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1  | INTRODUCTION

Patients suffering from thrombotic thrombocytopenic purpura 
(TTP) present with severe thrombocytopenia and microangiopathic 
hemolytic anemia, often associated with organ damage leading to 
neurological and cardiac symptoms and variable degrees of renal 

dysfunction.1,2 TTP is caused by a deficiency in ADAMTS13 (A 
Disintegrin And Metalloprotease with ThromboSpondin type 1 re-
peats, member 13), which leads to the accumulation of ultra- large 
(UL) von Willebrand factor (VWF) multimers in the circulation. The 
hyperactive UL- VWF multimers unfold and spontaneously bind 
platelets under shear, resulting in wide- spread platelet- rich micro 
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Abstract
Introduction: Patients suffering from congenital thrombotic thrombocytopenic pur-
pura (cTTP) have a deficiency in ADAMTS13 due to mutations in their ADAMTS13 
gene.
Objective: The aim of this study was to determine ADAMTS13 parameters (activity, 
antigen, and mutations), to investigate if the propositus suffered from child- onset 
cTTP, and to study the in vitro effect of the ADAMTS13 mutations.
Methods: ADAMTS13 activity and antigen were determined using the FRETS VWF73 
assay and ELISA and ADAMTS13 mutations via sequencing of the exons. Mutant 
proteins were expressed in Chinese hamster ovary cells, and their expression was 
studied using fluorescence microscopy and ELISA. Molecular modeling was used to 
evaluate the effect of the mutations on ADAMTS13 structure and stability.
Results: The propositus was diagnosed with cTTP at the age of 20. ADAMTS13 activ-
ity was below 10%, and 2 compound heterozygous mutations, the p.R498C point and 
the p.G259PfsX133 frameshift mutation, were identified. Expression of ADAMTS13 
mutants revealed that the p.R498C and the p.G259PfsX133 mutation cause secre-
tion and translation defects in vitro, respectively. Molecular modeling showed that 
the R498 intra- domain interactions are lacking in the p.R498C mutant, resulting in 
protein instability.
Conclusion: The ADAMTS13 mutations result in a severe ADAMTS13 deficiency ex-
plaining the patient’s phenotype.
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thrombi that cause severe organ failure.1 ADAMTS13 deficiency can 
be caused by either mutations in the ADAMTS13 gene (congenital 
TTP, cTTP or Upshaw- Schulman syndrome) or the presence of anti- 
ADAMTS13 autoantibodies, inhibiting the enzymatic activity or ac-
celerating ADAMTS13 clearance (acquired immune- mediated TTP, 
iTTP). Additional triggers such as infections, pregnancy, stress, and 
surgery often initiate an acute TTP event. Without prompt treat-
ment, TTP is often fatal.1,2 ADAMTS13 replacement is the first- line 
therapy for TTP patients. Congenital TTP patients are treated with 
plasma infusion to restore functional ADAMTS13 levels, whereas 
iTTP patients are treated with plasma exchange to remove patho-
logical anti- ADAMTS13 autoantibodies and to supply functional 
ADAMTS13.3

TTP is a rare and heterogeneous condition. Time of disease 
onset varies; 9% of patients experience their first acute TTP episode 
during childhood, whereas 91% of patients only during adulthood.2 
The estimated annual prevalence of TTP is 10 cases per million, of 
which the majority is iTTP (95%). The remaining 5% suffers of cTTP 
due to mutations in the ADAMTS13 gene, which are inherited in an 
autosomal recessive manner. Only patients carrying homozygous or 
compound heterozygous mutations are symptomatic.4 Since the dis-
covery in 2001 that ADAMTS13 mutations are causative for TTP5, 
about 150 disease- causing mutations have been reported.2,6-10 
Furthermore, polymorphisms might positively or negatively affect 
ADAMTS13 expression and in combination with ADAMTS13 mu-
tations might additionally contribute to ADAMTS13 deficiency.11 
Using in vitro expression studies, some ADAMTS13 mutations were 
shown to cause defects in protein secretion12-14 and/or a reduction 
in its activity.15,16

We here report the disease history of a male patient suffering 
from “infection- induced hemolytic anemia and thrombocytope-
nia” since the age of 1 with eventually, 19 years later, diagnosis of 
child- onset cTTP. We identified the disease- causing mutations; the 
p.G259PfsX133 frameshift and the p.R498C missense mutation, and 
their impact on the patient’s phenotype.

2  | MATERIALSANDMETHODS

2.1 | Casehistory

The now 30- year- old patient is the first child of non- consanguineous 
parents from Caucasian origin. He was born at 39.5 weeks of ges-
tation after an uneventful pregnancy. At the age of 13 months, 
he was admitted to the hospital with fever and diarrhea. His skin 
had a subicteric aspect, and ecchymoses were present on his face, 
limbs, and chest. Laboratory analyses revealed severe thrombo-
cytopenia (34 × 109/L, Table 1), elevated lactate dehydrogenase 
(LDH, 1768 U/mL, Table 1), and elevated bilirubin levels. Renal 
function was normal, and there were no signs of neurological im-
pairment. Stool culture was positive for Yersinia enterocolitica and 
Escherichia coli, and colimycin treatment was started. In the fol-
lowing days, hemoglobin levels progressively dropped and packed 
red blood cells were transfused once. After 10 days of treatment, 

hematological parameters normalized and the patient was dis-
charged with the diagnosis of “infection- induced hemolytic anemia 
and thrombocytopenia.”

During the following 14 years, he experienced 5 similar episodes 
of thrombocytopenia and hemolytic anemia, all triggered by bacte-
rial or viral infections (Table 1). Schistocytes were detected in the 
peripheral blood smears on multiple occasions. Pediatricians sug-
gested the diagnosis of “chronic relapsing schistocytic hemolytic 
anemia and thrombocytopenia of infancy and childhood”. Treatment 
consisted of administration of fresh frozen plasma (FFP), intravenous 
immunoglobulins, and/or platelet transfusion, according to the phy-
sician’s judgment. Renal function remained mainly normal, and no 
thrombotic episodes occurred.

2.2 | Samples

Blood and plasma samples were collected at time of congenital TTP 
suspicion from the patient (episode 7, Table 1) and both parents for 
genetic analysis, ADAMTS13 characterization and anti- ADAMTS13 
inhibitor testing. Plasma samples of the patient were available from 
2 additional episodes (episode 8 and 10, Table 1) and during pro-
phylactic FFP infusion (~ every 3 weeks, samples from sessions 1, 
4, and 10; Table 1) for ADAMTS13 and VWF testing. Clinical pa-
rameters (if available) were given by UZ Brussel. Analyses were ap-
proved by the Ethical Committee of the KU Leuven and UZ Brussel. 
Informed consent was obtained in accordance with the Declaration 
of Helsinki.

2.3 | RecombinanthumanADAMTS13and
polyclonalrabbitanti-humanADAMTS13antibodies

Recombinant human (rh)ADAMTS13 with a C- terminal His-  and 
V5- tag was produced as explained elsewhere.17 Purity of rhAD-
AMTS13 was assessed by reducing sodium dodecyl sulfate po-
lyacrylamide gel electrophoresis (SDS- PAGE) and Coomassie 
blue staining. Polyclonal rabbit anti- rhADAMTS13 antibodies 
were produced by immunizing a New Zealand rabbit with rhAD-
AMTS13 as described.18 Twenty microgram of rhADAMTS13 in 
100 μL of complete Freund’s adjuvant (Sigma, Missouri) was used 
for the first immunization of the rabbit (male, 1.5 kg). After 2, 4, 
and 6 weeks, the immune system of the rabbit was boosted with 
20 μg of rhADAMTS13 in 100 μL incomplete Freund’s adjuvant 
(Sigma). Immunoglobulin G’s (IgG) from rabbit serum were purified 
using Protein G Sepharose 4 Fast Flow (GE Healthcare) affinity 
chromatography, and dialyzed against phosphate- buffered saline 
(PBS). The polyclonal rabbit anti- rhADAMTS13 antibody was able 
to recognize the M, MD, MDT, MDTCS, and T2- C2 variant in ELISA 
(data not shown).

2.4 | ADAMTS13antigenELISA

ADAMTS13 antigen levels in plasma or expression medium were 
measured using an immunoassay as described19, with minor 
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modifications. Briefly, a 96- well microtiter plate was coated with 
the in- house developed mouse anti- human ADAMTS13 antibody 
3H920 (targeting the metalloprotease domain; 5 μg/mL) in carbon-
ate/bicarbonate coating buffer (50 mmol/L Na2CO3/NaHCO3, pH 
9.6). A 1.5 over 2.5 dilution series of plasma (start dilution 8%, v/v) 
or expression medium containing rhADAMTS13 (start dilution 90%, 
v/v) was added. Bound ADAMTS13 was detected by adding the in- 
house developed polyclonal rabbit anti- rhADAMTS13 IgG’s (1.5 μg/
mL), followed by addition of HRP- labeled goat anti- rabbit antibod-
ies (1/10 000; Jackson ImmunoResearch, West Grove, PA, USA). 
Coloring reaction was performed with ortho- phenylenediamine di-
hydrochloride (OPD) and H2O2. The reaction was stopped with 4M 
H2SO4. Optical density (OD) was measured at 490 nm. A reference 
curve to calculate ADAMTS13 concentrations was made using a nor-
mal human plasma pool at a 4% (v/v) start dilution (NHP, 100% or 
1 μg/mL ADAMTS13 antigen).

2.5 | ADAMTS13activity

ADAMTS13 activity was measured using the Fluorescent Resonance 
Energy Transfer (FRET) assay with the FRETS- VWF73 substrate 
(Peptides International, Louisville, KY, USA).21 Briefly, plasma (3%, 
v/v, diluted in HBS containing bovine serum albumin (BSA, 1 mg/
mL)) was added to 2 μmol/L FRETS- VWF73 substrate (final volume 
of 200 μL).13 Proteolysis of FRETS- VWF73 by plasma ADAMTS13 
was followed by measuring the change in fluorescence in function 
of time using a FLUOstar OPTIMA reader (BMG Labtech GmbH, 
Offenburg, Germany). Thirty cycles of 2.5 minutes were measured 
using excitation at 355 nm and emission at 460 nm. Fluorescent in-
tensities were graphed in function of time and slopes of the linear 
part of the resulting curves were determined. A reference curve de-
rived from the slopes of the plotted curves of different dilutions of 
NHP was used to calculate ADAMTS13 activity levels (NHP, 100% 

TABLE  1 Clinical parameters and ADAMTS13 and von Willebrand factor levels during disease episodes and after start of prophylactic 
fresh frozen plasma (FFP) infusion

Diseaseepisodes

Age(y)
Disease
episode

Plateletcount
(×109/L)

LDHlevel
(U/L) Associatedevent Infection

1 1 34 1768 Escherichia coli, Yersinia enterocolitica

2 2 n.d. n.d. Varicella

6 3 14 6234 Renal features Flu- like syndrome

10 4 27 2197 Mucoplasma Pneumonia

11 5 38 2459 Viral gastroenteritis

15 6 22 2670 Viral infection, faryngitis

20 7 9 4223 Renal features Viral infection

21 8 14 2611 Viral infection, faryngitis

24 9 64 681 Faryngitis

25 10* 193 617 Ischemic CVA, transient aphasia

27 11 63 639

28 12 63 695 ischemic CVA

13 83 819

StartprophylacticFFPinfusion

Session FFPinfusion Plateletcount(×109/L) LDHlevel(U/L)

1 Pre 179 636

24 h post 206 553

4 Pre

Post

10 Pre 129 620

Post

Reference range 150- 450 313- 618

Platelet counts and LDH levels were determined during disease episodes and after start of prophylactic FFP infusion; “pre” indicates samples taken 
before FFP infusion and “post” indicates samples taken immediately after completion of the FFP infusion session (except session 1, sample taken 24 h 
after completion). All disease episodes are clinical relapse events (severe thrombocytopenia and increased LDH levels) except for episode 10 which is 
a biological relapse (indicated by *). Associated events and known infection at time of TTP episodes are indicated.
n.d.: not detectable, CVA: cerebrovascular accident.
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ADAMTS13 activity). As a negative control, 10 mmol/L EDTA was 
added to NHP.

2.6 | Anti-ADAMTS13autoantibodies

The presence of anti- ADAMTS13 autoantibodies was detected using 
an immunoassay as described22, with minor modifications. A 96- 
well microtiter plate was coated with rhADAMTS13 (2.7 μg/mL in 
PBS). Patient plasma was added (start dilution 10%, v/v), and a 1 in 
2 dilution series was made. Bound anti- ADAMTS13 autoantibodies 
were detected by adding a mixture of HRP- labeled monoclonal anti- 
IgG1-4 antibodies (anti- IgG1- HRP 1/20 000, anti- IgG2-4- HRP 1/2000; 
Sanquin Reagents, Amsterdam, The Netherlands). Coloring reaction 
was performed as described above. Plasma of an iTTP patient with 
detectable anti- ADAMTS13 autoantibodies was used as a positive 
control (start dilution 1%, v/v). Data were expressed as relative OD 
after setting the OD value of the 1% dilution of the positive control 
as 1.

2.7 | VWFantigen

Plasma VWF antigen levels were measured using an immunoassay 
as previously described.23 Briefly, a 96- well microtiter plate was 
coated with polyclonal rabbit anti- human VWF antibodies (1/1000 
in carbonate/bicarbonate coating buffer; Dako, Glostrup, Denmark). 
Plasma (start dilution 1.25%, v/v) was added, and a 1 in 2 dilution 
series was made. After washing, detection was performed using 
HRP- labeled polyclonal rabbit anti- human VWF antibodies (1/3000; 
Dako). Coloring reaction was performed as described above. A refer-
ence curve to calculate VWF antigen levels was made using a dilu-
tion series of NHP starting at a 1.25% (v/v) dilution (NHP, 100%, 
10 μg/mL VWF antigen).

2.8 | VWFmultimeranalysis

Von Willebrand factor multimeric patterns were analyzed using gel 
electrophoresis as described.24,25 Briefly, VWF multimers present in 
plasma were separated on a SDS 1.2% agarose gel. After electropho-
resis, the gel was dried on a Gelbond film (Lonza, Basel, Switzerland). 
VWF multimer patterns were visualized using alkaline phosphatase- 
(AP) labeled anti- VWF antibodies and AP conjugate substrate kit 
(Bio- Rad, Hercules, CA, USA).

2.9 | ADAMTS13geneanalysis

Human genomic DNA was extracted from peripheral blood leuko-
cytes from the patient and parents using standard methods. All 29 
ADAMTS13 exons and intron- exon boundaries were amplified from 
genomic DNA via polymerase chain reaction with primers described 
elsewhere.14,26 After purification, all fragments were sequenced 
using the BigDye Terminator Cycle sequencing kit (Life Sciences, 
Guilford, CT, USA) on an ABI 3130XL genetic analyzer (Life Sciences). 

Mutations are described according to the Human Genome Variation 
Society guidelines.27

2.10 | Expressionofwild-typeandmutant
rhADAMTS13proteins

Construction of the pc.DNA 6.1/V5- His c.1492C>T and pc.DNA 6.1/
V5- His c.768_774dup ADAMTS13 expression plasmids and subse-
quent transient transfection to, respectively, express recombinant 
proteins p.R498C ADAMTS13 and p.G259PfsX133 is described in 
Appendix S1.

2.11 | IntracellularexpressionofWTand
mutantrhADAMTS13

Transient transfected Chinese Hamster Ovary (CHO K1) cells 
were detached 48 hours after transfection and seeded on a pre- 
coated poly- L- lysine (R&D Systems, Oxon, UK) LabTek at 60 000 
cells/well. After 6 hours, when the cells were attached, cells were 
fixed using a 4% paraformaldehyde solution. Permeabilization was 
performed using Triton X- 100 (0.1% in PBS; Sigma) for 15 minutes 
at room temperature. After washing the cells in PBS with 0.1% 
Tween- 20, cells were blocked with PBS containing 5% normal goat 
serum (Abcam, Cambridge, UK), 1% BSA, and 0.1% Tween- 20. 
WT and mutant ADAMTS13 were visualized using our in- house 
developed polyclonal rabbit anti- rhADAMTS13 antibody (1 μg/
mL in PBS containing 5% normal goat serum, 1% BSA, and 0.1% 
Tween- 20) and Alexa Fluor 555 labeled goat anti- rabbit antibodies 
(0.5 μg/mL in PBS containing 5% normal goat serum, 1% BSA, and 
0.1% Tween- 20; Abcam). As a negative control for the staining, the 
primary antibody was omitted. Cell nuclei were visualized using 
4′6-	di-	amidino-	2-	phenylindole	 di-	lactate	 (DAPI;	 ThermoFisher	
Scientific). Intracellular WT or mutant ADAMTS13 and cell nuclei 
were visualized using a Zeiss Axio- observer Z1 epifluorescence 
microscope (Zeiss Microscopy, Jena, Germany) connected to a 
Zeiss Axiocam 506 monochromatic CCD camera (Zeiss) and pic-
tures were processed using Zeiss ZEN 2.3 Blue software (Zeiss).

2.12 | MolecularmodelingofWTand
mutanthADAMTS13

Molecular models of WT and mutant hADAMTS13 were built using 
homology models of known ADAMTS13 domain structures28,29 
and the YASARA&WhatfIf package. The p.R498C mutation was 
introduced with the mutagenesis module of PyMOL 1.8.2.1 (The 
PyMOL Molecular Graphics System, Version 1.8.2.1 Schrödinger, 
LLC). Molecular dynamics (MD) simulations30 allowed to perform 
structural comparison of the cysteine- rich and spacer domains 
of WT and p.R498C ADAMTS13. Changes in root- mean- square 
deviation (RMSD) values of heavy atoms in WT and p.R498C 
ADAMTS13 during a 100- ns MD simulation were calculated31, see 
Appendix S1.
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2.13 | Statisticalanalysis

Data are expressed as mean ± standard deviation (SD). Statistical 
analysis was performed using one- way ANOVA with Dunnett’s mul-
tiple comparison test. Values of P < .05 were considered statistically 
significant. All statistical analysis was performed using GraphPad 
Prism v5.03 software (GraphPad Software, Inc., San Diego, CA, 
USA).

3  | RESULTS

3.1 | CongenitalTTPdiagnosisandclinicalevolution

At the age of 20, the patient relapsed again (episode 7, Table 1). As 
his clinical history was indicative for TTP, ADAMTS13 character-
istics were tested. Indeed, ADAMTS13 activity and antigen levels 
were undetectable. Both, mother and father were asymptomatic 
with ADAMTS13 activities of, respectively, 37.8% (mean of n = 3) 
and 18.3% (mean of n = 2) and ADAMTS13 antigen levels of, re-
spectively, 48.7% and 49.7% (mean of n = 3). The patient did not 
have any detectable anti- ADAMTS13 autoantibodies in his plasma. 
The absence of ADAMTS13 activity, antigen, and anti- ADAMTS13 
autoantibodies together with the fact that the patient was symp-
tomatic since childhood led to the diagnosis of congenital TTP. 
This was confirmed by sequence analysis of the ADAMTS13 gene 
with identification of 2 compound heterozygous mutations: the 
c.768_774dup frameshift mutation (p.G259PfsX133)32 and the 
c.1492C>T ADAMTS13 missense mutation (p.R498C)10 (Figure 1A). 
The 7 nucleotides (CCGCGCC) duplicated in the metalloprotease 
domain (amino acid, AA 80- 286)28 induce a frameshift resulting in 
a premature stop codon in the first thrombospondin type 1 repeat 
of ADAMTS13 (p. G259PfsX133) (Figure 1A). The point mutation 
is located in the cysteine- rich domain and results in the p.R498C 
amino acid substitution (Figure 1A). The mother and father of the 
patient are both heterozygous carriers of the p.G259PfsX133 and 
the p.R498C mutation, respectively.

Since the age of 20, the patient relapsed 6 times (episode 8- 13) 
of which 5 were clinical relapses (episodes 8, 9, 11- 13)33 associated 
with severe thrombocytopenia and increased LDH levels (Table 1). 
As expected, ADAMTS13 activity and antigen levels were se-
verely reduced (episode 8, Figure 1B,C). At the age of 25 (episode 
10, Table 1), the patient presented with an ischemic cerebrovas-
cular accident (CVA) which was accompanied by severely reduced 
ADAMTS13 activity and antigen levels (Figure 1B,C) but no pres-
ence of clinical signs and/or symptoms of TTP as platelet counts 
and LDH levels were not below or above the reference ranges. As 
expected, UL- VWF multimers disappeared during these relapse ep-
isodes and VWF antigen levels remained normal (episode 8 and 10, 
Figure 1D,E). At the age of 28 (episode 12, Table 1), the patient expe-
rienced a second CVA associated with a clinical TTP relapse (severe 
thrombocytopenia and increased LDH levels).

Due to the occurrence of multiple CVA’s, it was decided to 
treat the patient prophylactically with infusion of 3 units of FFP 

approximately every 3 weeks. Platelet counts increased (Table 1) 
and ADAMTS13 activity and antigen levels slightly increased after 
each FFP infusion (Figure 1B,C). VWF antigen levels remained con-
stant (Figure 1E), and UL- VWF multimers were often decreased after 
FFP infusion (Figure 1D). Apparently, even these small ADAMTS13 
increases can sufficiently reduce pathologic UL- VWF multim-
ers. Prophylactic treatment has been successful as the patient re-
mains asymptomatic without recurrent minor or major neurological 
incidents.

3.2 | Thep.R498Candp.G259PfsX133ADAMTS13
mutationscausesevereADAMTS13secretionand
translationdefectsinvitro,respectively

To investigate the effect of the p.R498C and the p.G259PfsX133 
mutations on ADAMTS13 secretion, we introduced each muta-
tion separately in a WT ADAMTS13 expression vector and per-
formed transient transfections in CHO K1 cells. In addition, we 
co- transfected the cells with both p.R498C and p.G259PfsX133 mu-
tants to mimic the compound heterozygous nature of the patient. 
Co- transfection with a GFP- expressing plasmid in all experiments 
allowed evaluation of the transfection efficiency. Transfection ef-
ficiencies for all mutants were not significantly different from WT 
(data not shown). The expression levels of p.R498C ADAMTS13 
and p.R498C + p.G259PfsX133 ADAMTS13 were severely reduced 
(39.1 ± 19.6%, P < .01 and 29.2 ± 21.7%, P < .001, respectively; 
Figure 2A) compared to the expression levels of WT ADAMTS13 
(100 ± 15.1%; Figure 2A). In contrast, the p.G259PfsX133 mutant 
was not detected in the expression medium (Figure 2A). In line 
with this, rhADAMTS13 protein could be visualized via fluores-
cence microscopy in permeabilized transfected CHO K1 cells with 
the p.R498C, the p.R498C + p.G259PfsX133, and WT ADAMTS13 
while the p.G259PfsX133 mutant could not (Figure 2B). These data 
indicate that the p.R498C mutation impairs secretion and that the 
p.G259PfsX133 mutation, which results in a frameshift mutation 
at the end of the metalloprotease domain (AA 259 of 80- 28628) of 
ADAMTS13, probably leads to an unstable RNA molecule that im-
pedes translation of the protein.

3.3 | Thep.R498Cmutationdestabilizesthe
cysteine-richdomain

Molecular modeling of WT and mutant p.R498C MDTCS revealed 
that the p.R498C mutation results in loss of hydrogen bonds donated 
by the R498 residue (Figure 3). The R498 side chain makes exten-
sive contacts with neighboring residues (hydrogen bonds with T453, 
Q456, and H485 and a cation–pi interaction with W470; Figure 3A, 
middle panel) which collectively contribute to the stability of the 
cysteine- rich domain. These hydrogen bonds are present through-
out the 100 ns MD simulations for the WT MDTCS model. The cal-
culated RMSD values over the MD simulation trajectories of both 
WT and the R498C mutant allowed a comparative analysis on the 
conformation of the WT and p.R498C MDTCS (Figure 3A,B, right 
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panel). The effects of the altered intra- domain interactions of the 
cysteine- rich domain became visible after ~54ns of simulation time 
for the R498C according to highest peak in RMSD values (Figure 3B, 
right panel). The extracted snapshots from this specific time revealed 
that R498C mutant is not as structurally stable as WT MDTCS. Only 
the hydrogen bond between R498C and H485 was observed, show-
ing that the cysteine- rich domain structure is significantly distorted 
in p.R498C MDTCS as compared to WT (Figure 3). The absence of 
these interactions in p.R498C MDTCS structure leads to the forma-
tion of a less stable p.R498C cysteine- rich domain.

4  | DISCUSSION

We here report a case study of a male patient suffering from child- 
onset congenital TTP but only diagnosed during adulthood. The 

patient was found to be compound heterozygous for the p.R498C 
and the p.G259PfsX133 ADAMTS13 mutations. The ADAMTS13 
mutations severely impair ADAMTS13 secretion and translation in 
vitro, respectively, explaining the patient’s phenotype. Due to ex-
acerbations of relapses and occurrence of ischemic cerebrovascular 
accidents, the patient is now treated prophylactically with FFP and 
is free of new TTP episodes.

TTP diagnosis is very challenging as the clinical spectrum can be 
very distinct (microangiopathic hemolytic anemia and thrombocy-
topenia with/without renal, abdominal, cardiac, and/or neurolog-
ical features ranging from confusion till coma) and overlaps with 
other thrombotic microangiopathies (TMAs).1,2 However, severe 
ADAMTS13 deficiency is specific for TTP and is suited to distinguish 
TTP from other TMA disorders.34 Also in our study, ADAMTS13 test-
ing led to a correct diagnosis of TTP. Moreover, severe ADAMTS13 
deficiency requires plasma infusion in contrast to other TMAs.35 

F IGURE  1 ADAMTS13 and von Willebrand factor (VWF) parameters during TTP diagnosis and disease course. A, Localization of the 
p.G259PfsX133 and p.R498C mutations in the ADAMTS13 gene. ADAMTS13 domain structure with the metalloprotease domain (M, AA 
80- 286), disintegrin- like domain (D, AA 287- 383), first thrombospondin type 1 repeat (T1, AA 384- 439), cysteine- rich domain (C, AA 440- 
556), spacer domain (S, AA 556- 685), 7 additional T domains (T2- T8, AA 682- 1131), and 2 CUB domains (AA 1192- 1427). The c.768_774dup 
frameshift mutation (p.G259PfsX133) is located in the M domain and induces a frameshift resulting in a premature stop codon in T1. The 
c.1492C>T (p.R498C) missense mutation is located in the cysteine- rich domain. B- E, ADAMTS13 activity, ADAMTS13 antigen, UL- VWF 
multimers, and VWF antigen during disease episodes and after start of prophylactic fresh frozen plasma (FFP) infusion. Plasma samples 
during clinical relapse episode (8th, episode 8, Table 1) and biological relapse episode (10th*, episode 10*, Table 1) (white bars) and after 
start of prophylactic FFP infusion; “Pre” (gray bars) indicates samples taken before FFP infusion and “Post” (black bars) indicates samples 
taken immediately after completion of the FFP infusion session (except session 1, sample taken 24 h after completion), were analyzed for 
ADAMTS13 activity levels using the FRETS assay (B), ADAMTS13 antigen levels using an ADAMTS13 antigen ELISA (C), for the presence of 
UL- VWF multimers using VWF multimer analysis (D), and VWF antigen levels using the VWF antigen ELISA (E). Data are represented as % 
NHP (mean, n = 3)
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Without prompt plasma infusion treatment, TTP mortality is still 10- 
20%.1 Identification of TTP and appropriate treatment is crucial to 
reverse signs and symptoms and to prevent permanent renal and/
or neurological injury and additionally, patients can be monitored to 
prevent future relapse.2

To date, the p.R498C ADAMTS13 point mutation has been 
reported in a compound heterozygous woman with pregnancy- 
associated TTP together with the p.R1060W mutation; however, the 
functional effect was only characterized in vitro for the p.R1060W 
but not for the p.R498C mutation.10,16 Our in vitro data show that 
the single amino acid change results in a significant reduction in 
p.R498C ADAMTS13 secretion compared to WT ADAMTS13. The 
secretion defect caused by the p.R498C mutation is also reflected in 
the father’s phenotype, who is carrier of the p.R498C mutation, as 

his plasma ADAMTS13 antigen levels are 49.7%. The R498 residue 
is located in the cysteine- rich domain of ADAMTS13. The side chain 
of the R498 is buried and important for intra- domain interactions, 
assuring the protein’s stability.29 The R498C conversion predicts 
protein misfolding and may activate an unfolded protein response 
in the endoplasmic reticulum, resulting in degradation of the mis-
folded protein after its export from the endoplasmic reticulum to 
the cytosol.36

The p.G259PfsX133 frameshift mutation has been reported 
previously in a compound heterozygous woman with pregnancy- 
associated TTP together with the p.R1060W mutation.32 Only a 
few ADAMTS13 duplications have been described5,9,37-41 as the ma-
jority of known ADAMTS13 mutations are point mutations result-
ing in a single amino acid change. The duplication of 7 nucleotides 

F IGURE  2 Secretion and translation defects of the p.R498C and p.G259PfsX133 mutants, respectively. A, Expression levels of 
ADAMTS13 WT and mutants in medium of transiently transfected CHO K1 cells were determined via ADAMTS13 antigen ELISA. Expression 
medium of Fmock cells was used as a negative control. Data are represented in % WT ADAMTS13 secretion (mean ± SD, n = 3 with **P < .01 
and ***P < .001). B, Fluorescent staining of intracellular WT and mutant ADAMTS13 using the polyclonal anti- rhADAMTS13 antibody and an 
ALEXA Fluor 555 labeled goat anti- rabbit IgG (red, white arrow). Cell nuclei were stained with DAPI (blue). As a negative control, the primary 
antibody was omitted. Pictures were taken using a Zeiss Axio- observer Z1 epifluorescence microscope. Scale bar represents 10 μm

F IGURE  3 Structural comparison of 
WT and p.R498C MDTCS. Molecular 
modeling of the p.R498C mutation shows 
structural deviation in the ADAMTS13 
cysteine- rich domain. 3D structure of 
WT (A, left panel) and p.R498C (B, left 
panel) ADAMTS13 cysteine- rich and 
spacer domain at 54ns MD, R498 (A, 
middle panel), and p.R498C (B, middle 
panel) intra- domain interactions in detail 
and changes in RMSD values of heavy 
atoms of WT (A, right panel) and p.R498C 
(B, right panel) ADAMTS13 cysteine- rich 
domain during a 100ns MD simulation
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(CCGCGCC), associated with a frameshift, induces a premature stop 
codon in the first thrombospondin type 1 motif, resulting in the 
truncated p.G259PfsX133 ADAMTS13 mutant. We investigated 
the effect of the frameshift mutation on ADAMTS13 levels. The 
p.G259PfsX133 ADAMTS13 was not detected in the expression 
medium of the transfected CHO K1 cells, nor was it intracellularly 
stained using the polyclonal anti- rhADAMTS13 antibodies. The RNA 
of the truncated ADAMTS13 mutant is most probably unstable and 
therefore not translated. These in vitro data are in agreement with 
the mother’s phenotype, who is carrier of the p.G259PfsX133 muta-
tion and has 48.7% ADAMTS13 antigen levels in her plasma.

In the patient’s history, we note 12 episodes of acute TTP up till 
now. Interestingly, these episodes were always triggered by either 
a viral or bacterial infection or stress which have been abundantly 
suggested as potential provoking factors for TTP.2 Remarkably, 
during disease course, the patient experienced 2 ischemic cere-
brovascular accidents of which the last was associated with TTP 
relapse. It is known that a wide spectrum of neurological mani-
festations can occur during TTP, from seizures to coma, although 
transient symptoms ranging from headache to focal signs are more 
common.1 It has been suggested that characteristic neurovascu-
lar complications of TTP may develop before the onset of alarm-
ing hematologic abnormalities (severely reduced platelet counts, 
hemolytic anemia, increased LDH levels).42 Local prothrombotic 
changes together with chronic low ADAMTS13 levels may be sig-
nificant enough to cause focal platelet aggregation without per-
manently overcoming the systemic antithrombotic mechanisms. 
This could explain the lag between stroke presentation and the 
development of the typical hematologic features of TTP seen in 
all patients. As the patient’s TTP relapse rate increased and cere-
brovascular accidents occurred, it was decided to start prophylac-
tic FFP infusions. As reported, initiation of (lifelong) prophylactic 
FFP infusion prevents relapses and decreases mortality.43 Since 
the start of prophylactic FFP, the patient remained clinically in 
remission.

In conclusion, we report a congenital male TTP patient being 
compound heterozygous for the p.R498C point mutation and the 
p.G259PfsX133 frameshift mutation with no detectable ADAMTS13 
activity in the plasma. Indeed, we showed that p.R498C severely 
impairs secretion and p.G259PfsX133 impairs translation of 
ADAMTS13 explaining the patient’s phenotype.
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