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Abstract
The 100th anniversary of the first description of Thrombotic Thrombocytopenic 
Purpura (TTP) as a disease by Dr. Eli Moschcowitz approaches. For many decades, 
TTP remained mostly a mysterious fatal condition, where diagnosis was often post- 
mortem. Initially a pentad of symptoms was identified, a pattern that later revealed 
to be fallible. Sporadic observations led to empiric interventions that allowed for 
the first impactful breakthrough in TTP treatment, almost 70  years after its first 
description: the introduction of plasma exchange and infusions as treatments. The 
main body of knowledge within the field was gathered in the latest three decades: 
patient registries were set and proved crucial for advancements; the general mech-
anisms of disease have been described; the diagnosis was refined; new treatments 
and biomarkers with improvements on prognosis and management were introduced. 
Further changes and improvements are expected in the upcoming decades. In this 
review, we provide a brief historic overview of TTP, as an illustrative example of 
the success of translational medicine enabling to rapidly shift from a management 
largely based on empiricism to targeted therapies and personalized medicine, for the 
benefit of patients. Current management options and present and future perspectives 
in this still evolving field are summarized.
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A BR IEF HISTORY OF THROM BOTIC 
THROM BOC Y TOPE N IC PU R PU R A 
(T TP)

The 100th anniversary of the first description of a TTP 
case is approximately three years away. Despite this disease 
being known for almost one full century, the state- of- the- art 
knowledge in TTP had a slow initial evolution whereas dur-
ing the last 30 years it has seen an explosive expansion.

In Manhattan 1924, Dr. Eli Moschcowitz attended a 
16- year- old girl, who died after hospitalization for an acute 
illness displaying high fever, pallor, arm pain, petechiae, 
paralysis of the left arm and leg, and a preterminal coma. 
The autopsy revealed multiple ‘hyaline’ thrombi in the 
heart muscle vessels, the congested spleen, and kidneys. 
The disease cause and right treatment remained elusive, but 
Moschcowitz made an important note about an observa-
tion of one of his colleagues, Dr. Max Lederer, who had seen 
four other similar cases where, in contrast to Moschcowitz's 
case, all patients had clinical improvement following blood 
transfusions.1 These observations were published later, and 
although they most closely resembled autoimmune or in-
fectious haemolytic anaemia, they supported the view that 
some haemolytic pathologies could be treated by trans-
fusion. This scenario was replicated later by Rubinstein 
et al, on another patient, with an associated rise in platelet 
counts and a drop in reticulocytes percentage.2 The name 
‘Thrombotic Thrombocytopenic Purpura’ was first used 
only in 1947 after another fatal case, where three autopsy 
findings stood out: hyaline thrombi, a severe thrombocyto-
penia and petechiae/purpura.3 Accumulating cases made it 
possible to detect the main patterns of disease, with fast clin-
ical deterioration and a pentad of unspecific symptoms first 
described by Amorosi and Ultman in 1966: fever, haemolytic 
anaemia with abundant schistocytes, thrombocytopenia (by 
consumption), purpura or other bleeding symptoms, neuro-
logic signs (transient or permanent) and renal disease. The 
aetiology and pathophysiology remained elusive, with sug-
gested causes including drugs, toxins, viral infections, and 
autoimmunity, all requiring more conclusive evidence. As 
a consequence, the disease was almost always fatal despite 
administration of various combinations of vitamins, ad-
renocorticotropin, corticosteroids, azathioprine, nitrogen 
mustard, anti- platelet agents such as dipyridamole or as-
pirin, heparin, streptokinase or splenectomy.4 By the early 
1960’s, deficiency of an important factor in TTP patients 
and plasma therapy potential value was already recognized,5 
eventually leading TTP to be considered a congenital dis-
ease.6 In the late 1970’s Bukowski et al reported a small series 
of patients treated by exchange transfusion where remission 
rates rose to 60%7 and Byrnes et al found through a series 
of exchange transfusions with different hemoderivatives 
that the missing factor was present in plasma.8 Soon after, 
Gottschall et al described a series of 11 patients with a clini-
cal diagnosis of TTP and their evolution in accordance with 
the type of blood products they received during exchange 
therapies.9 Three patients who received platelet- poor whole 

blood all survived, whereas one out of three patients who re-
ceived platelet- rich whole blood and two out of four patients 
treated by platelet concentrates with or without whole blood 
eventually died. Notably, the condition of one patient dete-
riorated within minutes after receiving platelet- rich whole 
blood. This last observation led to the general contraindica-
tion of platelet transfusion during TTP. These works slowly 
began to shape the pathogenesis of TTP, believed to be caused 
by a deficient inhibitor of platelet activation usually present 
in normal plasma.10 Simultaneously these reports and oth-
ers10,11 added to the possibility of the disease being related 
to autoimmunity, because patients with systemic lupus ery-
thematosus (SLE) were observed to often develop TTP, and 
because glucocorticoids used alone provided occasionally 
successful remissions.7,8 Plasma therapy became the estab-
lished gold standard treatment, as well as the usefulness of 
clinical follow- up by means of lactate dehydrogenase (LDH) 
and platelet counts, but no standardized regimen was yet 
established at the time, despite an observed correlation be-
tween recovery and dose of plasma administered.11,12 During 
the early 1980s, Moake et al. helped understanding of the 
basic pathophysiology mechanism of TTP leap forward13: 
‘unusually large’ (or ultralarge) von Willebrand factor multi-
mers (UL- VWF) released from endothelial cells were found 
to accumulate in the plasma of patients with chronic relaps-
ing TTP and a failure to process these UL VWF multimers 
was proposed to explain the disorder.13

The year 1991 marked the beginning of the modern 
TTP treatment era. Plasma Exchange (PEX) was shown to 
be superior to plasma infusions for successful remission 

KEY POINTS

1. The main advances in the understand-
ing of the century- old disease Thrombotic 
Thrombocytopenic Purpura (TTP) pathophysiol-
ogy took place during the last three decades, and 
were successfully translated into diagnostic and 
therapeutic improvements.

2. Today, innovative technologies are driving pro-
found changes in the diagnosis and treatment 
standards for TTP, making TTP an illustrative 
success of translational medicine.

3. In a foreseeable future, historical treatments such 
as therapeutic plasma exchange and plasma ther-
apy for TTP may become obsolete with the up-
coming inception of rhADAMTS13 for clinical 
use, the introduction of caplacizumab, and the 
extensive use of rituximab.

4. Knowledge gaps still exist, as it is yet not fully 
known how TTP patients develop cognitive im-
pairments, and we must reinforce measures 
against cardiovascular risk factors and premature 
death, which are still prevalent in TTP patients.
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of the majority of TTP patients, moving the historically 
low survival rates of 10%– 20% up to ~80% and firmly es-
tablishing an effective first- line treatment.14,15 Between 
1996 and 1998, knowledge in TTP exploded: first in 1996, 
the Swiss group of Furlan et al. 16 and the American group 
of Tsai 17 for the first time purified from plasma a metal-
loprotease specifically cleaving VWF (VWF- Cleaving 
Protease, VWF- CP, which would later become known as 
ADAMTS13); second, in 1997, Furlan et al. published the 
first case report of severe VWF- CP deficiency in a TTP 
patient18; third, in 1998, the same groups published in 
the same issue of the New England Journal of Medicine 
the first reports of severe VWF- CP deficiency in TTP co-
horts.19,20 Since 1998, several studies worldwide have con-
firmed the role of this VWF- CP/ADAMTS13 deficiency 
in TTP, the main mechanisms of ADAMTS13 deficiency 
were uncovered,20– 22 ADAMTS13 was cloned, recombi-
nant ADAMTS13 was produced and characterized,23 and 
further molecular structural insights were discovered, 
namely a conformational plasticity of ADAMTS13 (gen-
erally referred to ‘open/closed conformation’).24– 27 These 
stimulating and promising discoveries prompted clini-
cians, biologists and researchers to work together. These 
synergistic collaborations resulted in/from the establish-
ment of local or national TTP patient registries and throm-
botic microangiopathy (TMA) reference centres with 
well- organized and characterized biobanks, which have 
been a critical element driving forward all this knowledge. 
The main TTP local or national registries today include 
the registries of Canada, Oklahoma (USA), Italy, United 
Kingdom, France, Japan, Switzerland and Australia.28– 36 
There is a large contrast between the sparsity of mile-
stones in the first seven decades and the explosive number 
of ground- breaking achievements in the field done within 
the last three decades (Figure S1), namely:

1. TTP was distinguished from other closely resembling 
TMAs (notably Haemolytic Uremic Syndrome, HUS).19,20

2. Two forms of TTP were identified, with distinct mecha-
nisms: congenital or hereditary TTP (cTTP or hTTP),21 
and acquired TTP (aTTP).18– 20,37

3. ADAMTS13 was identified as the VWF- CP and cloned for 
recombinant protein production.23

4. ADAMTS13 activity assays were developed and refined. 
The first assays were laborious, involving the mixing of 
patient plasma with healthy donors' plasmas to detect 
the presence of ADAMTS13 inhibitors. This was done 
by means of incubation of these mixtures with barium 
chloride and dialysis against a denaturing agent, running 
the resulting VWF multimers in agarose gels and subse-
quently immunoblotting to assess cleavage of the multim-
ers19 and/or to detect the presence or absence of specific 
VWF cleavage products.20 These were succeeded by other 
less cumbersome assays, such as the ELISA collagen bind-
ing assay,38 and later the FRETS- vWF73 assay,39 the cur-
rent gold standard. Other promising assays are still being 
developed and validated.40

5. Epitope mapping studies of immune- mediated TTP 
(iTTP) patients' autoantibodies have progressively re-
vealed that in the majority of patients the spacer domain of 
ADAMTS13 is targeted by autoantibodies.41– 43 Several do-
mains of ADAMTS13 may be targeted simultaneously in 
almost any combination 44– 47; nonetheless, anti- spacer an-
tibodies, when present, normally constitute the main bulk 
of the autoantibodies' mixtures in iTTP patients.45,47– 49

6. The long- term description of patients' outcome following 
the acute phase, leading to consider TTP as a chronic re-
lapsing disease.15,50,51

7. Successful new treatments with profound impacts 
for relapse prevention and disease management were 
introduced:
a. rituximab used as first- line adjunctive treatment for 

iTTP patients or as pre- emptive treatment52;
b. more recently, caplacizumab as an adjunctive treat-

ment in iTTP53– 56;
c. the ongoing development of a therapeutic, recombi-

nant human form of ADAMTS13 (rhADAMTS13).57

The intense research of the last decades led to several new 
players that introduced progressive but important changes in 
the field. Consequently, the terminology has also changed, 
with official terms being introduced in 2017.58 Important 
terms defined in this consensus report included: ‘immune- 
mediated TTP’ (iTTP) now used for aTTP cases where there is 
proof of the immune system’s involvement (i.e. presence of de-
tectable autoantibodies); ‘remission’, ‘exacerbation’ and ‘refrac-
toriness’.58 More recently, as TTP entered in the era of targeted 
therapies and precision medicine, new definitions incorpo-
rating ADAMTS13 activity as a decision- making criterion 
became necessary. Besides ‘clinical response’ (a recovery of 
platelets and LDH levels, with exacerbations still possible) and 
‘clinical remission’ (a more definitive clinical response lasting 
at least 30 days after PEX and caplacizumab are stopped, or 
improved ADAMTS13 activity ≥20%, whichever occurs first), 
response to new standards of care now uses ‘ADAMTS13 re-
sponse’, either ‘partial’ (ADAMTS13 activity detectable but 
below normal values) or ‘complete’ (normal ADAMTS13 ac-
tivity). This new terminology reflects the need to address more 
systematically than before the autoimmune component of the 
disease, and the increasing use of B- cell immunomodulators 
(mostly rituximab) front- line.59,60

T TP AS W E K NOW IT 
TODAY –  W H ER E A R E W E?

An ADAMTS13 activity <10% (or <10 IU/dl) is the most spe-
cific biomarker for TTP.61 It leads to accumulation of UL- 
VWF multimers, and can be either because of: (a) a hereditary 
set of (autosomal recessive) mutations that directly impair 
activity, synthesis, or secretion of the protease (cTTP, ~5% 
of cases),21,62 with clusters identified in several regions of the 
globe63– 65; or (b) due to an acquired impairment because of de-
veloped autoantibodies against ADAMTS13 (iTTP, ~95% of all 
cases).30,34,66 It can occur at any age (9% childhood- onset TTP 
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and 91% adult- onset TTP) with a general female- to- male ratio 
of 2:1 in the immune- mediated form. The relative incidences 
of cTTP and iTTP in the different age groups show some con-
trast: 33% of childhood- onset TTP cases are cTTP, while only 
3% of adult- onset TTP cases are cTTP. Almost all adult- onset 
cTTP cases are detected in women during pregnancy or other 
obstetrical conditions (miscarriage or stillbirth), where the 
prevalence of cTTP was found surprisingly high, reaching 50% 
to 66% of cases.67– 69 Multimeric VWF (including UL- VWF) 

exists within Weibel– Palade bodies of endothelial cells and α- 
granules of platelets, and multimers are secreted to the blood-
stream upon stimuli that activate the endothelium.70 The 
VWF molecule is a force sensor, sensitive to the shear stress 
generated by blood flow. When shear stress is high enough 
to extend the VWF A2 domain, cleavage by ADAMTS13 oc-
curs. With little to no ADAMTS13 activity, UL- VWF remains 
large in size with potent pro- thrombotic effects (Figure 1).71 
Decreased ADAMTS13 activity and antigen levels are natural 

F I G U R E  1  A representation of current Thrombotic Thrombocytopenic Purpura (TTP) epidemiology and its main mechanisms. (A) An overview of 
a population of 100 TTP patients and the likely distribution of the different types of TTP is shown (adapted from reference 69). (B) The multimeric size 
distribution of von Willebrand factor (VWF; adapted from reference 71). (C) Comparison between normal physiologic conditions of blood flow and TTP. 
The basic mechanisms of disease are shown, as well as the characteristic signs and symptoms. The relative sizes of ADAMTS13, autoantibodies, VWF 
multimers and blood cell components is not to scale. In physiologic conditions, functional ADAMTS13 (green ADAMTS13 molecules) cleaves [unusually 
large (UL)]- VWF multimers that are secreted from endothelial cells and unravel under high shear stress conditions. In TTP, ADAMTS13 is not 
functional (activity <10%) either due to mutations (yellow ADAMTS13 molecules)/lack of its secretion (cTTP), or because of autoantibodies that target 
functional ADAMTS13 and directly inhibit its activity and/or clear it from circulation (iTTP). In TTP, UL- VWF multimers are not processed and this 
facilitates platelet recruitment and thrombosis within the circulation, as well as red- blood- cell damage (red blood cells get fragmented and will appear as 
schistocytes in a blood film)
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during pregnancy, and are caused by the increased secretion 
of VWF antigen which occurs during a normal pregnancy 
(prominently during the second and third trimesters) and/or 
hormonal changes.72 Additionally, increased levels of inflam-
mation (particularly present in the case of infections) may also 
concur to tilt the balance of the ADAMTS13- VWF axis.73,74 
In line with these statements, a remaining enigmatic aspect 
of cTTP pathophysiology is the absence of systematic correla-
tion between genotype and phenotype, as illustrated by some 
families where certain members are severely affected and oth-
ers with the same allelic mutations on ADAMTS13 gene reach 
an advanced age with no attacks. Such observations support 
the existence of triggers but also modifiers in cTTP.75 The total 
volume of platelets in circulation of a normal adult is typically 
only 10– 20 ml, making it easy to develop pronounced throm-
bocytopenia through VWF– platelet aggregates.76 More rarely 
however, the development of TTP signs and symptoms can be 
asynchronous, as the sequestration of platelets may occur in 
sites with lower shear stress without causing haemolytic anae-
mia, and/or the thrombus may be localized to a critical site, 
causing a life- threatening thromboembolic event before overt 
heamolytic anaemia or thrombocytopenia.77 Lesions tend to 
occur in the heart, pancreas, kidney and the brain, without 
extensive necrosis, suggesting transient occlusion of the blood 
vessels in these sites.78

A delay in the management of TTP worsens its progno-
sis. Several ADAMTS13 assays exist,79,80 and having the 
ADAMTS13 activity results early at presentation would allow 
a fast and effective distinction of TTP from another TMA. 
Since ADAMTS13 tests are not always directly available in all 
healthcare facilities,80 time lags usually exist81 and therefore 
the initial diagnosis of TTP is frequently a clinical diagno-
sis. To assist the clinician in predicting the ADAMTS13 ac-
tivity level, clinical score systems have been developed.31,82,83 
Among the most popular are the French Score, set out by the 
French TMA Reference Center (CNR- MAT),31 and more re-
cently the PLASMIC Score.83 The difference between both 
scores is that the French Score presupposes that patients have 
a TMA with no associated condition. Clinical experience 
and awareness of TTP as a possible diagnosis is essential to 
prevent misdiagnosis, delayed treatment84,85 and adverse out-
comes owing to delayed treatment.86 This aspect is of partic-
ular importance at a time when new standards of care started 
early in the course of disease allow survival of virtually all 
patients.87,88

M I L E STON E S I N T TP TR E ATM E N T: 
M E ET TH E N EW PL AY ER S

Management of the acute phase: A new standard 
of care addressing the three pillars of iTTP 
pathophysiology

Very few randomized studies with definitive conclusions 
have been performed in the field of TTP due to the rarity 
of the disease. Indeed, its management is largely based on 

empiricism and clinical experience that translated in recent 
experts’ recommendations.58– 60

The standard of care (SOC) for TTP has historically relied 
on plasma therapy, particularly plasma infusions for cTTP 
cases, and PEX for iTTP cases.76 The prominent number 
of iTTP cases historically set the rationale for immunosup-
pression with corticosteroids front- line together with PEX 
in the acute phase. Rituximab, a B- cell- depleting monoclo-
nal antibody, has moved from a salvage therapy in cases of 
refractory TTP or exacerbations89 to front- line adjunctive 
therapy.90,91 It takes on average two weeks for its clinical 
effects to follow,52,92 and has very limited adverse effects 
reported so far.92,93 After remission, relapses are quite com-
mon in iTTP patients and they may happen several years 
after a durable remission period.50 Overall, up to 40% of 
patients with iTTP were reported to relapse during the first 
7.5 years with the traditional SOC.51 However, further anal-
yses of historical control groups managed before the era of 
rituximab reported higher relapse rates, ranging from 57% 
at two years to 74% at seven years.90,94 The systematic as-
sessment of ADAMTS13 activity following the acute phase 
could refine the risk of relapse. Before the systematic use of 
rituximab, up to 40% of patients remained with an unde-
tectable ADAMTS13 activity following clinical recovery, and 
among these patients almost 40% clinically relapsed within 
one year.95 Based on these observations, strategies aimed at 
preventing relapses by means of immunomodulation proved 
fruitful, and the addition of rituximab as an early adjunctive 
therapy front- line showed to: (a) shorten the duration of PEX 
and hospitalizations by seven days; (b) lead to more durable 
improvements of ADAMTS13 activity; and (c) bear positive 
impacts on short- term remission and long- term relapse- free 
survival, with notably one- year relapse- free survivals of 
100%.52,91,96,97

Caplacizumab is a nanobody that targets the interaction 
between UL- VWF multimers (VWF A1 domain) and plate-
lets’ glycoprotein Ib. The drug was first developed as an an-
tithrombotic agent in the context of myocardial infarction, 
but greater interest has soon been paid to its therapeutic 
potential in TTP, and development for the first indication 
has since been discontinued. Instead, it was approved for 
acute iTTP treatment in adjunction to SOC.55,98 In both 
clinical trials that served for the approval53– 56 as well as 
in real- world settings, caplacizumab led to faster platelet 
count recovery and reduced the time for a more durable 
clinical response, as well as the number of PEX rounds, and 
hospitalization time, despite the early use of rituximab.88,99 
Caplacizumab could prevent unfavourable outcomes, in-
cluding death, refractoriness and exacerbations.53,87,88,99,100 
These benefits are attained at the expense of manageable 
minor bleeding events.88 Whether caplacizumab has a 
long- term benefit on neurological complications associated 
with iTTP remains to be evaluated. Therefore, even consid-
ering the decrease in the cost of SOC, the addition of capla-
cizumab should increment the cost of a single iTTP episode 
by ~three-  to fourfold,101 which represents a limitation in 
the use of this new agent. As a result, caplacizumab is not 
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available in all countries. Lastly, one should consider ca-
placizumab as a suspensive agent protecting patients until 
immunosuppression improves ADAMTS13 activity. On the 
other hand, the price of caplacizumab recognizing its in-
novative nature should be balanced with the improvement 
of survival rate in a disease involving young patients.87,102 
As real- world evidence suggests that caplacizumab may be 
discontinued when ADAMTS13 activity reaches 20% or 
even 10% activity,88,103 trials are ongoing to personalize 
caplacizumab treatment on the basis of ADAMTS13 activ-
ity (NCT04720261). Taken together, these new regimens 
associating systematically PEX, immunosuppression with 

corticosteroids and rituximab, and caplacizumab front- 
line allow achieving impressive survival rates of >95%, far 
surpassing the historical survival rate of 80%– 85% pro-
vided by PEX and steroids for 30 years, while alleviating 
substantially the burden of care.87,88,99 In line with these 
statements, intensive salvage regimens including twice- 
daily PEX, boluses of cyclophosphamide and splenectomy 
at the acute phase for highly resistant patients should be-
come rare indications while front- line rituximab and ca-
placizumab are increasingly used.104 Figure 2 presents the 
course of a patient with suspected/proven iTTP in a hospi-
tal with optimal resources.

F I G U R E  2  The course of a patient with suspected/proven immune- mediated Thrombotic Thrombocytopenic Purpura (iTTP) in a hospital with 
optimal resources. Acute stage: if the patient suffers from a thrombotic microangiopathy without any apparent cause, a clinical score should be used 
to estimate ADAMTS13 levels and a citrated blood sample taken for actual ADAMTS13 activity assessment at the day of presentation (Day 0). The 
French Score takes into account thrombocytopenia and creatinine values, scoring +1 for each if present. A score of 2 indicates high probability of 
ADAMTS13 < 10%.31 In this case, a triplet regimen with daily PEX + steroids and daily caplacizumab is instated. If the clinical score is 1, TTP should 
still be suspected and PEX + steroids and daily caplacizumab should be initiated and kept until the ADAMTS13 activity test results from Day 0 arrive. 
If ADAMTS13 ≥ 10%, this is suggestive of an alternative diagnosis. If ADAMTS13 < 10%, the diagnosis of iTTP is confirmed, and rituximab is added 
(usually by day 4 following PEX initiation). This regimen is kept until a clinical response ensues for two days, at which point PEX is stopped, but the 
remaining therapies continue, with weekly assessments of ADAMTS13 activity. Caplacizumab may be stopped once adequate ADAMTS13 responses 
are achieved (>20% or >10%).88,103 Long- term follow- up: the focus shifts to preventing relapses and long- term morbidity, with periodic assessments of 
ADAMTS13 activity (typically every three months, with pre- emptive treatment if needed), and yearly assessments to control cardiovascular risk factors, 
assessment of neuropsychiatric disorders and improvement of quality of life as well as other specific assessments (e.g. pregnancy planning in the case of 
female patients of childbearing age)
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After the acute phase: How we learnt to prevent 
long- term relapses

Upon sustained clinical remission achievement, manage-
ment proceeds with a follow- up focused on relapse preven-
tion. Relapses are associated with ADAMTS13 deficiency105; 
therefore ADAMTS13 activity should be measured in ad-
equate time intervals, being tightened if required. Our prac-
tice is to measure ADAMTS13 once every three months for 
years after the acute phase. Although no formal recom-
mendations have been issued, our practice is to offer a life- 
long follow- up of ADAMTS13 activity, with a reduction of 
monitoring only after typically five years of treatment- free 
survival with normal ADAMTS13 activity. If ADAMTS13 
activity drops to values <10– 15%, pre- emptive rituximab is 
usually prescribed, allowing improvement in ADAMTS13 
activity in 85% of cases.94

More on long- term follow- up

During long- term follow- up after recovery, iTTP patients 
have increased premature death and multiple major mor-
bidities, including increased body mass index (BMI), hy-
pertension, major depression, diabetes and chronic kidney 
disease.106,107 Notably, up to 30% of iTTP survivors suffer 
from severe depression and 20% display extremely low/bor-
derline cognitive ability.107 Age has negative impacts both in 
the short term (atypical neurological presentation and de-
layed diagnosis), but also in the long term, as older survivors 
show increased long- term mortality that increases for every 
10  years of age range.108 Besides iTTP- related deaths, car-
diovascular complications are prevalent in iTTP survivors, 
and are the leading primary cause of death (~28%), followed 
by malignancy (~21%) and infection (~14%), while other/
unknown causes represent 10% of cases.109 The incidence of 
strokes in iTTP survivors is fivefold higher than in the gen-
eral population, and is associated with lower ADAMTS13 
activity during remission.110 In this setting, it becomes im-
portant to evaluate and control these added risk factors dur-
ing follow- up to improve life expectancy and quality of life 
(QoL) of TTP survivors (Figure 2).

A large proportion of adulthood- onset cTTP is found 
in obstetric patients.67– 69 Data from the Japanese TTP 
registry shows that patients diagnosed with cTTP before 
pregnancy had prior planning consisting of ADAMTS13 
activity monitoring and prophylactic plasma infusions 
throughout pregnancy, allowing for significantly higher 
live birth rates.111 The authors suggest initiating prophy-
lactic treatment immediately after conception because 
patients experience subclinical symptoms that are pre-
ventable by prophylactic treatment and the risk of foetal 
complications and death increases after 20 weeks of gesta-
tion. Plasma infusions have inherent limitations, and may 
be insufficient to prevent gestation complications in cases 
of uncontrolled cTTP before conception.111 In this context, 
it becomes fundamental to identify asymptomatic family 

members of cTTP patients (especially sisters of childbear-
ing age).

Of special note, obstetric iTTP is a subpopulation still in 
need of clearly defined strategies for pre- emptive measures 
and safe TTP treatments in this setting. Rituximab has 
been used before pregnancy as a pre- emptive treatment, and 
women are advised to wait six to nine months after admin-
istration before conceiving112; some have become pregnant 
before this without any major adverse effects reported to 
date.68 ADAMTS13 activity should be assessed at precon-
ception as it is predictive of pregnancy outcome. Normal 
ADAMTS13 activity is typically associated with an unevent-
ful pregnancy, and ADAMTS13 assessments through preg-
nancy usually disclose persistently normal values. Patients 
with a severe ADAMTS13 deficiency are exposed to clinical 
relapses with foetal loss and require pre- emptive measures 
before conception. On the other hand, patients with a par-
tial ADAMTS13 deficiency have the most unpredictable sce-
nario and require at least monthly ADAMTS13 assessments 
to clarify the prognosis. Patients who experience a severe 
drop in ADAMTS13 activity during pregnancy require pre- 
emptive measures including PEX and steroids. Rituximab is 
ideally reserved for the post- partum period owing to lack of 
safety evidence.113

A new hope: The recombinant human 
ADAMTS13 (rhADAMTS13)

ADAMTS13 activity deficiency is a direct cause of TTP. This 
sets a rationale for using treatments based on direct enzyme 
replacement of ADAMTS13. In Adamts13−/− mice where clini-
cal features of TTP are reproduced through overload of VWF 
as an additional trigger, administration of rhADAMTS13 al-
lowed for clinical and haematological features to be reverted.114 
A first- in- human clinical trial to assess the safety of a single 
dose of rhADAMTS13 in cTTP patients has been performed 
and key findings included: (a) a similar pharmacokinetic pro-
file to the wild- type enzyme found in plasma of healthy do-
nors; (b) tolerability in the doses tested (5, 20 or 40 U/kg); and 
(c) no signs of immunogenicity after 28 days of exposure.57 The 
efficacy of rhADAMTS13 for cTTP is now being tested in sev-
eral phase 3 studies (NCT04683003 and NCT03393975), both 
as prophylactic and on- demand treatment, and their outcomes 
are eagerly anticipated.

The most recent data accumulated by the international 
cTTP registry has shown that the current standards of 
management of cTTP patients are far from optimal.115 
On top of a median 12- year gap between disease onset 
and clinical diagnosis, 28% of cTTP patients experienced 
premature thromboembolic events until enrolment in the 
cohort, including stroke, transient ischaemic attacks and 
myocardial infarctions. Incidences occur in all age groups 
and increase with age: in 50% or more of patients aged 
>40– 50 or >50 years old at least one thromboembolic event 
has been experienced. Additionally, other neurologic con-
ditions (headaches, mental and depressive disorders, 
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epilepsy) were common, and 25% of patients had renal in-
sufficiency at the time of enrolment and end- organ dam-
age. Despite this, 71% of patients were receiving regular 
prophylactic treatment, almost all with plasma products, 
with the median interval of regular treatments at 14.0 days 
(range: 2– 75 days). The remaining 29% received only on- 
demand treatment, and the median time of treatment for 
acute events was seven days, most episodes being associ-
ated with a trigger (notably infections, alcohol excess in 
men, and pregnancy in women).115 The plasma half- life of 
plasma- infused ADAMTS13 is two to four days,116 patients 
typically reaching undetectable levels by days 7– 10 after 
infusion of two to four units of plasma.115,117 This leaves 
time gaps of a few days to weeks where cTTP patients be-
come again vulnerable to (cumulative) end- organ dam-
age and other events. This is apparent by the frequency of 
acute manifestations, with a median of 0.1 acute episodes/
patient/year (range: 0.02– 9 acute episodes/patient/year).115 
Importantly, the UK group reported that stroke incidence 
can be reduced with prophylactic therapy rather than on- 
demand therapy,118 prompting to question whether all 
patients should always be receiving active prophylactic 
management instead. Yet, not all patients are willing or 
able to submit themselves to the burden of a tight sched-
ule of prophylactic plasma regimens.119 Further, 11% of 
patients in the international cTTP registry had a reported 
transfusion- transmitted viral disease,115 and allergic re-
actions are also frequent, although manageable.111 The 
recently published experience of the UK,118 Swiss119 and 
Japanese120 TTP registries are all convergent: management 
standards in cTTP must be improved. RhADAMTS13 will 
allow refinements in the prophylactic regimens used in 
cTTP: a tighter prophylactic regimen with correct dosing 
of a pure form of ADAMTS13 will become available, may 
allow treatment to be continued at home, and may bring 
the possibility to prevent short- term and long- term co-
morbidities, as well as the possibility of applying a series 
of more standardized, yet personalized protocols, for ex-
ample, depending on the mutations present, age of onset, 
or frequency of acute events.121,122

In iTTP, the scenario for applying rhADAMTS13 is dif-
ferent. The already- ongoing immune response of the pa-
tient, the different titres of autoantibodies, and the different 
ADAMTS13 domains targeted in each individual case will 
pose challenges. In in vitro studies of iTTP patient sam-
ples, and also in a rat model of iTTP based on injection of 
polyclonal goat anti- human ADAMTS13 antibodies, it was 
possible to override the antibodies with wild- type high- 
dose rhADAMTS13 and replenish enzyme activity leading 
to successful treatment of iTTP in these rats.123– 125 Because 
of these encouraging preclinical results, a clinical trial is 
currently ongoing to assess the efficacy and safety of wild- 
type rhADAMTS13 in addition to SOC in aTTP patients 
(SOAR- HI Trial, NCT03922308). Hurdles regarding stan-
dardization of treatment are expectable: dosing schedules 
and regimens may need to be tailored to each patient. This 
can likely be improved upon with rhADAMTS13 mutant 

variants resistant to a large fraction of the patients' autoanti-
body mixtures,126 as long as rhADAMTS13 intrinsic activity 
is not lost.49 A full- length ADAMTS13 variant with an arti-
ficially introduced N- glycan and with these characteristics 
was recently reported by us.127 Despite the current lack of in 
vivo data, rhADAMTS13 ‘bio- betters’ like these could possi-
bly be used with some anticipated advantages for the reduc-
tion of the burden of care (Figure 3).128,129

HOW TO FU RTH ER DECR E ASE TH E 
BU R DE N OF CA R E I N T TP?

In one recent study, the inception of caplacizumab in the 
current SOC allowed for a significant reduction of deaths 
and volumes of plasma.87 The high costs of such a regimen 
make it urgent for the field to reduce the burden of care. One 
obvious way to achieve this is through a steep reduction on 
the PEX regimen, e.g. a simple stoppage of PEX as soon as 
clinical responses and recovery ensue.130 Plasma volumes 
involved in PEX have been a concern due to the risks associ-
ated with the procedure and the high plasma volumes nec-
essary.131 In addition, PEX is a cumbersome and expensive 
procedure, with complex logistics, and is not always readily 
available. In line with these statements, recent preliminary 
reports showed that it is possible to manage some patients 
without any PEX or plasma therapy at all, based on capla-
cizumab administration and immunosuppression.130,132 In 
a series of case reports, six patients who experienced seven 
iTTP episodes and managed with such regimen recovered at 
least 10% of ADAMTS13 activity; all had clinical responses 
with improvement of platelet counts and lactate dehydro-
genase (LDH) values.132 Consequently, and although PEX 
still remains a cornerstone in the management of iTTP at 
the acute phase, PEX- free regimens should become feasible 
in the future, especially with the perspective of the introduc-
tion of rhADAMTS13 as a new player in the field.122

A replacement of therapeutic elements by other less ex-
pensive but equivalent alternatives is another way to fur-
ther reduce direct costs: a biosimilar of rituximab has been 
reported to be equivalent in performance, with significant 
cost benefits.133 Rituximab can also be adapted for subcuta-
neous use with similar performances in iTTP, yet reducing 
nursing workload, treatment time, and improving patient's 
satisfaction.134

LIFE W ITH T TP:  OU TCOM E S OF 
T TP SU RV I VOR S

Improving relevant clinical outcomes for rare- disease pa-
tients and addressing patient concerns is coming into 
focus.135,136 iTTP is known to be followed by several sequelae 
in the central nervous system137 with chronic fatigue, head-
ache, cognitive impairment, reduced work productivity, de-
pression, anxiety,136– 139 post- traumatic stress disorder140 and 
a lower QoL.136,138,141 Current treatments do not prevent these 
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long- term outcomes, yet these are the ones patients com-
plain about the most, although concern profiles are slightly 
different between cTTP and iTTP.142 So far, the mechanisms 
behind the cognitive impairment observed are not yet fully 
defined, but likely involve ADAMTS13.143 Microinfarcts and 
invisible lesions, and silent brain infarcts and other mecha-
nisms are known to cause vascular- impairment dementia.144 
In the case of TTP patients, abnormal MRI scans are associ-
ated with neurological involvement at presentation and are 
predictive of long- term cognitive impairment.145 These as-
pects raise the question of the target ADAMTS13 activity to 
be maintained after an acute TTP event, and may propel in 

the future a revision of the current pre- emptive strategies as 
well as clinical follow- up and therapeutic evaluation accord-
ing to underlying cardiovascular risk factors. Similar data 
were recently reported for cTTP patients.115,118– 121

TH E I M PORTA NCE OF 
PATIE N T E M POW ER M E N T

Specific strategies for further patient empowerment need to 
be set. A recent questionnaire study submitted to 120 TTP 
patients revealed that two- thirds had a low to intermediate 

F I G U R E  3  The nature of polyclonal autoantibody mixtures in Immune- mediated Thrombotic Thrombocytopenic Purpura (iTTP) patients and 
ideal characteristics of a ‘bio- better’ ADAMTS13. The domain structure of ADAMTS13 in single letter and number codes is shown. From left to right: 
M, metalloprotease; D, disintegrin; T1, thrombospondin (TSP) repeat 1; C, Cys- rich; S, spacer; T2– T8, TSP repeats 2– 8; CUB- 1 and CUB- 2, complement 
subcomponent C1r/C1s, embryonic sea urchin protein Uegf, bone morphogenetic protein 1 domain. The general characteristics of patients' autoantibody 
mixtures are shown, based on compiled data shown in the supplementary data of reference 49. Below, the ideal characteristics of a ‘bio- better’ ADAMTS13 
are indicated with perspective of the anticipated advantages it should be able to offer over the wild- type rhADAMTS13. Several of these advantages are, 
in theory, linked. Notwithstanding, the wild- type rhADAMTS13 already promises to offer a significant reduction in the burden of care in iTTP and 
cTTP.122 Figure created with BioRe nder.com

http://biorender.com
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literacy on their own condition, which is normally associ-
ated with older age and lower education levels.146 Importantly, 
among the whole population studied, 39% of patients did not 
understand that PEX is mandatory in the acute phase, almost 
half of them do not consider being at risk of relapse, and 30% 
of women did not know that pregnancy increases the risk of 
relapse. Only one- third correctly replied what to do in case of 
a suspected relapse.146 These findings show that there is a clear 
need for patients to better understand their disease (typically 
using non- technical language) and the importance of medi-
cal follow- up. Thereby, every aspect of long- term follow- up 
including prevention of relapses, pregnancy planning, contra-
ception, identification and management of neurologic seque-
lae and cardiovascular risk factors must be addressed.

One effective tool for further patient empowerment is en-
couraging patients and family members to attend TTP sup-
port groups. Meeting other patients and exchanging their 
experiences together with specialists and researchers brings 
several benefits to both the patients’ follow- up and learning, 
but also directing new research questions.147

TH E TA RGETS ON TH E ROA D –  
PER SPEC TI V E S A BOU T TH E FU T U R E 
I N T TP

The field of TTP is experiencing several changes at a fast 
pace with exciting forthcoming challenges:

1. In the years to come, rhADAMTS13 should arise in 
the therapeutic landscape to bring further changes and 
reshape the current standards.122 For iTTP, the strat-
egy of overriding autoantibodies with the wild- type 
rhADAMTS13123– 125 allows for speculations on a ‘bio- 
better’ rhADAMTS13 that would be resistant against a 
large fraction of most patients' autoantibody mixtures 
(Figure  3).49,126,128 We recently reported a full- length 
ADAMTS13 variant with an artificially introduced N- 
glycan bearing some of the in vitro characteristics of 
this idealized rhADAMTS13 ‘bio- better’.127,129 Although 
further studies are still required before drawing more 
definite conclusions, the current scientific evidence is 
encouraging.

2. Raising the bar in the elderly is a current goal, since age 
does widen the risk for premature death of iTTP pa-
tients.108 Caplacizumab may not prevent thromboembolic 
events as efficiently in this subpopulation, for which the 
use of adequate anti- platelet agents may further improve 
outcomes.87

3. It is necessary to gain more knowledge on the general cog-
nitive deficits TTP patients develop, their mechanisms 
and how to prevent them. In this regard, caplacizumab 
and rhADAMTS13 hold a rationale; however there is yet 
lack of data in this field.122 The cardiovascular risk fac-
tors these patients display must be aggressively controlled 
to prevent further damage, reduce comorbidities and 
improve outcomes in light of ADAMTS13 activity.108,121 

In iTTP, ELISA- based detection of open- conformation 
ADAMTS13 may become helpful for a differential diag-
nosis, because it is a hallmark in acute- stage iTTP patients 
and reverts upon remission or rituximab treatment.148,149 
Importantly, this may become a useful predictive bio-
marker for imminent relapses.149,150

4. As a more long- term perspective, chimaeric antigen re-
ceptor (CAR)- T cells for the treatment of autoimmune 
diseases have attracted much attention. This approach 
could potentially be useful for treating more definitely 
the immune component of iTTP by clonally deleting anti- 
ADAMTS13- specific B- cells.151

5. Another strategy that holds promise is the use of gene 
therapy. In the case of TTP, several approaches have 
borne fruit in preclinical models: liposomal mRNA treat-
ments,152 gene transfer systems based on viruses,153,154 in 
modified haematopoietic cells,155 as well as direct hydro-
dynamic uptake of a sleeping- beauty transposon system 
carrying the ADAMTS13 gene156 have all been success-
fully applied in animal models. They can be used with any 
ADAMTS13 variant of choice.152,154 A novel TTP model in 
zebrafish has recently been reported and may allow fur-
ther understanding of the pathophysiology and discovery 
of novel treatments.157

After almost one century, TTP survival has now become 
the norm, and management is becoming simpler. However, 
the complex consequences of long- term TTP are still being 
unravelled and knowledge gaps remain that require attention. 
Studies are ongoing specifically to address these issues, and 
should shed light on these problems over the upcoming years. 
In the near future, the treatment landscape will likely see fur-
ther exciting changes that hold much promise in answering 
part of the patients’ unmet needs and complaints. Added to 
immunosuppression and caplacizumab, it will be exciting to 
see how the rhADAMTS13 will hold against the underlying 
immune response, how its regimen will be established, and 
how it will further reshape the current standards of practice.

AC K NOW L E D G E M E N T S
This project has received funding from the European Union's 
Horizon 2020 research and innovation programme under 
the Marie Skłodowska- Curie grant agreement number 
675746 (PROFILE), from the Netherlands Ministry of Health 
(PPOC- 18- 022) and from the Innovations Department of 
Sanquin (Sanquinnovate Research Project SQI/00049 and 
SQI/00060).

C ON F L IC T OF I N T E R E S T S
Nuno A. G. Graça and Jan Voorberg are inventors of a patent 
application regarding autoantibody- resistant ADAMTS13 
variants. Karen Vanhoorelbeke is a member of the advisory 
board of Shire- Takeda and Ablynx- Sanofi. Agnès Veyradier 
is a member of the French advisory boards for Sanofi, 
Takeda, and Roche- Chugai. Paul Coppo was a member of 
advisory boards for and received speaker fees from Sanofi, 
Alexion, Octapharma, and Takeda. Nicolas Béranger and 
Bérangère S. Joly declare no conflicts of interest.



   | 11GRAÇA et al.

AU T HOR C ON T R I BU T ION S
Nuno A. G. Graça wrote the first draft of the manuscript, 
designed figures and all authors critically revised the manu-
script before submission.

ORC I D
Nuno A. G. Graça   https://orcid.org/0000-0001-5694-1836 
Bérangère S. Joly   https://orcid.org/0000-0003-0151-337X 
Jan Voorberg   https://orcid.org/0000-0003-4585-2621 
Karen Vanhoorelbeke   https://orcid.org/0000-0003-2288-8277 
Agnès Veyradier   https://orcid.org/0000-0001-7773-5003 
Paul Coppo   https://orcid.org/0000-0002-4618-2095 

R E F E R E N C E S
 1. Moschcowitz E. An acute febrile pleiochromic anemia with hyaline 

thrombosis of the terminal arterioles and capillaries -  an unde-
scribed disease. Arch Intern Med. 1925;36:89– 93.

 2. Rubinstein BMA, Kagan BM, Macgillviray MH, Merliss R, Sacks H, 
Hills B. Unusual remission in a case of thrombotic thrombocytope-
nic purpura syndrome following fresh blood exchange transfusions. 
Ann Intern Med. 1959;51(6):1409– 19.

 3. Singer K, Bornstein F, Wile S. Thrombotic thrombocytopenic pur-
pura. Blood. 1947;2(6):542– 54.

 4. Amorosi EL, Ultmann JE. Thrombotic thrombocytopenic pur-
pura: Report of 16 cases and review of the literature. Medicine 
(Baltimore). 1966;45(2):139– 53.

 5. Schulman I, Pierce M, Lukens A, Currimbhoy Z. Studies on 
Thrombopoiesis 1. A factor in Normal human plasma required 
for platelet production; chronic thrombocytopenia due to its defi-
ciency. Blood. 1960;16(1):943– 57.

 6. Upshaw JD. Congenital deficiency of a factor in normal plasma that 
reverses microangiopathic hemolysis and thrombocytopenia. N 
Engl J Med. 1978;298(24):1350– 2.

 7. Bukowski RM, King JW, Hewlett JS. Plasmapheresis in the treatment 
of thrombotic thrombocytopenic purpura. Blood. 1977;50(3):413– 7.

 8. Byrnes JJ, Khurana M. Treatment of thrombotic thrombocytopenic 
purpura with plasma. N Engl J Med. 1977;297(25):1386– 9.

 9. Gottschall JL, Pisciotta AV, Darin J, Hussey CV, Aster RH. 
Thrombotic thrombocytopenic purpura: experience with 
whole blood exchange transfusion. Semin Thromb Hemost. 
1981;7(1):25– 32.

 10. Lian E, Harkness D, Byrnes J, Wallach H, Nunez R. Presence of a 
platelet aggregating factor in the plasma of patients with thrombotic 
thrombocytopenic purpura (TTP) and its inhibition by normal 
plasma. Blood. 1979;53(2):333– 8.

 11. Taft E. Thrombotic thrombocytopenic purpura and dose of plasma 
exchange. Blood. 1979;54(4):842– 9.

 12. Toffelmire EB, William Clark CF, Peter Cordy FE, Adam Linton FL, 
Reinhart Lohmann FC. Plasma exchange in thrombotic thrombo-
cytopenic purpura. Can Med Assoc J. 1984;131:1371– 6.

 13. Moake JL, Rudy CK, Troll JH, Weinstein MJ, Colannino NM, Azocar 
J, et al. Unusually Large Plasma Factor VIII:Von Willebrand Factor 
multimers in chronic relapsing Thrombotic Thrombocytopenic 
Purpura. N Engl J Med. 1982;307(23):1432– 5.

 14. Rock GA, Shumak KH, Buskard NA, Blanchette VS, Kelton JG, Nair 
RC, et al. Comparison of plasma exchange with plasma infusion in 
the treatment of thrombotic thrombocytopenic purpura. N Engl J 
Med. 1991;325(6):393– 7.

 15. Bell WR, Braine HG, Ness PM, Kickler TS. Improved survival in throm-
botic thrombocytopenic purpura- hemolytic uremic syndrome —  clini-
cal experience in 108 patients. N Engl J Med. 1991;325(6):398– 403.

 16. Furlan M, Robles R, Lämmle B. Partial purification and character-
ization of a protease from human plasma cleaving von Willebrand 
factor to fragments produced by in vivo proteolysis. Blood. 
1996;87(10):4223– 34.

 17. Tsai HM. Physiologic cleavage of von Willebrand factor by a plasma 
protease is dependent on its conformation and requires calcium ion. 
Blood. 1996;87(10):4235– 44.

 18. Furlan M, Robles R, Solenthaler M, Wassmer M, Sandoz P, Lämmle 
B. Deficient activity of von Willebrand factor –  cleaving protease 
in chronic relapsing thrombotic thrombocytopenic purpura. Blood. 
1997;89(9):3097– 103.

 19. Furlan M, Robles R, Galbusera M, Remuzzi G, Kyrle PA, Brenner 
B, et al. Von Willebrand factor– cleaving protease in thrombotic 
thrombocytopenic purpura and the hemolytic– uremic syndrome. 
N Engl J Med. 1998;339(22):1578– 84.

 20. Tsai H- M, Lian EC- Y. Antibodies to von Willebrand factor- cleaving 
protease in acute thrombotic thrombocytopenic purpura. N Engl J 
Med. 1998;339(22):1585– 94.

 21. Levy GG, Nichols WC, Lian EC, Foroud T, Mcclintick JN, Mcgee 
BM, et al. Mutations in a member of the ADAMTS gene family cause 
thrombotic thrombocytopenic purpura. Nature. 2001;413(4):488– 94.

 22. Shelat SG, Smith P, Ai J, Zheng XL. Inhibitory autoantibodies 
against ADAMTS- 13 in patients with thrombotic thrombocyto-
penic purpura bind ADAMTS- 13 protease and may accelerate its 
clearance in vivo. J Thromb Haemost. 2006;4:1707– 17.

 23. Plaimauer B, Zimmermann K, Völkel D, Antoine G, Kerschbaumer 
R, Jenab P, et al. Cloning, expression, and functional characteriza-
tion of the von Willebrand factor- cleaving protease (ADAMTS13). 
Blood. 2002;100(10):3626– 32.

 24. Tao Z, Peng Y, Nolasco L, Cal S, Lopez- Otin C, Li R, et al. 
Recombinant CUB- 1 domain polypeptide inhibits the cleavage of 
ULVWF strings by ADAMTS13 under flow conditions. Blood. 
2005;106(13):4139– 45.

 25. South K, Luken BM, Crawley JTB, Phillips R, Thomas M, Collins 
RF, et al. Conformational activation of ADAMTS13. Proc Natl Acad 
Sci. 2014;111(52):18578– 83.

 26. Muia J, Zhu J, Gupta G, Haberichter SL, Friedman KD, Feys HB, 
et al. Allosteric activation of ADAMTS13 by von Willebrand factor. 
Proc Natl Acad Sci. 2014;111(52):18584– 9.

 27. Petri A, Kim HJ, Xu Y, de Groot R, Li C, Vandenbulcke A, et al. 
Crystal structure and substrate- induced activation of ADAMTS13. 
Nat Commun. 2019;10(1):1– 16.

 28. Leblond P, Rock G, Herbert C. The use of plasma as a replacement 
fluid in plasma exchange. Transfusion. 1998;38:834– 8.

 29. George JN, Kremer Hovinga JA, Terrell DR, Vesely SK, Lämmle B. 
The Oklahoma thrombotic thrombocytopenic purpura- hemolytic 
uremic syndrome registry: the Swiss connection. Eur J Haematol. 
2008;80(4):277– 86.

 30. Scully M, Yarranton H, Liesner R, Cavenagh J, Hunt B, Benjamin 
S, et al. Regional UKTTP registry: correlation with labora-
tory ADAMTS 13 analysis and clinical features. Br J Haematol. 
2008;142(5):819– 26.

 31. Coppo P, Schwarzinger M, Buffet M, Wynckel A, Clabault K, Presne 
C, et al. Predictive features of severe acquired ADAMTS13 defi-
ciency in idiopathic thrombotic microangiopathies: the French 
TMA reference center experience. PLoS ONE. 2010;5(4):e10208.

 32. Fujimura Y, Matsumoto M. Registry of 919 patients with throm-
botic microangiopathies across Japan: database of Nara Medical 
University during 1998- 2008. Intern Med. 2010;49(1):7– 15.

 33. Blombery P, Kivivali L, Pepperell D, Mcquilten Z, Engelbrecht S, 
Polizzotto MN, et al. Diagnosis and management of thrombotic 
thrombocytopenic purpura (TTP) in Australia: findings from the 
first 5 years of the Australian TTP/thrombotic microangiopathy 
registry. Intern Med J. 2016;46(1):71– 9.

 34. Mariotte E, Azoulay E, Galicier L, Rondeau E, Zouiti F, Boisseau 
P, et al. Epidemiology and pathophysiology of adulthood- onset 
thrombotic microangiopathy with severe ADAMTS13 deficiency 
(thrombotic thrombocytopenic purpura): a cross- sectional analy-
sis of the French national registry for thrombotic microangiopathy. 
Lancet Haematol. 2016;3(5):E237– 45.

 35. Lotta LA, Mariani M, Consonni D, Mancini I, Palla R, Maino 
A, et al. Different clinical severity of first episodes and 

https://orcid.org/0000-0001-5694-1836
https://orcid.org/0000-0001-5694-1836
https://orcid.org/0000-0003-0151-337X
https://orcid.org/0000-0003-0151-337X
https://orcid.org/0000-0003-4585-2621
https://orcid.org/0000-0003-4585-2621
https://orcid.org/0000-0003-2288-8277
https://orcid.org/0000-0003-2288-8277
https://orcid.org/0000-0001-7773-5003
https://orcid.org/0000-0001-7773-5003
https://orcid.org/0000-0002-4618-2095
https://orcid.org/0000-0002-4618-2095


12 |   TTP: FROM EMPIRICISM FOR AN ENIGMATIC DISEASE TO TARGETED MOLECULAR THERAPIES 

recurrences of thrombotic thrombocytopenic purpura. Br J 
Haematol. 2010;151(5):488– 94.

 36. Mancini I, Pontiggia S, Palla R, Artoni A, Valsecchi C, Ferrari B, 
et al. Clinical and laboratory features of patients with acquired 
thrombotic thrombocytopenic purpura: fourteen years of the Milan 
TTP registry. Thromb Haemost. 2019;119(5):695– 704.

 37. Furlan M, Robles R, Solenthaler M, Lämmle B. Acquired deficiency 
of von Willebrand factor- cleaving protease in a patient with throm-
botic thrombocytopenic purpura. Blood. 1998;91(8):2839– 46.

 38. Gerritsen HE, Turecek PL, Schwarz HP, Lämmle B, Furlan M. Assay 
of von Willebrand factor (vWF)- cleaving protease based on de-
creased collagen binding affinity of degraded vWF. A tool for the di-
agnosis of thrombotic thrombocytopenic purpura (TTP). Thromb 
Haemost. 1999;82(5):1386– 9.

 39. Kokame K, Nobe Y, Kokubo Y, Okayama A, Miyata T. FRETS- 
VWF73, a first f luorogenic substrate for ADAMTS13 assay. Br J 
Haematol. 2005;129(1):93– 100.

 40. Beranger N, Benghezal S, Joly BS, Capdenat S, Delton A, Stepanian 
A, et al. Diagnosis and follow- up of thrombotic thrombocytopenic 
purpura with an automated chemiluminescent ADAMTS13 activity 
immunoassay. Res Pract Thromb Haemost. 2021;5(1):81– 93.

 41. Klaus C, Plaimauer B, Studt JD, Dorner F, Lämmle B, Mannucci PM, 
et al. Epitope mapping of ADAMTS13 autoantibodies in acquired 
thrombotic thrombocytopenic purpura. Blood. 2004;103(12):4514– 9.

 42. Pos W, Crawley JTB, Fijnheer R, Voorberg J, Lane DA, Luken BM. 
An autoantibody epitope comprising residues R660, Y661, and Y665 
in the ADAMTS13 spacer domain identifies a binding site for the 
A2 domain of VWF. Blood. 2010;115:1640– 9.

 43. Pos W, Sorvillo N, Fijnheer R, Feys HB, Kaijen PHP, Vidarsson G, 
et al. Residues arg568 and phe592 contribute to an antigenic surface 
for anti- adamts13 antibodies in the spacer domain. Haematologica. 
2011;96(11):1670– 7.

 44. Long Zheng X, Wu HM, Shang D, Falls E, Skipwith CG, Cataland 
SR, et al. Multiple domains of ADAMTS13 are targeted by auto-
antibodies against ADAMTS13 in patients with acquired idio-
pathic thrombotic thrombocytopenic purpura. Haematologica. 
2010;95(9):1555– 62.

 45. Thomas MR, de Groot R, Scully MA, Crawley JTB. Pathogenicity of 
anti- ADAMTS13 autoantibodies in acquired thrombotic thrombo-
cytopenic purpura. eBioMedicine. 2015;2:942– 52.

 46. Velásquez Pereira LC, Roose E, Graça NAG, Sinkovits G, Kangro 
K, Joly BS, et al. Immunogenic hotspots in the spacer domain of 
ADAMTS13 in immune- mediated thrombotic thrombocytopenic 
purpura. J Thromb Haemost. 2021;19(2):478– 88.

 47. Kangro K, Roose E, Joly BS, Sinkovits G, Falter T, von Auer C, et al. 
Anti- ADAMTS13 autoantibody profiling in patients with immune- 
mediated thrombotic thrombocytopenic purpura. Blood Adv. 
2021;5(17):3427– 35.

 48. Casina VC, Hu W, Mao J- H, Lu R- N, Hanby HA, Pickens B, et al. 
High- resolution epitope mapping by HX MS reveals the pathogenic 
mechanism and a possible therapy for autoimmune TTP syndrome. 
Proc Natl Acad Sci. 2015;112(31):9620– 5.

 49. Graça NAG, Ercig B, Velásquez Pereira LC, Kangro K, Kaijen P, 
Nicolaes GAF, et al. Modifying ADAMTS13 to modulate binding 
of pathogenic autoantibodies of patients with acquired thrombotic 
thrombocytopenic purpura. Haematologica. 2020;105(11):2619– 30.

 50. Shumak KH, Rock GA, Nair RC. Late relapses in patients suc-
cessfully treated for thrombotic thrombocytopenic purpura. Ann 
Intern Med. 1995;122(8):569– 72.

 51. Hovinga JAK, Vesely SK, Terrell DR, Lämmle B, George JN. 
Survival and relapse in patients with thrombotic thrombocytopenic 
purpura. Blood. 2010;115(8):1500– 11.

 52. Froissart A, Veyradier A, Hié M, Benhamou Y, Coppo P. Rituximab 
in autoimmune thrombotic thrombocytopenic purpura: A success 
story. Eur J Intern Med. 2015;26(9):659– 65.

 53. Peyvandi F, Scully M, Hovinga JAK, Cataland S, Knöbl P, Wu H, 
et al. Caplacizumab for acquired thrombotic thrombocytopenic 
purpura. N Engl J Med. 2016;374(6):511– 22.

 54. Peyvandi F, Scully M, Kremer Hovinga JA, Knöbl P, Cataland S, De 
Beuf K, et al. Caplacizumab reduces the frequency of major throm-
boembolic events, exacerbations and death in patients with ac-
quired thrombotic thrombocytopenic purpura. J Thromb Haemost. 
2017;15(7):1448– 52.

 55. Duggan S. Caplacizumab: first global approval. Drugs. 
2018;78(15):1639– 42.

 56. Knoebl P, Cataland S, Peyvandi F, Coppo P, Scully M, Kremer 
Hovinga JA, et al. Efficacy and safety of open- label caplacizumab 
in patients with exacerbations of acquired thrombotic thrombo-
cytopenic purpura in the HERCULES study. J Thromb Haemost. 
2020;18(2):479– 84.

 57. Scully M, Knöbl P, Kentouche K, Rice L, Windyga J, Schneppenheim 
R, et al. Recombinant ADAMTS- 13: first- in- human pharmacoki-
netics and safety in congenital thrombotic thrombocytopenic pur-
pura. Blood. 2017;130(19):2055– 63.

 58. Scully M, Cataland S, Coppo P, de la Rubia J, Friedman KD, Kremer 
Hovinga J, et al. Consensus on the standardization of terminology 
in thrombotic thrombocytopenic purpura and related thrombotic 
microangiopathies. J Thromb Haemost. 2017;15(2):312– 22.

 59. Cuker A, Cataland SR, Coppo P, Rubia J de la, Friedman KD, George 
JN, et al. Redefining outcomes in immune TTP: an international 
working group consensus report. Blood 2021;137(14):1855– 61.

 60. Zheng XL, Vesely S, Cataland S, Coppo P, Geldziler B, Iorio A, et al. 
ISTH guidelines for treatment of thrombotic thrombocytopenic 
purpura. J Thromb Haemost. 2020;18:2496– 502.

 61. George JN, Nester CM. Syndromes of thrombotic microangiopathy. 
N Engl J Med. 2014;371(7):654– 66.

 62. Shang D, Zheng XW, Niiya M, Zheng XL. Apical sorting of 
ADAMTS13 in vascular endothelial cells and Madin- Darby canine 
kidney cells depends on the CUB domains and their association 
with lipid rafts. Blood. 2006;108(7):2207– 15.

 63. Matsumoto M, Kokame K, Soejima K, Miura M, Hayashi S, Fujii 
Y, et al. Molecular characterization of ADAMTS13 gene mutations 
in Japanese patients with Upshaw- Schulman syndrome. Blood. 
2004;103(4):1305– 10.

 64. Veyradier A, Lavergne JM, Ribba AS, Obert B, Loirat C, Meyer D, 
et al. Ten candidate ADAMTS13 mutations in six French families 
with congenital thrombotic thrombocytopenic purpura (Upshaw- 
Schulman syndrome). J Thromb Haemost. 2004;2(3):424– 9.

 65. von Krogh AS, Quist- Paulsen P, Waage A, Langseth O, Thorstensen 
K, Brudevold R, et al. High prevalence of hereditary thrombotic 
thrombocytopenic purpura in Central Norway: from clinical ob-
servation to evidence. J Thromb Haemost. 2016;14(1):73– 82.

 66. George JN, Vesely SK, Terrell DR. The Oklahoma thrombotic 
thrombocytopenic purpura- hemolytic uremic syndrome (TTP- 
HUS) registry: a community perspective of patients with clinically 
diagnosed TTP- HUS. Semin Hematol. 2004;41(1):60– 7.

 67. Moatti- Cohen M, Garrec C, Wolf M, Boisseau P, Galicier L, Azoulay 
E, et al. Unexpected frequency of Upshaw- Schulman syndrome in 
pregnancy- onset thrombotic thrombocytopenic purpura. Blood. 
2012;119(24):5888– 97.

 68. Scully M, Thomas M, Underwood M, Watson H, Langley K, 
Camilleri RS, et al. Thrombotic thrombocytopenic purpura and 
pregnancy: presentation, management, and subsequent pregnancy 
outcomes. Blood. 2014;124(2):211– 9.

 69. Joly BS, Coppo P, Veyradier A. Thrombotic thrombocytopenic pur-
pura. Blood. 2017;129(21):2836– 46.

 70. Page AV, Liles WC. Biomarkers of endothelial activation/dysfunc-
tion in infectious diseases. Virulence. 2013;4(6):507– 16.

 71. Stockschlaeder M, Schneppenheim R, Budde U. Update on von 
Willebrand factor multimers: focus on high- molecular- weight 
multimers and their role in hemostasis. Blood Coagul Fibrinolysis. 
2014;25(3):206– 16.

 72. Feys HB, Canciani MT, Peyvandi F, Deckmyn H. ADAMTS13 ac-
tivity to antigen ratio in physiological and pathological conditions 
associated with an increased risk of thrombosis. Br J Haematol. 
2007;138(June):534– 40.



   | 13GRAÇA et al.

 73. Bernardo A, Ball C, Nolasco L, Moake JF, Dong JF. Effects of in-
flammatory cytokines on the release and cleavage of the endothe-
lial cell- derived ultralarge von Willebrand- factor multimers under 
flow. Blood. 2004;104(1):100– 6.

 74. Cao WJ, Niiya M, Zheng XW, Shang DZ, Zheng XL. Inflammatory 
cytokines inhibit ADAMTS13 synthesis in hepatic stellate cells and 
endothelial cells. J Thromb Haemost. 2008;6:1233– 5.

 75. Bennett M, Chubar Y, Gavish I, Aviv A, Stemer G, Chap- Marshak D. 
Experiences in a family with the upshaw- schulman syndrome over a 
44- year period. Clin Appl Thromb. 2014;20(3):296– 303.

 76. Sadler JE. Pathophysiology of thrombotic thrombocytopenic pur-
pura. Blood. 2017;130(10):1181– 8.

 77. Htun KT, Davis AK. Neurological symptoms as the sole presen-
tation of relapsed thrombotic thrombocytopenic purpura with-
out microangiopathic haemolytic anaemia. Thromb Haemost. 
2014;112(4):838– 40.

 78. Hosler GA, Cusumano AM, Hutchins GM. Thrombotic thrombo-
cytopenic purpura and hemolytic uremic syndrome are distinct 
pathologic entities– a review of 56 autopsy cases. Arch Pathol Lab 
Med. 2003;127(July):834– 9.

 79. Peyvandi F, Palla R, Lotta LA, Mackie I, Scully MA, Machin SJ. 
ADAMTS- 13 assays in thrombotic thrombocytopenic purpura. J 
Thromb Haemost. 2010;8(4):631– 40.

 80. Mackie I, Mancini I, Muia J, Kremer Hovinga J, Nair S, Machin S, 
et al. International Council for Standardization in Haematology 
(ICSH) recommendations for laboratory measurement of 
ADAMTS13. Int J Lab Hematol. 2020;42:685– 96.

 81. Smock KJ. The Role of ADAMTS13 Testing in the Work up of 
Suspected Thrombotic Thrombocytopenic Purpura. Clinical 
Laboratory News. 2016; American Association of Clinical 
Chemistry.

 82. Bentley MJ, Lehman CM, Blaylock RC, Wilson AR, Rodgers 
GM. The utility of patient characteristics in predicting se-
vere ADAMTS13 deficiency and response to plasma exchange. 
Transfusion. 2010;50:1654– 64.

 83. Bendapudi PK, Hurwitz S, Fry A, Marques MB, Waldo SW, Li A, 
et al. Derivation and external validation of the PLASMIC score for 
rapid assessment of adults with thrombotic microangiopathies: A 
cohort study. Lancet Haematol. 2017;4(4):e157– 64.

 84. Grall M, Azoulay E, Galicier L, Provôt F, Wynckel A, Poullin P, et al. 
Thrombotic thrombocytopenic purpura misdiagnosed as autoim-
mune cytopenia: Causes of diagnostic errors and consequence on 
outcome. Experience of the French thrombotic microangiopathies 
reference Centre. Am J Hematol. 2017;92(4):381– 7.

 85. Zheng XL, Vesely SK, Cataland SR, Coppo P, Geldziler B, Iorio A, 
et al. ISTH guidelines for the diagnosis of thrombotic thrombocy-
topenic purpura. J Thromb Haemost. 2020;0– 3:2486– 95.

 86. Sawler D, Parker A, Britto J, Goodyear MD, Sun HL. Time from 
suspected thrombotic thrombocytopenic purpura to initiation of 
plasma exchange and impact on survival: a 10- year provincial ret-
rospective cohort study. Thromb Res. 2020;193:53– 9.

 87. Coppo P, Bubenheim M, Azoulay E, Galicier L, Malot S, Bigé N, et al. 
A regimen with caplacizumab, immunosuppression, and plasma ex-
change prevents unfavorable outcomes in immune- mediated TTP. 
Blood. 2021;137(6):733– 42.

 88. Dutt T, Shaw RJ, Stubbs MJ, Yong J, Bailiff B, Cranfield T, et al. Real- 
world evidence of caplacizumab use in the management of acute 
TTP. Blood. 2021;137(13):1731– 40.

 89. Froissart A, Buffet M, Veyradier A, Poullin P, Provôt F, Malot S, 
et al. Efficacy and safety of first- line rituximab in severe, ac-
quired thrombotic thrombocytopenic purpura with a subop-
timal response to plasma exchange. Experience of the French 
thrombotic Microangiopathies reference center. Crit Care Med. 
2012;40(1):104– 11.

 90. Scully M, McDonald V, Cavenagh J, Hunt BJ, Longair I, Cohen H, 
et al. A phase 2 study of the safety and efficacy of rituximab with 
plasma exchange in acute acquired thrombotic thrombocytopenic 
purpura. Blood. 2011;118(7):1746– 53.

 91. Chen H, Fu A, Wang J, Wu T, Li Z, Tang J, et al. Rituximab as first- 
line treatment for acquired thrombotic thrombocytopenic purpura. 
J Int Med Res. 2017;45(3):1253– 60.

 92. Lim W, Vesely SK, George JN. Evidence- based focused review the role 
of rituximab in the management of patients with acquired throm-
botic thrombocytopenic purpura. Blood. 2015;125(10):1526– 31.

 93. Crowley MP, McDonald V, Scully M. Ofatumumab for TTP in a 
patient with anaphylaxis associated with rituximab. N Engl J Med. 
2018;378(1):92– 3.

 94. Jestin M, Benhamou Y, Schelpe AS, Roose E, Provôt F, Galicier 
L, et al. Preemptive rituximab prevents long- term relapses in 
immune- mediated thrombotic thrombocytopenic purpura. Blood. 
2018;132(20):2143– 53.

 95. Ferrari S, Scheif linger F, Rieger M, Mudde G, Wolf M, Coppo P, 
et al. Prognostic value of anti- ADAMTS13 antibody features 
(Ig isotype, titer, and inhibitory effect) in a cohort of 35 adult 
French patients undergoing a first episode of thrombotic mi-
croangiopathy with undetectableADAMTS13 activity. Blood. 
2007;109(7):2815– 22.

 96. Page EE, Kremer Hovinga JA, Terrell DR, Vesely SK, George JN. 
Rituximab reduces risk for relapse in patients with thrombotic 
thrombocytopenic purpura. Blood. 2016;127(24):3092– 4.

 97. Sun L, Mack J, Li A, Ryu J, Upadhyay VA, Uhl L, et al. Predictors of 
relapse and efficacy of rituximab in immune thrombotic thrombo-
cytopenic purpura. Blood Adv. 2019;3(9):1512– 8.

 98. FDA. FDA approves first therapy for the treatment of adult patients 
with a rare blood clotting disorder [internet]. FDA News Release. 2019 
[cited 2021 Jun 2]. Available from: https://www.fda.gov/drugs/ resou 
rces- infor matio n- appro ved- drugs/ fda- appro ved- capla cizum ab- yhdp

 99. Volker LA, Kaufeld J, Miesbach W, Brähler S, Reinhardt M, Kühne 
L, et al. Real- world data confirm the effectiveness of caplacizumab 
in acquired thrombotic thrombocytopenic purpura. Blood Adv. 
2020;4(13):3085– 92.

 100. Scully M, Cataland SR, Peyvandi F, Coppo P, Knöbl P, Kremer 
Hovinga JA, et al. Caplacizumab treatment for acquired 
thrombotic thrombocytopenic purpura. N Engl J Med. 
2019;380(4):335– 46.

 101. Goshua G, Sinha P, Hendrickson JE, Tormey CA, Pavan B, Lee A. 
Cost effectiveness of caplacizumab in acquired thrombotic throm-
bocytopenic purpura. Blood. 2021;137(7):969– 76.

 102. Picod A, Veyradier A, Coppo P. Should all patients with immune- 
mediated thrombotic thrombocytopenic purpura receive caplaci-
zumab? J Thromb Haemost. 2021;19(1):58– 67.

 103. Volker LA, Kaufeld J, Miesbach W, Brähler S, Reinhardt M, 
Kühne L, et al. ADAMTS13 and VWF activities guide individu-
alized caplacizumab treatment in patients with aTTP. Blood Adv. 
2020;4(13):3093– 101.

 104. Coppo P, Froissart A. Treatment of thrombotic thrombocytope-
nic purpura beyond therapeutic plasma exchange. Hematology. 
2015;637– 43:637– 43.

 105. Peyvandi F, Lavoretano S, Palla R, Feys HB, Vanhoorelbeke K, 
Battaglioli T, et al. ADAMTS13 and anti- ADAMTS13 antibodies as 
markers for recurrence of acquired thrombotic thrombocytopenic 
purpura during remission. Haematologica. 2008;93(2):232– 9.

 106. Deford CC, Reese JA, Schwartz LH, Perdue JJ, Hovinga JAK, 
Bernhard L, et al. Multiple major morbidities and increased mor-
tality during long- term follow- up after recovery from thrombotic 
thrombocytopenic purpura. Blood. 2013;122(12):2023– 9.

 107. George JN. TTP: long- term outcomes following recovery. Hematol 
(United States). 2018;2018(1):548– 52.

 108. Prevel R, Roubaud- Baudron C, Gourlain S, Jamme M, Peres K, 
Benhamou Y, et al. Immune thrombotic thrombocytopenic pur-
pura in older patients: prognosis and long- term survival. Blood. 
2019;134(24):2209– 17.

 109. Sukumar S, Brodsky M, Hussain S, Yanek L, Moliterno A, 
Brodsky R, et al. Cardiovascular disease is a leading cause of 
mortality among TTP survivors in clinical remission. Blood Adv 
2021;bloodadvances.2020004169.

https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approved-caplacizumab-yhdp
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approved-caplacizumab-yhdp


14 |   TTP: FROM EMPIRICISM FOR AN ENIGMATIC DISEASE TO TARGETED MOLECULAR THERAPIES 

 110. Upreti H, Kasmani J, Dane K, Braunstein EM, Streiff MB, 
Shanbhag S, et al. Reduced ADAMTS13 activity during TTP 
remission is associated with stroke in TTP survivors. Blood. 
2019;134(13):1037– 45.

 111. Sakai K, Fujimura Y, Nagata Y, Higasa S, Moriyama M, Isonishi 
A, et al. Success and limitations of plasma treatment in pregnant 
women with congenital thrombotic thrombocytopenic purpura. J 
Thromb Haemost. 2020;18(11):2929– 41.

 112. Chakravarty EF, Murray ER, Kelman A, Farmer P. Pregnancy 
outcomes after maternal exposure to rituximab. Blood. 
2011;117(5):1499– 506.

 113. Ferrari B, Peyvandi F. How I treat thrombotic thrombocytopenic 
purpura in pregnancy. Blood. 2020;136(19):2125– 32.

 114. Schiviz A, Wuersch K, Piskernik C, Dietrich B, Hoellriegl W, 
Rottensteiner H, et al. A new mouse model mimicking thrombotic 
thrombocytopenic purpura: correction of symptoms by recombi-
nant human ADAMTS13. Blood. 2012;119(25):6128– 35.

 115. Van DHA, Taleghani MM, Sakai K, Friedman KD, George JN, 
Hrachovinova I, et al. The international hereditary thrombotic 
thrombocytopenic purpura registry: Key findings at enrollment 
until 2017. Haematologica. 2019;104(10):2107– 15.

 116. Furlan M, Robles R, Morselli B, Sandoz P, Lämmle B. Recovery and 
half- life of von Willebrand factor- cleaving protease after plasma 
therapy in patients with thrombotic thrombocytopenic purpura. 
Thromb Haemost. 1999;81(1):8– 13.

 117. Taylor A, Vendramin C, Oosterholt S, Della Pasqua O, Scully M. 
Pharmacokinetics of plasma infusion in congenital thrombotic 
thrombocytopenic purpura. J Thromb Haemost. 2019;17(1):88– 98.

 118. Alwan F, Vendramin C, Liesner R, Clark A, Lester W, Dutt T, et al. 
Characterization and treatment of congenital thrombotic thrombo-
cytopenic purpura. Blood. 2019;133(15):1644– 51.

 119. Kremer Hovinga JA, Braschler TR, Buchkremer F, Farese S, 
Hengartner H, Lovey PY, et al. Insights from the hereditary throm-
botic thrombocytopenic purpura registry: discussion of key find-
ings based on individual cases from Switzerland. Hämostaseologie. 
2020;40:S5– 14.

 120. Sakai K, Fujimura Y, Miyata T, Isonishi A, Kokame K, Matsumoto 
M. Current prophylactic plasma infusion protocols do not ade-
quately prevent long- term cumulative organ damage in the Japanese 
congenital thrombotic thrombocytopenic purpura cohort. Br J 
Haematol. 2021;194(2):444– 52.

 121. Scully M. Hereditary thrombotic thrombocytopenic purpura. 
Haematologica. 2019;104(10):1916– 8.

 122. Scully M. How an engineered therapy could replace the need for 
potentially harmful plasma infusions. Expert Rev Clin Pharmacol. 
2019;12(4):289– 91.

 123. Plaimauer B, Kremer Hovinga JA, Juno C, Wolfsegger MJ, Skalicky 
S, Schmidt M, et al. Recombinant ADAMTS13 normalizes von 
Willebrand factor- cleaving activity in plasma of acquired TTP 
patients by overriding inhibitory antibodies. J Thromb Haemost. 
2011;9:936– 44.

 124. Plaimauer B, Schiviz A, Kaufmann S, Höllriegl W, Rottensteiner 
H, Scheiflinger F. Neutralization of inhibitory antibodies and res-
toration of therapeutic ADAMTS- 13 activity levels in inhibitor- 
treated rats by the use of defined doses of recombinant ADAMTS- 13. 
J Thromb Haemost. 2015;13(11):2053– 62.

 125. Tersteeg C, Schiviz A, De Meyer SF, Plaimauer B, Scheiflinger F, 
Rottensteiner H, et al. Potential for recombinant ADAMTS13 as an 
effective therapy for acquired thrombotic thrombocytopenic pur-
pura. Arterioscler Thromb Vasc Biol. 2015;35:2336– 42.

 126. Zhou W, Dong L, Ginsburg D, Bouhdssira EE, Tsai HM. 
Enzymatically active ADAMTS13 variants are not inhibited by 
anti- ADAMTS13 autoantibodies: a novel therapeutic strategy? J 
Biol Chem. 2005;280(48):39934– 41.

 127. Ercig B, Graça NAG, Kangro K, Arfman T, Wichapong K, Hrdinova 
J, et al. N- glycan mediated shielding of ADAMTS13 prevents 
binding of pathogenic autoantibodies in immune- mediated TTP 
N- glycan mediated shielding of ADAMTS13 prevents binding 

of pathogenic autoantibodies in immune- mediated TTP. Blood. 
2021;137(19):2694– 8.

 128. Scully M. Transforming the major autoantibody site on ADAMTS13: 
spacer domain variants retaining von Willebrand factor cleavage 
activity. Haematologica. 2020;105(11):2510– 2.

 129. Miyata T. Autoantibody- resistant ADAMTS13 variant. Blood. 
2021;137(19):2575– 6.

 130. George JN. TTP: the evolution of clinical practice. Blood. 
2021;137(6):719– 20.

 131. McMinn JR, Thomas IA, Terrell DR, Duvall D, Vesely SK, George 
JN. Complications of plasma exchange in thrombotic thrombocyto-
penic purpura- hemolytic uremic syndrome: a study of 78 additional 
patients. Transfusion. 2003;43:415– 9.

 132. Völker LA, Brinkkoetter PT, Knöbl PN, Krstic M, Kaufeld J, Menne 
J, et al. Treatment of acquired thrombotic thrombocytopenic pur-
pura without plasma exchange in selected patients under caplaci-
zumab. J Thromb Haemost. 2020;18(11):3061– 6.

 133. Stubbs MJ, Low R, McGuckin S, Newton R, Thomas M, Westwood 
JP, et al. Comparison of rituximab originator (MabThera) to bio-
similar (Truxima) in patients with immune- mediated thrombotic 
thrombocytopenic purpura. Br J Haematol. 2019;185(5):912– 7.

 134. Delrue M, Baylatry MT, Joly AC, Corre E, Marjanovic Z, El- 
Khoury- Hanna N, et al. Efficacy of subcutaneous preemptive 
rituximab in immune- mediated thrombotic thrombocytope-
nic purpura: Experience from the first 12 cases. Am J Hematol. 
2021;96(1):E26– 9.

 135. Morel T, Cano SJ. Measuring what matters to rare disease patients –  
reflections on the work by the IRDiRC taskforce on patient- centered 
outcome measures. Orphanet J Rare Dis. 2017;12:1– 13.

 136. Lewis QF, Lanneau MS, Mathias SD, Terrell DR, Vesely SK, George 
JN. Long- term deficits in health- related quality of life after recov-
ery from thrombotic thrombocytopenic purpura. Transfusion. 
2009;49:118– 24.

 137. Cataland SR, Scully MA, Paskavitz J, Maruff P, Witkoff L, Jin M, 
et al. Evidence of persistent neurologic injury following thrombotic 
thrombocytopenic purpura. Am J Hematol. 2011;86(1):87– 9.

 138. Riva S, Mancini I, Maino A, Ferrari B, Artoni A, Agosti P, et al. 
Long- term neuropsychological sequelae, emotional wellbeing and 
quality of life in patients with acquired thrombotic thrombocytope-
nic purpura. Haematologica. 2020;105(7):1957– 62.

 139. Vesely SK. Life after acquired thrombotic thrombocytopenic pur-
pura: morbidity, mortality, and risks during pregnancy. J Thromb 
Haemost. 2015;13:216– 22.

 140. Chaturvedi S, Oluwole O, Cataland S, Mccrae KR. Post- traumatic 
stress disorder and depression in survivors of thrombotic thrombo-
cytopenic purpura. Thromb Res. 2017;151:51– 6.

 141. Falter T, Böschen S, Schepers M, Beutel M, Lackner K, Scharrer I, 
et al. Influence of personality, resilience and life conditions on depres-
sion and anxiety in 104 patients having survived acute autoimmune 
thrombotic thrombocytopenic purpura. J Clin Med. 2021;10(2):365.

 142. Oladapo AO, Ito D, Hibbard C, Bean SE, Krupnick RN, Ewenstein 
BM. Patient experience with congenital (hereditary) thrombotic 
thrombocytopenic purpura: a conceptual framework of symp-
toms and impacts. Patient -  Patient- Centered Outcomes Res. 
2019;12(5):503– 12.

 143. Bongers TN, Bruijne ELE de, Dippel DWJ, Jong AJ de, Deckers 
JW, Poldermans D, et al. Lower levels of ADAMTS13 are associ-
ated with cardiovascular disease in young patients. Atherosclerosis 
2009;207:250– 4.

 144. Dichgans M, Leys D. Vascular cognitive impairment. Circ Res. 
2017;120(3):573– 91.

 145. Alwan F, Mahdi D, Tayabali S, Cipolotti L, Lakey G, Hyare H, 
et al. Cerebral MRI findings predict the risk of cognitive impair-
ment in thrombotic thrombocytopenic purpura. Br J Haematol. 
2020;191(5):868– 74.

 146. Pereira LCV, Ercig B, Kangro K, Jamme M, Malot S, Galicier L, 
et al. Understanding the health literacy in patients with thrombotic 
thrombocytopenic purpura. HemaSphere. 2020;4(4):e462.



   | 15GRAÇA et al.

 147. Ambadwar P, Duvall D, Wolf NJ, Terrell DR, Vesely SK, George JN. 
Support groups for patients who have recovered from thrombotic 
thrombocytopenic purpura. J Clin Apher. 2008;23:168– 9.

 148. Roose E, Schelpe AS, Joly BS, Peetermans M, Verhamme P, Voorberg 
J, et al. An open conformation of ADAMTS- 13 is a hallmark of 
acute acquired thrombotic thrombocytopenic purpura. J Thromb 
Haemost. 2018;16(2):378– 88.

 149. Roose E, Schelpe AS, Tellier E, Sinkovits G, Joly BS, Dekimpe C, 
et al. Open ADAMTS13, induced by antibodies, is a biomarker for 
subclinical immune- mediated thrombotic thrombocytopenic pur-
pura. Blood. 2020;136(3):353– 61.

 150. Roose E, Veyradier A, Vanhoorelbeke K. Insights into ADAMTS13 
structure: impact on thrombotic thrombocytopenic purpura diag-
nosis and management. Curr Opin Hematol. 2020;27(5):320– 6.

 151. Sadeqi Nezhad M, Seifalian A, Bagheri N, Yaghoubi S, Karimi MH, 
Adbollahpour- Alitappeh M. Chimeric antigen receptor based ther-
apy as a potential approach in autoimmune diseases: How close are 
we to the treatment? Front Immunol. 2020;11:1– 12.

 152. Liu- Chen S, Connolly B, Cheng L, Subramanian RR, Han Z. mRNA 
treatment produces sustained expression of enzymatically active 
human ADAMTS13 in mice. Sci Rep. 2018;8(1):1– 9.

 153. Niiya M, Endo M, Shang D, Zoltick PW, Muvarak NE, Cao W, 
et al. Correction of ADAMTS13 deficiency by in utero gene trans-
fer of Lentiviral vector encoding ADAMTS13 genes. Mol Ther. 
2009;17(1):34– 41.

 154. Jin S, Xiao J, Bao J, Zhou S, Wright JF, Zheng XL. AAV- mediated 
expression of an ADAMTS13 variant prevents shigatoxin- induced 
thrombotic thrombocytopenic purpura. Blood. 2013;121(19):3825– 9.

 155. Laje P, Shang D, Cao W, Niiya M, Endo M, Radu A, et al. Correction 
of murine ADAMTS13 deficiency by hematopoietic progenitor cell– 
mediated gene therapy. Blood. 2009;113(10):2172– 80.

 156. Verhenne S, Vandeputte N, Pareyn I, Izsvák Z, Rottensteiner H, 
Deckmyn H, et al. Long- term prevention of congenital thrombotic 
thrombocytopenic purpura in ADAMTS13 knockout mice by sleep-
ing beauty transposon- mediated gene therapy. Arterioscler Thromb 
Vasc Biol. 2017;37:836– 44.

 157. Zheng L, Abdelgawwad MS, Zhang D, Xu L, Wei S, Cao W, 
et al. Histone- induced thrombotic thrombocytopenic purpura 
in adamts13−/− zebrafish depends on von Willebrand factor. 
Haematologica. 2020;105(4):1107– 19.

SU PP ORT I NG I N FOR M AT ION
Additional supporting information may be found in the 
online version of the article at the publisher’s website.

How to cite this article: Graça NA, Joly BS, Voorberg J, 
Vanhoorelbeke K, Béranger N, Veyradier A, Coppo P. 
TTP: From empiricism for an enigmatic disease to 
targeted molecular therapies. Br J Haematol. 2022;00:1– 
15. https://doi.org/10.1111/bjh.18040

https://doi.org/10.1111/bjh.18040

