 
ADAMTS13 derived peptides was exclusively identified in HLA-DQ eluted 
peptide pools; these included 2 TSP-2 derived peptides and a peptide 
derived from the cysteine-rich domain of ADAMTS13. Interestingly, one 
TSP-2 derived peptide with core sequence “NYSCLDQAR“ has been 
reported to contain an N-linked glycosylation site.33 Recent work in our 
group showed that the asparagine present within this peptide contains 
a biantennary complex-glycan.34 We expect that the presence of an 
N-linked glycan at this position would either interfere with the binding of
“NYSCLDQARKE“-derived peptides to HLA-DQ or with recognition of the
HLA-DQ/peptide complex by a complementary T cell receptor (TCR). We
therefore anticipate that glycan containing peptides will not be presented
on HLA-DQ or will not be recognized by CD4+ T cells. As shown in this study
non-glycan containing peptides, however can be presented on HLA-
DQ and potentially be recognized as a non-self-peptide by CD4+ T cells.
Aberrant O-glycosylation of a major T cell epitope on type II collagen has
previously been implicated in development of autoimmune arthritis 35–37

Similarly, CD4+ T cells recognizing non-glycosylated forms of ADAMTS13-
derived peptides that normally contain a glycan may contribute to the
onset of auto-immune TTP.
Several studies have shown that the frequencies of HLA-DRB1*11 and
DQB1*03 are increased in patients with acquired TTP.15,16 In contrast
the frequency of DRB1*04 was found to be decreased in patient with
acquired TTP, suggesting that this allele protects against the development
of auto-immune TTP.15–17 The observed association between HLA alleles
and development of auto-immunity has been considered to result from
recognition of self-peptides by low affinity CD4+ T cells that have escaped
negative selection in the thymus.26 Also, post-translational modification
of immune-dominant epitopes may promote their recognition by CD4+ T
cells.37,38 Recently, it has been shown that differences in the intrinsic stability
of HLA-DQ proteins may be linked to the onset of autoimmunity.39 Several
HLA-DQ proteins have been shown to be poorly expressed on the cell
surface; immuno-dominant epitopes that may potentially bind to these
HLA-DQ proteins may therefore be not be sufficiently presented to allow
for negative selection of CD4+ T cells in the thymus. This would result in
the appearance of potentially auto-reactive CD4+ T cells in the periphery
that could contribute to the onset of autoimmunity.39 It is possible that the
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increased frequency of HLA-DQB1*03 in patients with auto-immune TTP is 
caused by the inability of HLA-DQB1*03 containing DQ proteins to efficiently 
present immune-dominant self-peptides. This would result in defective 
elimination of self-reactive CD4+ T cells during negative selection in the 
thymus. In this respect it is interesting to note that a single polymorphism 
in the HLA locus that affects expression of a number of MHC class II 
subunits has been linked to the onset of auto-immune TTP.18 As outlined by 
Miyadera increased stability of MHCII-peptide complexes may also confer 
protection for autoimmunity by more rigorous elimination of self-reactive 
CD4+ T cells recognizing immune-dominant self-epitopes in the thymus.39 
This mechanism may potentially provide an explanation for the protective 
effect of HLA-DRB1*04 on development of autoimmune TTP. Future studies 
are needed to address whether HLA-DR or HLA-DQ stability modulates 
CD4+ T cell responses in acquired TTP. To explore whether this mechanism 
contributes to the onset of acquired TTP rigorous assessment of HLA-DR 
and HLA-DQ restricted CD4+ T cell responses in patients with acquired TTP 
is required. The current study provides an unbiased view on the peptide-
repertories presented on HLA-DR and HLA-DQ. This information provides 
a basis for detailed studies defining the CD4+ T cell responses in acquired 
TTP. 
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Supplementary Information

Materials and methods

Characterization of immature and mature dendritic cells

Mature and immature dendritic cells were analyzed for upregulation of 
surface markers and HLA-DR by flow cytometry. Cells were incubated with 
50 μl LIVE/DEAD Fixable Near-IR Dead Cell Stain (Thermo Scientific) for 20 
minutes, washed and subsequently incubated with 50 μl of PBA (PBS sup-
plemented with 0.5% human serum albumin and 0.01% azide) and appro-
priate monoclonal antibody or isotype control for 30 minutes at 4°C. Cells 
were washed with PBA and analyzed by flow cytometry (FACS Canto II, 
BD Biosciences). Data were analyzed using Flowjo software version V10 
(Flowjo, Ashland, OR, USA).

Results

Supplementary Figure 1: Characterization of immature and mature dendritic cells. Flow 
cytometry histograms of immature (dark grey histogram) and maturated dendritic cells 
(light grey). The cells were stained and analyzed for maturation makers CD80, CD83, CD86, 
CD40 and HLA-DRB. The expression of all these markers is increased on mature dendritic 
cells after maturation with 1 μg/ml LPS. 
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Supplementary Table 1: HLA-DRB1 peptide presentation and core peptide binding affinity 
calculation. The ADAMTS13-derived peptides identified for each donor were analyzed for 
their binding affinities to the donor specific HLA-DRB1 alleles (column 6 and 7) using the 
NetMHCIIpan 3.1 software. The affinity is presented in nM and hightlighted in red when the 
affinity is < 50nM and in orange when the affinity is between 50 and 200 nM. The different 
domains of ADAMTS13 where the peptides originate from are highlighted in the right column.
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Supplementary Table 2: HLA-DQA/HLA-DQB peptide presentation and core peptide binding 
affinity calculation. The ADAMTS13-derived peptides identified for each donor were analyzed 
for their binding affinities to the donor specific HLA-DQA and HLA-DQB alleles (column 6 – 9) 
using the NetMHCIIpan 3.1 software. The affinity is presented in nM and hightlighted in red 
when the affinity is < 50nM and in orange when the affinity is between 50 and 200 nM. The 
different domains of ADAMTS13 where the peptides originate from are highlighted in the 
right column.

Supplementary Table 2: continued
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General discussion

Acquired thrombotic thrombocytopenic purpura (TTP) is a severe and life 
threatening disorder that is caused by the development of auto-antibodies 
directed towards the von Willebrand factor (VWF) cleaving protease 
ADAMTS13.1 Antibodies directed against ADAMTS13 have been shown to 
inhibit the processing of VWF polymers and/or enhance its clearance from 
the circulation.2 Persistence of unprocessed VWF polymers increases the 
risk of microvascular thrombosis resulting in thrombocytopenia, hemolytic 
anemia and organ damage.3 Due to the lack of platelets in patients 
with acquired TTP small bleeds may occur in the microvasculature that 
present as petechiae on the skin.3,4 Over the past 15 years the structure 
and the function of ADAMTS13 have been unraveled in considerable 
detail.5–13 Our knowledge on the binding characteristics and functional 
properties of anti-ADAMTS13 antibodies has also increased significantly 
over the past years.14–16 Many questions are still remaining with respect 
to risk factors involved in the onset of acquired TTP. Currently, we do not 
know what triggers the initial development of antibodies directed against 
ADAMTS13 in normal individuals. Case reports describe bacterial or viral 
infections coinciding with the onset of acquired TTP.17–23 The macrophage 
mannose receptor has been shown to be the major endocytic receptor 
for ADAMTS13 on monocyte derived dendritic cells.24 Interestingly, 
increased presentation of peptides on major histocompatibility complex 
(MHC) II has been shown to result from internalization of mannosylated 
ligands.25 In this thesis, we investigated how ADAMTS13 interacts and is 
processed by both dendritic cells and macrophages. For the first time, 
we characterized CD4+ T cell responses in patients with acquired TTP. In 
order to produce high-affinity antibodies, B cells need to undergo class-
switching and somatic hypermutation.26 These processes primarily take 
place in the germinal centers of the spleen and are dependent on the 
help of activated CD4+ T lymphocytes.26 In this chapter, we will discuss 
the findings reported in this thesis with special emphasis on their potential 
relevance for our current knowledge on both genetic and environmental 
factors that contribute to the onset of acquired TTP. 

Post-translational modifications on ADAMTS13
ADAMTS13 (UniProt database entry Q76LX8) is encoded by 1427 amino 
acids.27 The signal peptide of ADAMTS13 consists of 29 amino acids; 
ADAMTS13 contains a pro-peptide encoded by 45 amino acids.27 
ADAMTS13 is extensively modified by post-translational modifications. 
Evidence has been obtained for the presence of 10 N-linked glycans, 2 
C-mannosylated tryptophans and 8 O-fucosylated serine or threonine 
residues.28,29 In chapter 5 we studied the glycans attached to ADAMTS13, 
employing glycopeptide enrichment using zwitterionic-HILIC tips.30 
Apart from the previously reported 10 N-linked, 2 C-mannosylation and 
8 O-fucosylation sites, we identified a third C-mannosylation site and 6 
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O-linked glycosylation sites on ADAMTS13.30 We were able to identify
and describe the glycan composition on these glycosylation sites. For
the O-linked glycans there is no consensus on the assembly of these
glycans. We therefore suggested possible glycan structures attached to
the 6 identified O-linked glycosylation sites, based on the most common
O-linked glycans described in literature.31

The results documented in Chapter 5 show that different N-linked glycans
can be attached to single aspargine.30 For this study, we used ADAMTS13
which was purified from plasma pools composed of multiple donors. It
is very well possible that glycosylation patterns of ADAMTS13 (and other
proteins) may vary between individuals within a single individual over
time. Although difficult to explore, it may be possible that glycosylation
patterns of ADAMTS13 are not identical for healthy individuals and TTP
patients. For instance exposure of additional mannose-ending sugars on
ADAMTS13 might promote macrophage mannose receptor-mediated
uptake by dendritic cells thereby potentially contributing to the onset of
acquired TTP.
Recently, phase 1 studies have been initiated for treatment of patients with
congenital TTP with a recombinant ADAMTS13 protein (BAX930) that has
been produced in Chinese Hamster Ovary (CHO) cells and is suggested
to be fully glycosylated.32–34 Administration of BAX930 to 7 patients with
congenital TTP normalized platelet counts and reduced the level of ultra
large-VWF multimers.32 Amongst the different expression systems suitable
for recombinant protein production CHO cells have been shown to
produce proteins with the highest degree of sialylation compared to baby
hamster kidney cells or human embryonic kidney 293 cells.35 As yet, the
precise composition of glycans on recombinant ADAMTS13 has not yet
been determined. Potentially, the glycan compostion of recombinant
ADAMTS13 may have impact on its clearance from the circulation and/or
may modulate its potential immunogenicity.
It has been suggested that aberrant glycosylation might play a role in
the onset of auto-immune disorders.36,37 Post-translational modifications
such as glycosylation may modulate endocytosis, proteolytic processing
and MHC class II presentation.37 MHC class II presented peptides may
contain glycans or other post-translational modifications. Type II collagen
reactive CD4+ T cells have been shown to react with a peptide containing
an O-linked glycan attached to a hydroxylysine residue.38 Peptides
containing complex N-linked glycans derived of CD53 have also been
shown to bind to HLA-DR.39 Conversely, post-translational modification
of peptides may also prevent binding of peptides to HLA-DR or HLA-DQ.
The absence of a glycan on a site may promote its binding to MHC class
II and recognition of peptide-MHC class II recognition by CD4+ T cells.
In Chapter 6 we identified a TSP2 derived peptide (WNYSCLDQARKE)
that contains a potential N-linked glycosylation site. The presence of a
complex N-linked glycan on N707, which is part of this peptide, has been
experimentally verified in Chapter 5 (Table 2). Nevertheless, we identified
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the non-glycan containing peptide as a potential MHC class II ligand by 
pulsing dendritic cells with recombinant ADAMTS13. Incomplete addition 
and/or removal of N-linked glycans to peptides that can be presented 
on MHC class II may potentially result in their recognition by CD4+ T cells 
as non-self. Negative selection in the thymus may have eliminated self-
reactive CD4+ T cells directed towards peptides containing the glycan 
whereas CD4+ T cells recognizing the de-glycosylated peptide may 
not have been removed from the CD4+ T cell repertoire. Incomplete or 
aberrant glycosylation may also be promoted during infection.40 E. coli 
expressed glycosyltransferases have been shown to be able to modify 
glycans on self-proteins.40 Similarly, CagA toxin of Helicobacter pylori has 
been reported to alter glycosylation of IgA by down-regulation of the 
expression of β1-3 galactosyltransferase.41 In addition, cytokines released 
during the course of an infection by pathogens have been shown to 

Figure 1: Modulation of complex formation between MHC-II/peptide and TCRs by peptide-
bound glycans. A) Interaction of MHC-II (blue) with a peptide in complex with a TCR. The amino 
acids responsible for MHC-II contact are depicted in yellow, the amino acids contacting the 
TCR are colored dark blue and the remaining amino acids are colored light blue. B) Peptide 
NASYILIRDTHSLRT does contain a glycan . Nevertheless the non-glycosylated peptide is 
can be presented on MHC-II. The glycan attached to the first asparagine can potentially 
enhance binding of the MHC-II/peptide complex to a TCR. C) the WVNYSCLDQARKE 
peptide in complex with MHC-II. The asparagine at position 3 is glycosylated and blocks 
the TCR interaction with the MHC-II/peptide complex. D) Absence or removal of the glycan 
attached to this peptide enables its recognition by MHC-II providing a neo-epitope that can 
potentially be recognized by a TCR. 
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alter the expression of glycosyltransferases, thereby modulating glycan 
profiles on self-proteins.42,43 Therefore, infections which often precede 
development of acquired TTP may induce partial deglycosylation of 
ADAMTS13, allowing for presentation of non-glycan containing peptides to 
CD4+ T cells. Whether this mechanism contributes to the onset of acquired 
TTP remains to be determined in future studies. 

The role of the human microbiome in the onset of acquired TTP
In chapter 2, we proposed a model for the onset of acquired TTP. In this model 
we described peptides homologous to ADAMTS13-derived peptides from 
the CUB-2 domain, previously identified to be presented on HLA-DRB1*11 
and HLA-DRB1*03.44 The peptides described were identified running 
a simple protein BLAST on the website of the NCBI. This BLAST algorithm 
only looked at the amino acid sequence of the peptide and compared 
this sequence to all proteins in the database (database: non-redundant 
protein sequences, NCBI).45 To get a better overview of the pathogen-
derived peptides that might be involved in triggering the immune response 
against ADAMTS13, a student project was initiated that involved writing 
a program that could mathematically calculate homologous peptides 
based on the core peptides residues for MHC-II binding and take into 
account which amino acid substitutions could be possible without altering 
the binding capacity of the peptide to the MCH-II molecule. As a second 
option a more advanced algorithm was developed in which also amino 
acids that were important for TCR recognition were taken into account 
as well. Amino acids important for MHC-II binding are P1, P4, P6 and P9 
(red residues Table 1), whereas TCR recognition primarily relies on P1, P2, 
P3, P5 and P8 (green residues Table 1). Using this program we screened 
the database from the human microbiome project for peptide sequences 
homologous to the “FINVAPHAR” and “ASYILIRDTHSLRT” peptides.46 Over 
24,000 candidate peptides derived from the human microbiome and 
human viruses for the “FINVAPHAR” peptide and 31,000 candidate-
peptides for the “LIRDTHSRL” peptide were identified (Table 1). Of these 
24,000 and 31,000 peptides, 230 peptides were highly homologous to the 
“FINVAPHAR” peptide and 167 peptides were highly homologous to the 
“LIRDTHSLR” peptide. These peptides fitted both in the MHC-II complex; 
also residues contacting the TCR were homologous for these peptides. The 
remainder of the peptides either fitted in the MHC-II complex or are able 
the interact with the TCR, but not both. A short list of peptide sequence, the 
originating species of bacteria or virus as well as the homologous amino 
acids (orange highlighted amino acids) is shown in Table 1. Interestingly, 
we identified peptides including the “LFINVAYGAV” sequence derived 
from pox viruses. Inactivated Vaccinia virus (containing this peptide 
sequence) has been used as active compound in the smallpox vaccine.47 
Due to eradication of smallpox viruses no active vaccination program is 
currently ongoing. Therefor, it is unlikely that smallpox vaccination is linked 
to the onset of acquired TTP.
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HLA haplotypes and acquired TTP
Several cohort studies have identified HLA-DRB1*11 and HLA-DQB1*03:01 
as genetic risk factors for acquired TTP, whereas HLA-DRB1*04 has been 
hypothesized to be a protective HLA allele.48–50 A case report of acquired 
TTP in twin sisters showed that they shared the HLA-DQB1*03:01 allele.51 
However, the genetic predispositions as identified for HLA-DRB1*11 and 
HLA-DQB1*03:01 cannot explain all cases of acquired TTP. Neither HLA-
DRB1*11 nor HLA-DQB1*03 were present in two 2 sisters who developed 
acquired TTP.52 One sibling, however, carried the protective HLA-DRB1 
allele 04:01, but there was no difference in disease severity.52 Analyzing the 
HLA-haplotypes of the two acquired TTP sisters and a healthy sister showed 
that all three of the sisters shared HLA-DRB1*09 and HLA-DQB1*03:03 
alleles.52 
Sinkovits and co-workers investigated the HLA-DRB1 and HLA-DQB1 
haplotypes in 75 acquired TTP patients.53 They confirmed that the 
frequency of DRB1*11-DQB1*03 was increased in the patient population: 
the haplotype DRB1*15-DQB1*06 was suggested to be an additional risk 
factor for acquired TTP. 53 Apart from the two risk factor haplotypes, they 
found, two haplotypes whose frequencies were reduced in the patient 
population, DRB1*07-DQB1*02 and DRB1*13-DQB1*06 suggesting a 
possible protective role for these haplotypes.53 A recent study linked the 
single nucleotide polymorphism rs69033608 to acquired TTP.54 Rs69033608 
is located between HLA-DRA and HLA-DRB5 and has been proposed to 
affect the expression-levels of linked HLA-DRA, HLADQA1 and HLADQB1 
alleles.55 in addition, HLA-DQB1*03:01, HLA-DQA1*05:05 and HLA-B*1801 
were more frequently found in patients with acquired TTP when compared 
to controls, whereas HLA-DRB1*07 and DRA1*01:01 were underrepresented 
in patients with acquired TTP.54 The observed association between 
rs69033608 and development of acquired TTP raises the possibility that 
altered expression of MHC class II may underlie the observed association 
of acquired TTP and the HLA genomic region. In this respect, it is interesting 
that rs69033608 also has been reported to affect the expression of the α- 
and β-subunit of the T cell receptor.54

Previous research showed preferential presentation of the peptide 
sequence “GCRLFINVAPHARIA”, derived from the CUB-2 domain of 
ADAMTS13, on HLA-DRB1*11 by monocyte derived dendritic cells of healthy 
donors.44 In addition, we showed that the CUB-2 domain derived peptide 
“ASYILIRDTHRSL” was presented on HLA-DRB1*03.40 In chapter 4, we show 
that CD4+ T cells recognizing these peptides sequences are present in 
peripheral blood of two patients with acquired TTP. CD4+ T cells from 
the patient with HLA-DRB1*11 recognized both full-length ADAMTS13 as 
well as the CUB-2 domain-derived peptide “FINVAPHAR”. CUB-2 domain-
derived peptide ASYILIRDTHRS reactive CD4+ T cells were identified in a 
HLA-DRB1*03 positive patient. No ADAMTS13-reactive CD4+ T cells were 
identified in this patient. This may be due to inefficient processing of 
ADAMTS13 by dendritic cells resulting in poor presentation of this particular 
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peptide on MHC-II. Alternatively, the glycan attached to the asparagine 
present in this natural presented peptide (see Figure 1) may interfere with 
processing, MHC-II binding or binding of the TCR to the peptide/MHC-
II complex. Future studies will need to address whether glycans or other 
post-translational modifications do play a role in peptide/MHC-II complex 
recognition by ADAMTS13-specific CD4+ T cells. 
To get a better overview of the peptides that are presented on MHC-II, we 
analyzed peptides presented on HLA-DQ. In Chapter 6, we investigated 
the presentation of ADAMTS13-derived peptides on HLA-DQ. Different core 
peptides are presented on HLA-DR as compared to HLA-DQ. We were 
able to confirm the presentation of the CUB-2 domain-derived peptides 
“GCRLFINVAPHARIA” and “ASYILIRDTHRS” on both HLA-DR as well as HLA-
DQB (Chapter 6), but we also found peptides not previously identified and 
peptides only presented on either HLA-DR or HLA-DQ. These data indicate 
that there is redundancy in the peptide-repertoires presented by HLA-DR 
and HLA-DQ. Using our experimental approach, we have successfully 
identified ADAMTS13-derived peptides that are presented on both HLA-DR 
and HLA-DQ. Interestingly, a small subset of peptides was only presented 

Figure 2: Impact of glycans on presentation of ADAMTS13 peptides. The top figure shows 
the MDTCS-domains from left to the CUB-domains on the right. The bottom figure shows the 
opposite orientation of ADAMTS13 starting with the CUB domains on the left and the MDTCS 
domains on the right side. This presentation allows for viewing both sides (“front and back”) 
of ADAMTS13. In red, the known glycosylation sites as identified in Chapter 5 are depicted. 
In blue, the hypothetical peptides containing glycans are shown. These peptides cannot be 
identified using our current protocol that does not allow for monitoring of peptides containing 
post-translational modifications. In orange peptides identified in Chapter 6 are depicted. For 
orientation, the antibody binding site in the spacer domain is highlighted in magenta. 
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on HLA-DQ. This observation suggests that the repertoire of peptides 
presented by HLA-DR and HLA-DQ overlaps but is not completely identical. 
Using our current experimental protocol we cannot identify peptides that 
are modified by post-translational modifications such as glycosylation, 
phosphorylation, O-fucosylation or C-mannosylation. Inspection of the 
3D-structure of ADAMTS13 reveals that glycosylation sites are evenly 
distributed along the molecule (Figure 2; glycosylation sites indicated in 
red). If we take into account that the MHC-II/TCR contacts span 9 amino 
acids and we add these to either side of the glycosylation site (Figure 2; 
highlighted in blue) a significant portion of ADAMTS13 is already covered 
by peptides that cannot be detected using our experimental protocol 
which is based on detection of non-modified peptides (Figure 2; peptides 
identified highlighted in orange). 
To extend the number of ADAMTS13 peptides that can be identified, the 
following approaches can be used. Following elution of peptides from 
MHC-II complexes the peptides can be treated with PNGase F, which 
removes all the N-linked glycans and converts asparagines into aspartic 
acid residues, thereby enabling the detection of MHC presented peptides 
containing N-glycans. Similarly, O-glycosidases can be used to remove 
O-linked glycans prior to analysis of MHC-II presented peptides by mass 
spectrometry. Less heterogenous post-translational modification such as, 
C-mannosylation, O-fucosylation, phosphorylation or tyrosine-sulfation 
may simply be detected by taking into account the increase in peptide-
mass that results from these modifications. 

Figure 3: Exosome-mediated crosstalk between macrophages and dendritic cells during 
the onset of acquired TTP. Macrophages can efficiently endocytose ADAMTS13 in a CD163 
dependent manner: following proteolytic processing ADAMTS13-derived peptides are loaded 
on MHC class II. MHC class II/peptide complexes are shed or released and subsequently 
internalized by dendritic cells enabling for the activation of CD4+ T cells. Exosome-mediated 
transfer of MHC class II/ADAMTS13 peptide complexes may provide an alternative for direct 
uptake of ADAMTS13 by dendritic cells via the macrophage mannose receptor (MMR). 
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Immune recognition of ADAMTS13 by macrophages and dendritic 
cells 
In Chapter 3, we addressed the mechanism of uptake of ADAMTS13 
by macrophages. We show that scavenger receptor cysteine-rich type 
1 protein M130 (CD163) is involved in the endocytosis of ADAMTS13 by 
macrophages. Since CD163 is involved in the clearance of haptoglobin/
hemoglobin (Hp/Hb) complexes,56 we hypothesized that CD163 
contributes to the clearance of ADAMTS13. Previously, the macrophage 
mannose receptor (MMR) has been implicated in the internalization of 
ADAMTS13 by dendritic cells.24 The MMR is expressed by macrophages as 
well, but our findings did not show a prominent role for this receptor in the 
uptake of ADAMTS13 by macrophages (Chapter 3). ADAMTS13 was very 
efficiently endocytosed by macrophages when compared to dendritic 
cells. Similar to dendritic cells macrophages are able to present peptides 
on MHC-II and upregulate the expression of co-stimulatory molecules upon 
stimulation with LPS.57 However, macrophages, in contrast to dendritic cells, 
do not efficiently stimulate naïve CD4+ T cells.58 Collaboration between 
macrophage and dendritic cell subsets in the spleen has been shown to 
be crucial for the generation of effective CD8+ T cell responses to tumor 
or model antigens.59 Cross-talk between macrophages and dendritic 
cells may depend on the shedding of extracellular vesicles or exosomes 
released by macrophages and their subsequent binding or uptake by 
dendritic cells.60 In view of the very efficient CD163-mediated endocytosis 
of ADAMTS13 by macrophages, it is likely that ADAMTS13-derived peptides 
are loaded on MHC-II in endocytic compartments. Macrophage-derived 
extracellular vesicles or exosomes containing MHC-II/peptide complexes 
may be engulfed by dendritic cells allowing for their presentation to CD4+ 
T cells (Figure 3).58,61–63 Future studies are needed to demonstrate whether 
CD163-mediated uptake of ADAMTS13 by macrophages, in for instance in 
the marginal zone of the spleen,64 and subsequent transfer of ADAMTS13 
peptide/MHC class II complexes to dendritic cells contributes to the onset 
of acquired TTP. 
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Future directions
In Chapter 4 of this thesis we show that CD4+ T cells recognizing peptides 
derived of the CUB2 domain of ADAMTS13 are present in patients with 
acquired TTP. Auto reactive CD4+ T cells against the “FINVAPHAR” 
peptide were detected in a DRB1*11 positive patient whereas CD4+ T 
cells reactive to the ASYILIRD peptide were detected in a DRB1*03 positive 
patient with acquired TTP. Analysis of additional DRB1*11 positive patients 
is needed to establish whether the FINVAPHAR-peptide comprises an 
immune-dominant T cell epitope. Further phenotypical characterization 
of ADAMTS13-specific CD4+ T cells would also be highly informative. 
Staining for intracellular cytokines such as TNFα, IFN-γ, IL-2, IL-10 and the 
transcription factors T-bet and fox-P3 would be highly informative and 
would allow for further characterization of the phenotypic properties 
of ADAMTS13-specific CD4+ T cells at different stages of the disease. In 
addition, knowledge about ADAMTS13-derived peptide sequences that 
are recognized by CD4+ T cells could provide useful information with 
respect to the onset of acquired TTP. This may eventually result in design of 
novel therapeutic approaches that could potentially prevent relapses in 
patients with acquired TTP.
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Summary
Thrombotic thrombocytopenic purpura (TTP) is a severe thrombotic micro-
angiopathy presenting with hemolytic anemia and thrombocytopenia 
that results from an acquired or congenital deficiency of the von Willebrand 
factor cleaving protease ADAMTS13 (a disintegrin and metalloproteinase 
with thrombospondin type 1 repeats member 13). Acquired TTP is due 
to the development of auto-antibodies directed towards ADAMTS13 in 
formerly healthy individuals. It is currently not known what triggers the onset 
of acquired TTP in these individuals. The studies presented in this thesis 
focus on increasing our understanding of the etiology of auto-immune TTP. 
In Chapter 1 and 2 we summarize the current knowledge on the 
development and treatment of acquired TTP. We also propose a model 
for the onset of acquired TTP. We hypothesize that molecular mimicry 
between pathogen-derived peptides and peptide sequences derived on 
ADAMTS13 that are presented on major histocompatibility complex class II 
(MHC-II) underlies the development of acquired TTP. The proposed model 
is supported by the reported homology between pathogen-derived 
peptides and the previously identified ADAMTS13-derived peptides 
“FINVAPHAR” and “ASYILIRDTHSR” which have been shown to bind to 
HLA-DRB1*11 and HLA-DRB1*03. 
In Chapter 3 we describe the distinct function of macrophages in the 
immune recognition of ADAMTS13. We show that, in contrast to dendritic 
cells, the macrophage mannose receptor is not the primary receptor 
for ADAMTS13 on macrophages. Our findings reveal that macrophages 
are approximately ten times more efficient in internalizing ADAMTS13 
compared to dendritic cells. Employing a variety of techniques, we show 
that the macrophages scavenger receptor CD163 is the main endocytic 
receptor for ADAMTS13 on macrophages. CD163 is highly expressed on 
tissue-resident macrophages in the liver and the spleen, positioning it 
as a candidate receptor involved in clearance of ADAMTS13 from the 
circulation. 
In Chapter 4 we identified for the first time CD4+ T lymphocytes reactive 
towards ADAMTS13-derived peptides capable of binding to DRB1*11 or 
DRB1*03. Isolated peripheral blood mononuclear cells from patients with 
acquired TTP were used to screen for these peptide-reactive T cells using 
the early activation marker CD154 (also known as CD40L). We were able 
to identify CD4+ T cells specifically recognizing the “FINVAPHAR” peptide 
and full-length ADAMTS13 in a HLA-DRB1*11 positive patient with acquired 
TTP. In HLA-DRB1*03 positive patients CD4+ T cells reactive against the 
“ASYILIRDTHSR” peptide were identified. 
In Chapter 5 glycan modifications on plasma derived ADAMTS13 were 
studied employing mass spectrometry. N-linked glycans attached to 10 
different asparagines on ADAMTS13 were characterized. This analysis 
reveals that there is considerable variation in the type of N-linked glycans 
attached to each site. Furthermore, 6 O-linked glycans are characterized 
by employing our current knowledge of glycan sythesis as a starting point. 
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In addition, we confirm the presence of O-fucosylation sites within the TSP 
repeats of ADAMTS13. Moreover, we provide evidence for the presence of 
an O-fucosylation site outside the TSP repeats. Finally, 3 C-mannosylation 
sites are identified of which the C-mannosylation site at Trp1016 has not 
been reported previously. The findings reported in this study may be 
relevant for immune recognition of ADAMTS13 by antigen presenting 
cells. Additionally, the presence of glycans on ADAMTS13 may modulate 
peptide presentation on MHC class II. 
In Chapter 6 we extend our knowledge on the ADAMTS13-derived peptides 
that are presented on MHC-II by monocyte derived dendritic cells. We 
developed a method that allows for monitoring of peptides presented 
on HLA-DQ. The repertoire of HLA-DQ presented peptides was compared 
to that presented on HLA-DR which was analyzed in parallel. We show 
that the number of HLA-DQ presented peptides is approximately 2 to 5 
fold lower compared to HLA-DR. In addition, we show that a subset of 
ADAMTS13-derived peptides is primarily presented on HLA-DQ. These data 
provide a basis for more extensive profiling of CD4+ T cells in patients with 
acquired TTP. Our findings complement previous studies on the association 
of specific HLA-DR (DRB1*11) and HLA-DQ (DQB1*03) alleles and acquired 
TTP. 
In Chapter 7 all the major findings in this thesis are discussed. Furthermore, 
directions for further studies are presented with emphasis on the possible 
role of aberrant glycosylation and molecular mimicry in the onset of 
acquired TTP. 
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Samenvatting 
Trombotische trombocytopenische purpura (TTP) is een ernstige 
trombotische micro-angiopathie die resulteert in hemolytische anemie 
en trombocytopenie. TTP wordt veroorzaakt door een aangeboren of 
verworven deficiëntie van ADAMTS13 (a disintegrin and metalloproteinase 
with thrombospondin type 1 repeats member 13). ADAMTS13 knipt lange 
von Willebrand factor (VWF) polymeren. Bij afwezigheid van ADAMTS13 
vindt spontane binding van bloedplaatjes aan VWF plaats en dit resulteert 
in de vorming van bloedplaatjes-rijke stolsels in de kleine bloedvaten. Dit 
leidt tot een tekort aan bloedplaatjes (trombocytopenie) en beschadiging 
van circulerende rode bloedcellen (hemolytische anemie). Bij patiënten 
met verworven TTP worden circulerende antistoffen gericht tegen 
ADAMTS13 aangetroffen. Tot op heden is er nog geen duidelijke oorzaak 
aan te wijzen voor het ontstaan van verworven TTP in voorheen gezonde 
personen. De in deze thesis gepresenteerde studies hebben als doel het 
mechanisme in kaart te brengen dat ten grondslag ligt aan het ontstaan 
van verworven TTP.
In hoofdstuk 1 en 2 wordt een overzicht gegeven van onze huidige kennis 
over het ontstaan en de behandeling van verworven TTP. In hoofdstuk 2 
presenteren we een model dat mogelijk kan verklaren waarom antistoffen 
gericht tegen ADAMTS13 gevormd worden in voorheen gezonde 
individuen. Onze hypothese is gebaseerd op homologie van ADAMTS13 
met peptiden afkomstig van pathogene bacteriën of virussen. Gedurende 
een afweerreactie worden peptiden afkomstig van pathogenen op 
het zogenaamde “major histocompatibility complex class II” (MHC-II) 
gepresenteerd. Dit proces is essentieel voor de activatie van T cellen die 
het gepresenteerde peptide als lichaamsvreemd herkennen. In hoofdstuk 
2 presenteren we een model waarbij de geactiveerde T cellen, gericht 
tegen het van een pathogeen afkomstig peptide, kruis reageren met 
een van ADAMTS13 afkomstig peptide. Wij stellen voor dat moleculaire 
mimicry tussen peptiden van pathogenen en peptiden van ADAMTS13 
gepresenteerd op MHC-II een belangrijke rol spelen bij het ontstaan van 
verworven TTP. Dit model wordt versterkt door de beschreven homologie 
tussen van pathogeen afkomstige peptiden en de van ADAMTS13 
afkomstige peptiden “FINVAPHAR” en “ASYILIRDTHSRL”. Deze twee 
peptiden worden respectievelijk gepresenteerd op HLA-DRB1*11 en HLA-
DRB1*03. 
In hoofdstuk 3 beschrijven we de rol van macrofagen in de herkenning van 
ADAMTS13. Wij laten zien dat, in tegenstelling tot dendritische cellen, de 
macrofaag mannose receptor niet de primaire receptor is voor ADAMTS13 
op macrofagen. Macrofagen zijn tien keer efficiënter in het internaliseren 
van ADAMTS13 in vergelijking met dendritische cellen. Met behulp van 
verschillende technieken tonen wij aan dat de macrofaag specifieke 
scavenger receptor CD163 de belangrijkste receptor is voor ADAMTS13 
op macrofagen. CD163 komt voornamelijk tot expressie op macrofagen 
in de lever en de milt. We denken dat CD163 een belangrijke rol speelt bij 

Samenvatting



1

2

3

4

5

6

7

8

Chapter 8: 

174

de klaring van ADAMTS13. 
In hoofdstuk 4 worden voor het eerst CD4+ T lymfocyten geïdentificeerd die 
geactiveerd kunnen worden door ADAMTS13 en van ADAMTS13 afgeleide 
peptiden. Bloed samples verkregen van patiënten met verworven TTP zijn 
gebruikt om perifeer bloed mononucleaire cellen (PBMCs) te isoleren. 
Deze PBMCs zijn gescreend op reactieve CD4+ T cellen met behulp van 
de vroege activatie marker CD154 (ook wel CD40Ligand). Met behulp 
van deze methode zijn er reactieve CD4+ T cellen aangetoond tegen 
ADAMTS13 en tegen het “FINVAPHAR” peptide in een patiënt met 
verworven TTP met HLA-DRB1*11. Daarnaast zijn er ook reactieve CD4+ 
T cellen tegen het ADAMTS13 peptide “ASYILIRDTHSR” gevonden in een 
HLA-DRB1*03 positieve patiënt. 
In hoofdstuk 5 bestuderen we de samenstelling van de glycanen op uit 
plasma gezuiverd ADAMTS13 met behulp van massa spectrometrie. Deze 
analyse toonde aan dat de samenstelling van de 10 N-gelinkte glycanen 
op ADAMTS13 heterogeen is. Daarnaast zijn er 6 O-gelinkte glycanen 
gekarakteriseerd. Hierbij zijn we uitgegaan van onze huidige kennis over 
de synthese van O-gelinkte glycanen. Wij bevestigen de aanwezigheid 
van O-gelinkte glucose-fucose disaccharides in de TSP domeinen 
van ADAMTS13 en beschrijven aanwijzingen voor een tot nu toe niet 
beschreven O-gelinkte glucose-fucose disaccharide in het disintegrine 
domein. Daarnaast zijn er 3 tryptofaan-residuen geïdentificeerd waaraan 
een mannose is bevestigd. De bevindingen beschreven in deze studie 
kunnen relevant zijn voor de herkenning van ADAMTS13 door antigeen 
presenterende cellen. Daarnaast kunnen glycanen op ADAMTS13 mogelijk 
een rol spelen bij de presentatie van ADAMTS13 peptiden op MHC-II. 
In hoofdstuk 6 wordt de presentatie van ADAMTS13 peptiden op MHC II 
door dendritische cellen bestudeerd. We hebben een protocol ontwikkelt 
dat het mogelijk maakte om peptiden te identificeren die gepresenteerd 
worden op HLA-DQ. Het repertoire van HLA-DQ gepresenteerde peptiden 
werd vergeleken met de peptiden gepresenteerd op HLA-DR. Het aantal 
gepresenteerde peptiden op HLA-DQ is ongeveer 2 tot 5 keer lager in 
vergelijking met HLA-DR. Daarnaast zijn er enkele van ADAMTS13 afgeleide 
peptiden geïdentificeerd die voornamelijk worden gepresenteerd op 
HLA-DQ. Deze nieuw geïdentificeerde peptiden kunnen helpen bij het 
identificeren van CD4+ T cellen in patiënten met verworven TTP. Onze 
bevindingen complementeren eerdere studies waarin de mogelijke 
relatie van specifieke HLA allelen (DRB1*11 en DQB1*03) bij het ontstaan 
van verworven TTP zijn bepaald. 
In hoofdstuk 7 worden alle bevindingen weergegeven in de vorige 
hoofdstukken bediscussieerd. Daarnaast geven wij een aantal suggesties 
voor verder onderzoek gericht op de klaring van ADAMTS13 en de rol van 
post-translationele modificaties bij de ontwikkeling van verworven TTP. 
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