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Introduction

It is now 100 years since Dr. Eli Moschcowitz reported on a
healthy young patient dying from an unknown acute illness.
To celebrate the centenary of the first description of this
disease, nowadays known as thrombotic thrombocytopenic
purpura (TTP), this article reviews the fascinating history of
TTP research over the past 100 years.

Thefirst section of the article summarizes the lengthy and
painstaking journey of scientific research from the initial
report in 1924 to the discovery of the main pathophysiology
of TTP in the period from 1997 to 2002. The second section
provides a deeper insight into the pathophysiology and
regulation of von Willebrand factor (VWF) and ADAMTS13,
as well as the methods for measuring this complex hemo-
static system. Next the multiple specifics in diagnosis, mor-
bidity, and management of congenital ADAMTS13
deficiency/hereditary TTP are described. The last section of

the article provides an overview on current management of
TTP and an outlook on possible future strategies. We hope,
the readers enjoy the account of this 100-year-long journey
of scientific success (►Fig. 1), converting a devastating,
deadly disease into a curable, well-understood disorder.

The History of Thrombotic
Thrombocytopenic Purpura: From Dr. Eli
Moschcowitz to ADAMTS13

The Index Patient, Naming of the Disease, and
Diagnostic Features
In 1924, a 16-year-old adolescent girl was hospitalized at the
Beth Israel Hospital in New York for an acute illness of a few
days with fever, pallor, petechiae, weakness, and evolving
paralysis of the left arm and leg. She fell into coma and died
1 week after admission.1 The autopsy revealed widespread
“hyaline” microthrombi in capillaries and arterioles of
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Abstract One hundred years ago, in 1924, the first description of a patient with a disease, now
known as thrombotic thrombocytopenic purpura (TTP) was published by Dr. Eli
Moschcowitz. In honor of this report, this article, written by distinguished specialists
in TTP, reviews the increase in scientific knowledge on this disease during the last
100 years. It covers the scientific progress from plasma therapy, the first beneficial
treatment for TTP, to the elucidation of the pathophysiology, the discovery of
ADAMTS13, the development of assays and targeted therapies up to the modern
treatment concepts, that improved the outcome of TTP from an incurable disease to a
well understood and treatable disorder.
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various organs, including the heart, spleen, and kidneys. The
cause of this fatal illness in a young apparently healthy girl
was unknown and the case presentation by Moschcowitz
elicited lively discussions about a possible mushroom intox-
ication.1 In 1947, Singer et al. described a very similar fatal
case of a young girl whose autopsy findings were almost
identical to Moschcowitz’s patient showing multiple micro-
thrombi in the heart, lung, liver, spleen, kidneys, brain, and
additional organs.2 Before her death, the girl had presented
severe anemia with increased reticulocytes and pronounced
thrombocytopenia. Singer et al. hypothesized that the mi-
crovascular thrombi consisted of platelets and fibrin and,
after analyzing all 11 so-far-reported similar patients, pro-
posed that this constituted a specific disease where throm-
bocytopenia resulted from massive intravascular
consumption of platelets in the disseminated microvascular
thrombotic process. In distinction to the more common
“idiopathic thrombocytopenic purpura” (today known as
immune thrombocytopenia [ITP]), Singer proposed to
name this disease “thrombotic thrombocytopenic purpura,”2

and this designation has been maintained up to this time. In
1966, all 255 reported patients with a diagnosis of TTP were
reviewed by Amorosi and Ultmannwho added to this cohort
their own 16 managed TTP patients.3 They determined a
diagnostic pentad of findings as the basis for diagnosing TTP:
hemolytic anemia with morphologic signs of red blood cell
fragmentation in the blood smear (schistocytes, helmet
cells), thrombocytopenia by consumption, neurologic signs
and symptoms (often fluctuating), kidney dysfunction, and
fever. They highlighted the striking postmortem findings of
widespread microvascular thrombosis in the heart, brain,
kidney, pancreas, and adrenals, without inflammatory alter-
ations of the blood vessels. Amorosi and Ultmann questioned
the nature of the “hyaline” microthrombi, and stressed the

generally fatal outcome in almost all patients and the com-
plete lack of any effective therapeutic intervention.3

A Congenital form of TTP
In 1978, J.D. Upshaw published a short but most interesting
case report in the New England Journal of Medicine.4 A 29-
year-old woman was described who had suffered from
recurrent acute disease episodes starting at the age of
6months. Repeatedly, about 6 to 10 times yearly, she became
acutely ill presenting with fever, petechiae, severely de-
creased platelet counts, and microangiopathic hemolytic
anemia. Several hospitalizations and interventions, such as
antibiotic therapy, corticosteroids, and splenectomy, were
not helpful. Blood transfusions, however, led to good
responses, usually within 48hours. At 12 years of age, the
acute bouts with malaise, thrombocytopenia, and hemolysis
became slightly less frequent, but still occurred about three
to four times per year with asymptomatic intervals of a few
weeks to 20 months. Upshaw observed that his patient, after
receiving 2 units of fresh whole blood, responded much
better, with complete normalization of the platelet count,
as compared to only partial and delayed normalization of
blood values when she was transfused with red blood cell
concentrates. Upshaw reasoned that a plasma factor might
be important and at the next acute disease flare, the patient
was treated exclusively with 2 units of platelet-poor plasma.
She showed a dramatic response of the platelet count over
the next days from 20�109/L to a peak of 550�109/L on day
9. During the ensuing 11 years, this patient had over 30
episodes of thrombocytopenia and hemolysis, mostly trig-
gered by a mild infection, fecal impaction, pregnancy, or
pancreatitis. She regularly and reproducibly responded to
fresh frozen plasma infusion normalizing her platelet count
and hematocrit without the need for red blood cell

Fig. 1 Time line of major steps in the understanding and management of thrombotic thrombocytopenic purpura (TTP). Details and
abbrevations are explained in the text.
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transfusions. Upshaw noted the similarity of his case to that
described in 1960 by Schulman et al,5 but, in contrast to these
latter authors postulating a “thrombopoietin” deficiency,
concluded that his patient was constitutionally deficient in
a plasma factor that protected from microangiopathic
hemolysis and consumptive thrombocytopenia. Upshaw
also realized that the hematologic alterations during his
patient’s acute episodes resembled those in classic TTP.

Hypotheses of the Pathophysiology of TTP, Discovery
of the VonWillebrand Factor Cleaving Protease and Its
Deficiency in TTP
Over the years,many researchers put forward various hypoth-
eses on the etiology and pathogenesis of TTP.6 Endothelial
injury or dysfunction, impaired fibrinolysis, or a defective
prostacyclin (prostaglandin I2) release from endothelial cells
because of a missing stimulating plasma factor have been
implicated in hemolytic uremic syndrome (HUS) and TTP.7

Specific proteins aggregating normal platelets have been
identified in plasma frompatients during the acute TTP phase.
A calcium-dependent cysteine protease, later identified as
calpain, has been found in the sera of patients during acute
TTP andwas suggested to promote platelet aggregation. Other
authors detected anti-endothelial cell or anti-glycoprotein IV
(anti-CD36) antibodies in plasma of TTP patients, but this
finding was not confirmed in a later study.8 In 1982, Moake
et al described ultra-large von Willebrand factor (ULVWF)
multimers (at that time denoted as “unusually large plasma
factor VIII:vonWillebrand factormultimers”) in somepatients
with a chronic relapsing form of TTP.9 Moake et al hypothe-
sized that these ULVWFmultimers, present in remission,were
responsible for themicrovascular platelet clumpingduring the
acute TTP episodes when these excessively large VWF species
disappeared from plasma. A deficient VWF “depolymerase”
was assumed to explain the existence of these hyperadhesive
ULVWFmolecules. In 1996, two research groups independent-
ly reported on a new metalloprotease, isolated from human
plasma, that specifically cleaved VWF.10,11 This protease was
“activated” by calcium or barium ions, was completely inacti-
vated by ethylene diamine tetra acetic acid (EDTA), and VWF
needed to be mildly denaturated either by 1.5-M urea10 or by
1.1- to 1.2M guanidinium chloride11 to become susceptible to
cleavage by the protease. Moreover, VWF cleavage was facili-
tated by high fluid shear stress.11 This so-far-unknown, newly
isolated metalloprotease gained special interest because it
cleaved VWF in vitro at the peptide bond 842 tyrosine–843
methionine (corresponding to amino acids 1605 tyrosine–
1606 methionine when including the VWF propeptide
sequence).10 This bond had earlier been described to be
physiologically proteolyzed in vivo by Dent et al12 who had
isolated and sequenced VWF species from normal plasma.

One year later, Furlan et al published their study on four
patientswith a chronic relapsing TTP, including twobrothers,
showing ULVWF multimers in plasma and a complete defi-
ciency of the VWF-cleaving protease activity, whereas the
asymptomatic parents of the two affected brothers had
about half-normal VWF-cleaving protease activity.13 In
1998, another patient with an acute TTP episode, achieving

remission after prolonged phase of daily therapeutic plasma
exchanges with fresh frozen plasma replacement, cortico-
steroid, vincristine, and iloprost treatment, and two acute
TTP relapses after 7 and 11months, respectively, was studied
in detail over about 400 dayswith repeated blood analyses.14

At the initial acute episode, he displayed a severe VWF-
cleaving protease deficiency, but, in contrast to the patients
reported before,13 his plasma, when mixed 1:1 (v:v) with
normal plasma, completely inhibited the VWF-cleaving pro-
tease in normal plasma and the inhibitor was identified as an
immunoglobulin G (IgG).14 When achieving remission, the
inhibitor had disappeared and the VWF-cleaving protease
normalized. At about 4 months from the initial episode, the
inhibitor reappeared, the VWF-cleaving protease disap-
peared, and this was followed by an acute clinical relapse
3 months later, again necessitating plasma exchanges lead-
ing to only short-lasting remission. A second relapse
11 months after the initial disease onset, again associated
with lacking protease and high inhibitor titer, was treated by
plasma exchanges followed by splenectomy on day 365. This
led to lasting clinical remission, normalization of VWF-
cleaving protease, and absence of a detectable inhibitor.14

In 1998, two studies were published in the same issue of
the New England Journal of Medicine on a multicentric
European cohort and a U.S. cohort, respectively, of patients
with TTP whose plasma samples had been stored at the
referring centers.15,16 These reports clearly demonstrated
that severe VWF-cleaving protease deficiency was not an
exceptional finding, but was present in 20 of 24 patients15

and 37 of 37 patients16with an acute nonfamilial TTP. An IgG
inhibitor of VWF-cleaving protease was present in 20/24
patients15 and in 26 of 39 plasma samples from 37 patients
with acute TTP,16 whereas normalized protease activity and
lacking inhibitor were found in many, but not all, samples
obtained in remission. In addition, six patientswith a familial
TTP (3 pairs of siblings) had severe VWF-cleaving protease
deficiency without inhibitor15 and 21 of 23 patients diag-
nosed with atypical HUS at the referring centers had normal
and the remaining 2 mildly reduced VWF-cleaving protease
activity.15 These two studies established severely deficient
VWF-cleaving protease, caused either by autoantibodies or
rarely by constitutional absence, as a common denominator
of the disease diagnosed as TTP at specialized centers. They
further suggested that atypical HUS, first described byGasser
et al17 and clinically often difficult to distinguish from TTP,18

was in fact a disease distinct from TTP.
These new insights into the pathophysiology of TTP were

initially refuted as completely unspecific, occurring in sev-
eral inflammatory conditions, liver cirrhosis, uremia, preg-
nancy, and in newborns.19,20 Nevertheless, these authors
either used inappropriate technique for measuring VWF-
cleaving protease activity19 or considered samples with
only mildly or moderately reduced activity as “deficient.”20

In response to these concerns, a prospective study on
hospitalized patients with thrombocytopenia of varying
causes except TTP and HUS was performed and the speci-
ficity of a severe VWF-cleaving protease deficiency for TTP
was confirmed.21
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Identification of the VWF-Cleaving Protease as
ADAMTS13
In 2001, three groups of researchers successfully purified the
VWF-cleaving protease from plasma to homogeneity allow-
ing N-terminal amino acid sequence analysis of the prote-
ase.22–24 Based on this partial amino acid sequence, Zheng
et al identified VWF-cleaving protease as a new species of the
ADAMTS (A Disintegrin And Metalloprotease with Thrombo-
Spondin type 1 motifs) family, labeled as ADAMTS13, the
genebeing located on chromosome9q34.25At the same time,
Levy et al reported the results of their genome-wide linkage
analysis in four families with hereditary TTP.26 Investigating
family members suffering from clinically manifest (recur-
ring) TTP displaying lack of VWF-cleaving protease, asymp-
tomatic members with half-normal, and others with normal
protease activity, they found the same gene on chromosome
9q34, ametalloprotease of the ADAMTS family, ADAMTS13.26

Levy et al identified 12 different mutations,mostlymissense,
but also 2 frameshift and 1 splice site mutation, spread over
thewhole gene, and explaining 14 of 15 disease alleles.26One
year later, Plaimauer et al expressed a functionally active
recombinant ADAMTS13 (rADAMTS13) in mammalian
cells,27 which, when added to a hereditary TTP plasma, fully
corrected its lacking capacity to proteolyze VWF.28 Thus, the
missing plasma factor in Upshaw’s patient with congenital
TTP was identified as ADAMTS13. The interested reader is
referred to the personal memories of three protagonists in
thefield having significantly contributed to the elucidation of
the physiologic proteolytic processing of VWF and its defect
as the main cause of Moschcowitz’ disease.29–31

Development of Therapeutic Strategies in TTP
Until the 1970s, TTP was almost universally fatal; most
patients died within days to few weeks from presentation
and the diagnosis was mostly made postmortem.3 An unex-
pected remission in a single patient diagnosed with TTP who
was empirically treated with fresh whole blood exchange
was presented by Rubinstein et al in 1959.32 During ensuing
years, several reports on beneficial effects of whole blood
exchange transfusions, plasmapheresis with replacement of
fresh frozen plasma, or (large-volume) plasma infusions
were published, and the various measures were comprehen-
sively reviewed.33 In 1991, Rock et al, on behalf of the
Canadian Apheresis Study Group, published a most impor-
tant randomized controlled trial comparing fresh frozen
plasma infusion in one group with plasma exchange and
replacement with fresh frozen plasma in the other.34 This
trial unequivocally established the superiority of large-vol-
ume plasma exchange with replacement of fresh frozen
plasma over simple plasma infusion in terms of response
rates, andmortality at 6months was significantly lower with
plasma exchange versus infusion (22 vs. 37%).34 Besides
these plasma- or whole-blood-based therapies, a multitude
of therapeutic interventions have been tried empirically.
Among other drugs, corticosteroids have been used with
some success, mainly in clinically less severe cases, some-
times even obviating therapeutic plasma exchange.35 As a
more invasive approach, used in desperate cases, empirical

splenectomy was performed with mixed results. In the
Netherlands, splenectomywasapplied inpatients after several
relapses or refractory to plasma exchange therapy.36,37 In a
study on 33 patients, 9 being refractory to plasma therapy and
24 suffering from acute relapses, splenectomy seemed a very
effective intervention. With a median follow-up time after
splenectomy of 109months, the 10-year relapse-free survival
was 70%. In patients with relapsing TTP, the relapse rate fell
from 0.74 relapses/patient-year before to 0.10 relapses/
patient-year after splenectomy.36 As shown above, splenecto-
my led to lasting remission also in the very first patient, in
whom the autoimmune nature of acquired TTP was estab-
lished.14Whereas early treatment strategies up to about 1998
weremostly empirical, the unraveling of the basic pathophys-
iologic mechanisms of autoimmune TTP outlined above
explains the effectiveness of plasma exchange with replace-
ment of fresh frozen plasma by removing autoantibodies and
providing ADAMTS13, and of corticosteroids and splenectomy
by inhibiting autoantibody production and removing autoan-
tibody-producing lymphocytes,whereas plasma infusionusu-
ally provides sufficient ADAMTS13 in congenital TTP.

Perspective
This short reviewof thehistory of research onTTP is intended
to better understand the next sections on the more in-depth
insights into the pathophysiology of TTP, the current state of
diagnosis, therapy and long-term outcome of hereditary TTP,
and the current state of management of TTP. Evidently,
international collaboration on this rare disease and careful
long-termdocumentation of patients in systematic registries
will help improve not only survival but also long-term health
of affected patients.

The Current Understanding of TTP
Pathophysiology and Diagnosis

ADAMTS13 Synthesis, Structure, and Function
ADAMTS13 primarily originates fromhepatic stellate cells, but
its production by renal podocytes, tubular epithelial cells,
platelets, and endothelial cells has also been demonstrat-
ed.23,25ADAMTS13has an extended plasma half-life; reported
postinfusion half-lives range between 2 and 7.9 days.38–40

There exists no known natural inhibitor that regulates
ADAMTS13 activity. Currently, not much is known on the
mechanisms responsible for the clearance of ADAMTS13.

ADAMTS13 exclusively targets VWF, a complex multi-
meric glycoprotein found in plasma and synthesized solely
by endothelial cells and megakaryocytes.41 The process of
VWF biosynthesis involves several intricate steps, including
the removal of signal peptide and propeptide, glycosylation,
sulfation, dimerization, and, ultimately, multimerization.42

The synthesized VWF multimers have two primary fates.
They can either be continuously released from endothelial
cells or be stored as ULVWF multimers in Weibel–Palade
bodies within endothelial cells or in α-granules within
megakaryocytes and platelets. ULVWF multimers are re-
leased from their storage granules upon activation by various
factors like cytokines, histamine, thrombin, or fluid shear
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stress. ULVWF multimers remain either anchored to the
endothelial surface, forming hyperadhesive VWF strings, or
can be released into the bloodstream.43 The dynamic shear
conditions of blood flow play a pivotal role in this process.
They cause both anchored and freshly released ULVWF
multimers to unfold, exposing previously hidden platelet-
binding sites at the A1 domains and the cleavage site for
ADAMTS13 at the A2 domains.44

ADAMTS13 is a multidomain enzyme comprising various
structural elements, including a metalloprotease domain, a
disintegrinlike domain, a first thrombospondin type 1 re-
peat, cysteine-rich domain, and spacer domain, along with
seven additional thrombospondin type 1 repeats and two
CUB domains.22,25,26 Initially, ADAMTS13 is secreted in an
inactive or latent form.45,46 In circulation, it adopts a closed
conformation, characterized by the interaction between the
central spacer domain and the CUB domains, known as global
latency. Additionally, a gatekeeper triad shields the active
site, creating local latency.45 The cleavage of VWF by
ADAMTS13 is subject to regulation through conformational
changes in both VWF and ADAMTS13.47 ADAMTS13 initially
binds to the VWF D4 domain via its CUB domains. This
interaction leads to the separation of the CUB–spacer inter-
action, resulting in the opening of ADAMTS13. Subsequently,
the exposed exosite within the spacer domain binds to the
unfolded VWF A2 domain. This is followed by binding of the
cysteine-rich and disintegrin domains to the VWF A2 do-
main. Binding of the disintegrinlike domain to the VWF A2
domain causes repositioning of the gatekeeper triad and
makes the active site within the metalloprotease domain
accessible for binding to the VWFA2 domain and subsequent
cleavage of VWF.45,48

The proteolysis of ULVWF multimers results in the gener-
ation of shorter multimers with varying molecular weights.
These smaller multimers then revert to a folded conforma-
tion, preventing spontaneous platelet binding and further
digestion by ADAMTS13.

TTP Pathophysiology
In the absence of ADAMTS13 activity, ULVWF multimers
persist in the bloodstream where they unfold, resulting in
the exposure of the platelet binding sites. In this way,
platelets spontaneously bind to these hyperactive unfolded
VWF multimers, which results in the formation of VWF-rich
microthrombi, a characteristic feature of TTP.49–51

These dispersed microthrombi perform multiple detri-
mental roles. First, they consume platelets, causing throm-
bocytopenia. Second, they mechanically rupture red blood
cells, leading to hemolytic anemia characterized by the
presence of fragmented red blood cells known as schisto-
cytes. Third, they obstruct microcirculation, contributing
to organ ischemia as they interfere with normal blood
flow.49–51

Recently, we showed that ADAMTS13 adopts an open
conformation in immune TTP (iTTP).52,53 Open ADAMTS13
conformation is marked by the separation of the spacer–CUB
interaction. This open state of ADAMTS13 in iTTP can be
specifically identified using a murine monoclonal antibody

that recognizes a hidden epitope in the spacer domain,which
normally interacts with the CUB domains in closed
ADAMTS13.

This unique open conformation of ADAMTS13 serves as a
specific diagnostic marker for iTTP. In contrast, other condi-
tions involving reducedADAMTS13activity, suchas congenital
TTP, sepsis, or different thrombotic microangiopathies, show
ADAMTS13 in a closed conformation.52 Therefore, the deter-
mination of ADAMTS13 conformation can aid in the accurate
diagnosis of iTTP.

Interestingly, when iTTP patients achieve complete re-
mission (with ADAMTS13 activity exceeding 50 IU/dL),
ADAMTS13 often reverts to its closed conformation.53 How-
ever, iTTP patients in remission with ADAMTS13 activity
below 50% predominantly exhibit an open ADAMTS13 con-
formation. This highlights that the presence of an open
ADAMTS13 conformation serves as a biomarker for subclini-
cal disease in these patients.53

Furthermore, our research indicates that anti-ADAMTS13
autoantibodies contribute to the opening of ADAMTS13 in
iTTP. Indeed, the addition of purified IgG or purified anti-
bodies to the cysteine-rich and spacer domains of ADAMTS13
(from acute iTTP patients) to normal human plasma induces
an open ADAMTS13 conformation.54 Consistent with this,
preemptive rituximab treatment for iTTP patients in clinical
remission with ADAMTS13 levels still below 10 IU/dL results
in the restoration of ADAMTS13 to its closed conformation.55

TTP Diagnosis Based on ADAMTS13 Assays
Confirmation of a diagnosis of TTP is vital since its signs and
symptoms can overlap with other microangiopathies. To
establish the diagnosis, it is crucial to verify severely reduced
ADAMTS13 activity, typically falling below 10%.

Current diagnostic methods for assessing ADAMTS13
activity rely on the utilization of a specific VWF fragment
containing an exposed ADAMTS13 cleavage site. As men-
tioned earlier, full-length VWF naturally adopts a folded
conformation, concealing the ADAMTS13 cleavage site. Con-
sequently, VWF can only be employed as an ADAMTS13
substrate in vitro when it is denatured. Commonly used
ADAMTS13 assays include the fluorescence resonance ener-
gy transfer (FRET) VWF73 assay and the chromogenic
ADAMTS13 activity enzyme-linked immunosorbent assay
(ELISA), both of which employ an artificial VWF A2 peptide
consisting of 73 amino acid residues (VWF73) containing the
exposed ADAMTS13 cleavage site.56,57 In the FRET-VWF73
assay, an increase in fluorescence occurs when plasma
ADAMTS13 cleaves the substrate. Meanwhile, in the chro-
mogenic ADAMTS13 activity ELISA, the digested VWF73
fragment is recognized by the anti-N10monoclonal antibody
following cleavage by ADAMTS13.56,57

To distinguish immune-mediated TTP (iTTP) from con-
genital TTP (cTTP), the presence of autoantibodies is exam-
ined using either an anti-ADAMTS13 IgG detection ELISA or a
Bethesda assay. In the ELISA, rADAMTS13 is coated, and
patient plasma is added. Bound anti-ADAMTS13 autoanti-
bodies are detected using antihuman IgG (and IgM). In the
Bethesda assay, heat-inactivated patient plasma is mixed
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with normal human plasma, and the residual ADAMTS13
activity is determined.58–60

Diagnosis becomes particularly challenging when
ADAMTS13 activity levels are in the borderline range of 10
to 20%. In such cases, it is important to consider alternative
thrombotic microangiopathies as potential differential diag-
noses. To accurately identify patients with iTTP in this
context, assessing the presence of an open ADAMTS13
conformation could be a valuable diagnostic tool.53

Hereditary TTP: Clinical Manifestations and
Long-Term Sequelae

Hereditary or cTTP (OMIM #274150), also known as
Upshaw–Schulman syndrome,4,5 is the consequence of bial-
lelic ADAMTS13 mutations leading to severe congenital
ADAMTS13 deficiency.61 Parents of patients are usually
obligate ADAMTS13 mutation carriers and have ADAMTS13
activities of 40 to 70%. cTTP is rare and has an estimated
prevalence of 0.5 to 2 cases per million,61,62 and thus lower
than that of survivors of a first acute iTTP episode (13–16
cases per million).63 A higher prevalence has been reported
for certain historically isolated regions as well as in popula-
tions with a high rate of consanguinity.64,65

The ADAMTS13 gene is localized on chromosome 9 at
position 9q34 and is the telomeric neighbor of the ABO blood
group locus. Today more than 200 different ADAMTS13
mutations have been identified that spread over all
ADAMTS13 protein domains.66 The majority are missense
mutations, for which proof of causality by expression studies
is available for roughly one-third; for at least another third of
mutations, pathogenicity has been confirmed through family
studies. In addition, there are a number of recurring muta-
tions, such as p.R1060W and c.4143_4144dupA in Cauca-
sians, p.R193W and p.I1217T in Asia, or p.R692C. Some of
them are of special interest: first, the c.4143_4144dupA,
prevalent in Scandinavia, countries on the Baltic Sea, and
in Central Europe. This mutation is typically inherited with a
blood group B allele. In homozygous carriers, ADAMTS13
activity in plasma is �1%, but patients’ clinical phenotype is
often relatively mild. This is possibly because polarized cells,
such as endothelial cells, synthesize and secrete this mutant
ADAMTS13, although not toward the vessel lumen, but
basolaterally, where it can encounter large VWF multimers,
released in case of vesselwall injury. Another reason could be
mutations associated with residual plasma ADAMTS13 ac-
tivity, as p.V88M in exon 3 and p.R1060W in exon 24. The
measured residual plasma ADAMTS13 activity ranges from 5
to 8 and 3 to 6%, per allele carried.61,64,67–69 The exon 24
mutation p.R1060W is particularly frequent in female
patients presenting during a first pregnancy.69–71 Residual
ADAMTS13 activity (given as >1 or >3%) contributes mod-
erately to the clinical phenotype and disease severity. The
variable clinical courses in homozygous carriers of a muta-
tion (i.e., homozygotes for c.4143_4144dupA or p.R1060W)
as well as in families hint at additional so far unknown
factors contributing to cTTP severity and phenotype.72

The clinical presentation of cTTP is variable even in
families,62,64 and the originally proposed bimodal distribu-
tion of age at disease onset with half of patients presenting
before the age of 5 years and the other half in (early)
adulthood73 has become less distinct in recent years. Many
patients only diagnosed in adulthood have a history of severe
hyperbilirubinemia needing neonatal exchange transfusion.
Both sexes are affected. In patients younger than about
20 years, and older than about 45 years, the male-to-female
ratio is equal. Between these ages (during reproductive
period), diagnosis in females is more frequent than in males
(a ratio of 1.3–1.5:1).67,74,75 True adult-onset and/or diagno-
sis of cTTP during adulthood often follows severe obstetrical
complications in female patients.70–72,76,77 In this period of
life, nulliparous women as well as men are likely under-
diagnosed, which is supported by the observation of patients
identified through family studies who have remained
asymptomatic into their fifth to seventh decades.

So far, information on the long-term clinical course, organ
involvement, and complications of cTTP is limited. Gradually,
data are beginning to appear from the International Heredi-
tary TTP Registry (www.ttpregistry.net, ClinicalTrials.gov
identifier NCT01257269; a multinational cohort study
with global recruitment67,74,78,79) and larger national cTTP
cohorts from France,63,70,72 the United Kingdom,71,80

Israel,65,77 Japan,62,76,81,82 and Norway.64,83 The latter three
countries have enrolled (part of) their patients into the
International Hereditary TTP Registry. This is of relevance
as awareness for this rare disease varies considerably in
different geographical regions, resulting in variable delays
from first disease manifestations until diagnosis of cTTP,
associated insufficient or ineffective treatment. Moreover,
certain countries have national treatment guidelines, which
may differ between countries, while in other countries, there
are no uniform recommendations, or there may be even
issues with reimbursement of treatment. By the end of
December 2022, the International Hereditary TTP Registry
had enrolled 267 participants (187 confirmed cTTP patients;
15 patients under investigation, classified as “suspected
cTTP”; and 65 first-degree family members) who are fol-
lowed at over 60 sites in 18 different countries. Availability
and approach to treatments differ, as do awareness and
access to diagnostic assays. The highest numbers of comor-
bidities have been reported for patients enrolled in the
International Hereditary TTP Registry. Most prevalent at
enrollment were a history of jaundice, reported in 49%
(most likely due to hemolysis), and arterial thrombotic
events, mainly transient ischemic attacks (TIAs) and strokes,
reported in 28%; renal insufficiency was present in 25%, 12
patients needed hemodialysis, and 3 underwent kidney
transplantation.67 Of interest is the fact that arterial throm-
botic eventswere present in all age groups. At an age younger
than 20 years, about 20% had suffered from at least one such
event, and more than 50% of patients older than 40 years
were affected. Neurological involvement, including typical
nonovert TTP signs, such as fatigue, irritability, neurocogni-
tive problems, and blurred vision, were also the leading
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clinical signs in the United Kingdom cohort.80 For about two-
thirds of acute episodes in cTTP, precipitating triggers can be
identified, with the most frequent triggers being infections,
followed by alcohol consumption in males, and pregnancy in
female patients.67 In 2021, the first prospective data of 87
cTTP patients enrolled in the International Hereditary TTP
Registry and followed for a median of 4.2 years (range: 0.01–
15 years) were reported.74 While half of the patients had no
acute episodes during follow-up, the other half experienced
�1 acute episode. Whether eventually all patients will
present with new acute episodes needs to be seen in longer
follow-ups. Given the importance of infections as trigger, it is
not surprising that nearly 40% of acute episodes occurred in
children of younger than 10 years, who had the highest
annual incidence of acute episodes (1.18 [95% confidence
interval (CI): 0.88–1.55] vs. 0.14 [95% CI: 0.08–0.23] in
patients >40 years of age). Of note, 69% of acute episodes
occurred in patients on some form of prophylactic plasma
therapy. Although prophylactic plasma infusions reduced
the annual incidence of acute episodes slightly (0.36 [95%
CI: 0.29–0.44]) compared to patients without regular plasma
treatment (0.41 [95% CI: 0.30–0.56]), this indicates that
current regimens of prophylactic plasma therapy are insuf-
ficient in many patients.

The only relevant source of freely available ADAMTS13 is
for now plasma. Infused plasma ADAMTS13 has a half-life of
2 to 3 days40; a similar half-life (�60hours) was measured
for rADAMTS13 in the phase I trial.38 Although prophylactic
plasma infusions (10–15mL/kg every 2 weeks) are effective
in many patients, it does not prevent all acute events, and
data on long-term benefit of such regimens are lacking.
Outside of pregnancy, where the necessity of plasma pro-
phylaxis is widely accepted and leads to successful pregnan-
cy outcomes for mother and child, there are no consensus
criteria on when to start plasma prophylaxis, and even after
TIAs or strokes not all patients are willing to undergo this
burdensome treatment. Following the phase I trial,38 a phase
III trial of rADAMTS13 (TAK-755) is underway (ClinicalTrials.
gov identifier NCT04683003), in parallel with an expanded
access program (ClinicalTrials.gov identifier NCT05770219)
andfirst case reports of successful treatment of cTTP patients
with rADAMTS13 have been published.84–86 TAK-755 has
been approved by the Food and Drug Administration (FDA) in
November 2023 for the treatment of patientswith congenital
ADAMTS13 deficiency (https://www.fda.gov/vaccines-
blood-biologics/adzynma), and approval in Europe can be
expected soon. It will considerably ease the treatment
burden for cTTP patients as home self-administration like
in hemophilia will be possible as are higher ADAMTS13
trough levels, which will hopefully help reduce long-term
morbidity and mortality in cTTP.

Alloantibody formation is a dreaded complication of
factor replacement therapy in hemophilia. In patients with
cTTP who were exposed to plasma, regularly and over
decades, or on demand during acute episodes, alloantibody
formation is rare. We have observed noninhibitory IgG anti-
ADAMTS13 antibodies in about 12% of the cTTP patients
enrolled in the Intentional Hereditary TTP Registry.67

Antibody titers were usually fluctuating, and upon re-expo-
sure to plasma, no anaphylactic reactions were documented.
In two patients with more detailed investigation, the anti-
ADAMTS13 antibodies affected neither ADAMTS13 recovery
nor plasma half-life following plasma infusions. So far, the
occurrence of a functional ADAMTS13 inhibitor after plasma
exposure has been reported in only 3 of greater than 300
cTTP patients, known from the international and national
registries as well as from the literature. In two patients, the
functional ADAMTS13 inhibitors were of low titer (<5
BU/mL) and not interfering with plasma treatment, but
one patient had a high-titer inhibitor.62,87

Hereditary TTP is a rare, but fascinating disorder. Acute
episodes often differ considerably from acute episodes in
iTTP. Patients with cTTP are vulnerable for events even
immediately after birth, where severe hyperbilirubinemia
(often requiring neonatal exchange transfusion) or unneces-
sary deaths due to lacking awareness of the possible diagno-
sis of cTTP in this situation can occur. Infections during
childhood trigger many acute cTTP episodes, which may be
associated with strokes in a considerable number of them.
The difficult venous access is clearly a hurdle to start
prophylactic plasma infusions. Finally, severe pregnancy
complications are often the first hint for a diagnosis of
cTTP, which can be associated with a poor outcome for
mother and child. With early initiation of plasma infusions,
the number of successful pregnancy outcomes have in-
creased in recent years76 and will likely further increase
when rADAMTS13 concentrate will become available.

Milestones in the Clinical Management of
TTP

Milestone 1: Therapeutic Plasma Exchange
Before the introduction of plasma therapy, TTP had a high
mortality; more than 90% of the affected patients died, as
mentioned in the first section of this article. Plasma therapy,
both plasma infusions and plasma exchange treatment, were
introduced in the early 1070s. It was successful in some, but
not all patients, and mortality was as high as 20 to 40%.33,35

As the pathophysiology of TTP was still unknown at that
time, diagnosis was based on clinical symptoms. Therefore, a
reliable classification of thrombotic microangiopathies was
not possible and outcome data could just be estimations.

The first controlled study of plasma therapy for acute TTP
was conducted by Rock et al for the Canadian Apheresis
Group in 1991.34 They compared plasma exchange with
plasma infusions in a randomized trial and found a lower
mortality in patients treated with plasma exchange, but it
was still as high as 22%. In comparison, the mortality of
patients treatedwith plasma infusionswas 37%. Subsequent-
ly, daily plasma exchange was undisputedly considered the
first-line treatment of choice for TTP, and management
bundles defining optimal timing after admission were
suggested.88

During plasma exchange, 50 to 80mL of a patient’s
plasma/kg body weight (representing estimated 1.5 times
the plasma volume) per day is removed and replaced by a
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donor’s plasma. Autoantibodies, ULVWFmultimers, immune
complexes, neutrophil extracellular traps (NETs), cell frag-
ments, and sludge are removed by plasma exchange, and
ADAMTS13 and VWF multimers of normal composition are
replaced.89 Further studies investigated various replacement
fluids, such as single-donor frozen plasma, solvent detergent
(SD) or methylene blue treated pooled plasma, or cryosu-
pernatant.90–92 Today, the use of commercial SD-treated
pooled plasma is the established standard of care to be
used for plasma exchange in TTP in most countries. In
patients with immune TTP, daily plasma exchange has to
be continued until platelet counts and lactate dehydrogenase
(LDH) are normal and signs of hemolysis and organ dysfunc-
tion have significantly improved. In refractory cases and
severe organ dysfunction, treatment intensity has to be
increased either by increasing the exchanged plasma volume
or by performing plasma exchange twice daily.51,93–95

Despite the undoubted improvement of TTP outcomewith
plasma exchange and steroids, the rate of refractory patients
and exacerbations during therapy was high, as well as
mortality.63,96–99 Intensive care treatment with hemody-
namic monitoring was often necessary, as deteriorations
could occur even during daily treatment.88 In addition, the
technical aspects of plasma exchange required special atten-
tion. A thick lumen central venous line is often needed, a
procedure that is potentially associated with severe side
effects.100–102 Even in cases with very low platelet counts,
platelet transfusions should be avoided before central line
placement, as they may lead to a rapid deterioration of TTP.
Plasma exchange itself is not a simple procedure and it does
not target the underlying pathophysiology of TTP. The prep-
arations are time-consuming: blood group typing is neces-
sary before ordering the frozen plasma, large amounts of
plasma are needed (daily 16–20 units), and time, staff,
devices, and resources for the plasma exchange therapy
need to be allocated. In addition, plasma exchange can be
associated with considerable adverse effects.103–105 The
efficacy of plasma exchange for TTP is limited; inmany cases,
the response is delayed, as exacerbations are frequent, often
related to infections.96,99 Some patients are refractory and
still a considerable rate of mortality is reported in large
registry studies.96,98,99,106

In addition to plasma exchange, several other methods to
treat acute TTP episodes have been proposed: it has been
shown that high doses of N-acetylcysteine can cleave large
VWF multimeres107,108 and in single case reports a short-
term beneficial effect has been described in clinical
use.109,110 In another study, an immunoglobulin-cleaving
enzyme (IdES) was investigated in immune TTP, but with
disappointing results.111 First attempts to inhibit VWF–
platelet interaction were started in 2009 with an aptamer
drug, ARC1779, with promising results in early clinical
trials,112–115 but the clinical development of this product
was suspended.116

Milestone 2: Immunosuppression
Plasma exchange was usually combined with steroids, either
for immunosuppression or to reduce the side effects of

plasma exchange. Data from the Oklahoma Registry sug-
gested that the number of plasma exchanges necessary to
achieve remission and the incidence of complications of
plasma exchangewere considerably reduced since the intro-
duction of steroids in TTP therapy.117 After the clarification
of the pathophysiology of TTP as an autoimmune disease,
other immunosuppressants, like vincristine, bortezomib,
cyclosporine, or mycophenolate mofetil, have been used to
suppress autoantibody production, but no controlled studies
on these aspects have been conducted. Even emergency
splenectomy has been used for uncontrolled TTP.36

Rituximab is an antibody targeting the CD20 antigen of B-
lymphocytes. The substance has been known for many years
and has been used with great success for the treatment of
CD20-positive malignant lymphomas.118 It is also approved
for the treatment of rheumatoid arthritis, an autoimmune
disorder. Moreover, rituximab has been used off-label for a
variety of other autoimmune disorders. Rituximab causes a
long-lasting immune defect characterized by a loss of B cells
and reduction of immunoglobulin levels, resulting in an
increased rate of infections.118

After 2004, the off-label use of rituximab for immuno-
suppression in immune TTP has increased because of its high
efficacy and low toxicity.97,119–122 Unfortunately, no ran-
domized controlled trials on the use of rituximab for im-
mune TTP have been completed. A randomized clinical trial
(STAR trial; NCT00799773) has been terminated due to low
enrollment rate.123 Several reports of case series and registry
data suggested high response rates (90–100%). Front-line use
of rituximab (�3 days from admission) is associated with a
shorter time to remission, fewer plasma exchange sessions, a
shorter in-hospital duration, and fewer relapses compared
with historical controls without rituximab. Moreover, the
use of rituximab resulted in fewer adverse events, a lower
mortality, a shorter time to ADAMTS13 normalization, and a
lower resource consumption.96,122,124–126 The preemptive
use of rituximab in case of ADAMTS13 relapse results in a
reduction of clinical TTP relapses.55,120,124,127 Although
these beneficial effects of rituximab are deduced only from
retrospective data, a meta-analysis supports the improved
survival and the reduced relapse rates.128 Meanwhile, the
early use of rituximab in immune TTP is an accepted and
established method in most TTP treatment centers.94,129 In
addition, patients with TTP should be regularly followed for
many years to detect ADAMTS13 relapses, which can occur
even after many years, as clinical relapses can be prevented
by preemptive use of rituximab.

Milestone 3: Improved Diagnostic Methods
Since the discovery of ADAMTS13 as the VWF-cleaving
protease in 2001, many attempts to improve testing of the
activity of this enzyme have been made. The first methods
(electrophoresis based) were time-consuming and unpracti-
cal for routine use in a clinical laboratory.13,15,16 Other
methods, based on collagen binding or ristocetin-cofactor
testing, were easier to perform, but required unphysiological
denaturating conditions. In 2005, the FRETS-VWF73 assay
was developed, which avoided such conditions by using a
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short VWF fragment to be cleaved by ADAMTS13.56,57 As
detection method, a kinetic fluorimetric measurement was
used.56 Based on similar VWF fragments, ELISA-based assays
have been developed,57,130 which are now frequently used,
easy to perform, and very sensitivewith a lowdetection limit
(0.5%). Subsequently, several manufacturers produced auto-
mated, fast methods to measure the ADAMTS13 activity, and
even a lateral-flow fast bedside assay is available.131–134

The improved laboratorymethods to quantify ADAMTS13
activity and a better understanding of TTP pathophysiology
led to an increased awareness of thrombotic microangiopa-
thies and allowed the correct diagnosis and fast treatment of
more patients, which ultimately enabled the possibility to
conduct large randomized trials in this rare disease.

Milestone 4: Caplacizumab
Caplacizumab is a 28-kD bivalent nanobody, composed of the
smallest functional fragments of the variable domains of the
heavy-chain-only immunoglobulins from Camelidae (Lla-
ma). It is composed of two anti-VWF domains, 90% homolo-
gous to the human germline immunoglobulins, linkedwith a
three-alanine linker structure.135 It is designed to bind
specifically and with a high affinity to the A1 domains of
VWF, the physiological ligands of platelet receptors GP Ib/IX.
Therefore, caplacizumab competes with platelet binding and
thus inhibits platelet adhesion, aggregation, and activation,
but it does not affect collagen binding or ADAMTS13 suscep-
tibility of VWF. Two large placebo-controlled randomized
clinical trials with caplacizumab in addition to plasma
exchange and immunosuppression, TITAN136,137 and HER-
CULES,138,139 demonstrated an immediate effect of caplaci-
zumab on platelet string formation and the formation of
microthrombi, which leads to an increase of platelet counts
and improvement of organ function. In the pivotal HERCULES
trial, platelet normalization was significantly shorter in the
caplacizumab group; 90% of patients had normal platelet
counts after 5 days (compared to 75% in the placebo group).
The rates of exacerbations, refractory TTP, TTP-associated
deaths (0 vs. 4), and thromboembolic events were lower.
Resource consumptionwas significantly reduced (number of
plasma exchange therapies by 38%, days on ICU by 65%, and
days in hospital by 31%). The most important adverse events
were mild mucocutaneous bleedings. In accordance with its
mode of action, caplacizumab has no effects on anti-
ADAMTS13 autoantibodies, ADAMTS13 activity, or ULVWF
multimers. An important observation in TITAN and HERCU-
LES was the fact that the risk of TTP relapse is high when
caplacizumab is stopped when ADAMTS13 activity is still
low.136–139 Caplacizumabwas approved by FDA and Europe-
an Medicines Agency (EMA) for the treatment of acute
autoimmune TTP, together with plasma exchange and im-
munosuppression, to be continuedwithout plasma exchange
until ADAMTS13 recovery. Differences in the EuropeanUnion
(EU) and U.S. labeling exist in the dosing (10 vs. 11mg) and
maximum duration of caplacizumab treatment (unlimited
until ADAMTS13 recovery vs. 30 days after last plasma
exchange plus additional 28 days dependent on ADAMTS13
activity).

Since the approval of caplacizumab, its use has rapidly
increased despite the high costs, as the beneficial effects
were obvious. Several real-world studies with high patient
numbers confirmed the TITANandHERCULESdata.98,140–142A
rapid normalization of platelet counts within 3 to 5 days was
recorded in the majority of patients; almost all had normal
platelet counts within 1 week. The rate of exacerbations and
early deaths was astonishingly low: a sustained platelet stabi-
lization in 96% of patients (vs. 40% exacerbations in controls
without caplacizumab treatment). After normalization of
platelet counts, ADAMTS13 activity is still severely reduced
in most cases. During this time, patients are at high risk of
recurrent TTP manifestations, which can be prevented by
continuing caplacizumab. This demonstrates the need for
immunosuppression to eliminate autoantibodies and restore
ADAMTS13 activity. In addition, the steep learning curvewith
caplacizumab enabled considerations on individualized,
pathophysiology-based therapy, not adhering to the strict
labeling.143–149 Today, caplacizumab has been established as
the first-line therapy of immune TTP in many centers as
recommended in current guidelines.51,88,94,144,145,150

Milestone 5: Individualized TTP Treatment
Considering all these fundamental innovations in TTP man-
agement, a redefinition of outcome parameters was neces-
sary. An international working group published updated
guidelines on TTP outcome definitions in the era of reliable
ADAMTS13 testing, caplacizumab, and rituximab.151 These
new definitions are now used to describe response to treat-
ment and monitoring the follow-up of TTP patients. Further,
more attempts to individualize themanagement of TTP were
undertaken, considering the ADAMTS13 levels, clinical
parameters, and response to initial therapy.

Modified Duration of Caplacizumab Therapy
According to labeling, caplacizumab has to be continued for
at least 28 days after the last plasma exchange session, and
continued until ADAMTS13 recovery (EU labeling). This
treatment duration comes, of course, from the protocol of
the pivotal HERCULES study.138 It does not, however, align
with the pathophysiology of TTP. For example, it makes no
sense to continue caplacizumab for up to 28 days when
ADAMTS13 has already recovered and, vice versa, there is a
high risk of TTP recurrence when caplacizumab is stopped
when ADAMTS13 is still severely deficient. A study by a
German group showed that 11/34 patients (32%) had
exacerbations/relapses when ADAMTS13 activity was less
than 10% at the time of stopping caplacizumab, and 10/11
events (91%) occurredwithin thefirst 4weeks.148 In contrast,
no exacerbations/relapses/deaths occurred when caplacizu-
mab is stoppedwhen ADAMTS13 exceeded 10%. In this study,
58% of patients had a greater than 10% ADAMTS13 increase
and caplacizumabwas stopped within the first 4 weeks after
the last plasma exchange, and no exacerbation occurred.98

Prolongation of Caplacizumab Dosing Intervals
Pharmacodynamic data showed that VWF activity was still
suppressed 48hours after the injection of caplacizumab,
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whichmay be sufficient to prevent platelet binding toVWF in
an extent capable to induce clinical TTP.147 Experimental
prolongation of the dosing interval from daily to every other
day resulted in stable platelet counts in all patients when
done after the third week of treatment, but exacerbations
occurred in 5% cases when this was tried before day 20.147

Therefore, a prolongation of the caplacizumab dosing inter-
val may be tried when platelet and reticulocyte counts, LDH,
and neurological symptoms are normal and when potential
triggering factors are absent. In this case, alternate day
dosing of caplacizumab is sufficient to prevent exacerbations
and reduces treatment costs.147

In summary, the current data suggest that in patientswith
suspected or proven TTP, a protocol consisting of an early
frontline start of caplacizumab (with or without plasma
exchange), early addition of rituximab to shorten time to
ADAMTS13 recovery, and continuation of daily caplacizumab
until ADAMTS13 activity consistently exceeds 10% with the
possibility to switch to alternate day dosing provides a
reasonable individualized, pathophysiology-based treat-
ment with low rates of exacerbation and mortality at eco-
nomically acceptable costs.

A Paradigm Shift: TTP Management without Plasma
Exchange
The impressive and fast resolution of microangiopathy after
initiation of caplacizumab suggested that plasma exchange
may no more be necessary in the management of TTP. First
reports on TTP management without plasma exchange were
published in 2019.148,152 Since then, increasing evidence
suggested considerable advantages when plasma exchange
was avoided in patients responding to first-line caplacizu-
mab treatment. These include the omission of central venous
lines, intensive care treatment, and reduction of adverse
events, resource consumption, hospital days, and costs. A
recent publication on 42 patients treated with such a proto-
col confirmed that plasma exchange does not add more
benefit for patients responding to the first dose of caplaci-
zumab; time to platelet normalizationwas not different, and
time to ADAMTS13 recovery was even shorter than that in
patients with additional plasma exchange.153 A company-
sponsored prospective study using the same approach is
currently ongoing (Mayari EudraCT 2022-001177-31).

Therefore, in some centers, an algorithm for autoimmune
TTP treatment without routine plasma exchange is already
used with success148,153,154: if platelet counts increase after
a first intravenous injection of 10mg caplacizumab, a
response to treatment is assumed and plasma exchange is
no more considered necessary. Caplacizumab is continued
daily with 10mg subcutaneously until ADAMTS13 activity
is consistently restored to greater than 10%, and rituximab
is used for immunosuppression. Only in cases without an
immediate response to the first dose of caplacizumab,
plasma exchange is initiated, but caplacizumab continued
(10mg subcutaneously after the plasma exchange). More
work is needed to establish reliable initial response criteria
and parameters for the prediction of a successful outcome
of such an approach.

Milestone 6: Recombinant ADAMTS13 Concentrate
The current development of rADAMTS13 as a therapeutic
agent will probably be the greatest progress for patientswith
cTTP (Upshaw–Schulman syndrome, congenital ADAMTS13
deficiency). The possibility to avoid plasma infusions with all
the disadvantages (time-consuming, thawing, large fluid
volume, potential risk of pathogen transmission, side effects,
immunogenicity) and to establish prophylactic or therapeu-
tic home treatment (like in hemophiliacs) would be a clear
improvement of the current situation. The first clinical trials
with rADAMTS13 in cTTP have been conducted and
rADAMTS13 (TAK-755) has been approved by the FDA in
November 2023 for the treatment of patientswith congenital
ADAMTS13 deficiency.38,155,156 There is, as mentioned be-
fore, the risk of inducing anti-ADAMTS13 alloantibodies (like
in hemophiliacs with FVIII inhibitors), which will cause
major problems, as neither plasma infusion nor plasma
exchange or rADAMTS13 will be sufficient to treat acute
bouts of TTP. In parallel to the development of rADAMTS13,
alternative strategies for such situations need to be devel-
oped (similar to the bypassing agents for inhibitor hemo-
philia). Possible options are anti-VWF agents like
caplacizumab, designed autoantibody-resistant ADAMTS13
variants,157 or designed VWF-cleaving enzymes (Micro-
lyse).158,159 Due to the long half-life and the low necessary
plasma concentration of ADAMTS13, prophylactic therapy in
cTTP will probably be sufficient with 40 U/kg every 2 weeks;
dosing for acute bouts needs to be determined, but single or
dual shots of the same dosemay be sufficient to terminate an
episode.84,86

The usefulness of rADAMTS13 is not yet established in
autoimmune TTP, especially in patients with high titers of
anti-ADAMTS13 antibodies. Similar to hemophilia with
inhibitors, even high-dose replacement may not be able to
overcome such inhibitors. The in vitro studies of Plaimauer
et al,160 however, suggested that some cases of autoimmune
TTP may respond to rADAMTS13 replacement, as it seems to
be possible to calculate the necessary amount of rADAMTS13
to overcome the inhibitors. A phase II study with recombi-
nant ADAMST13 together with plasma exchange demon-
strated that high doses of rADAMTS13 (twice daily 40 IU/kg)
were able to achieve normal ADAMTS13 levels after 3 days of
treatment.161 Some patients responded with supranormal
ADAMTS13 levels, up to 300%, without any safety signals.161

A prospective, randomized phase IIb study with rADAMTS13
(TAK-755) for autoimmune TTP without plasma exchange is
currently ongoing (EudraCT 2022-001940-36).

Conclusion

These four sections summarized the 100-year-long develop-
ment of TTP research, and we hope the reader enjoyed the
review of the progress in understanding and management of
this fascinating disease. In the last decades, the management
of TTP has undergone major developments: the current
understanding of the pathophysiology enabled newdiagnos-
tic and therapeutic approaches, and the therapeutic anti-
bodies caplacizumab und rituximab caused a paradigm shift
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in the management of TTP, challenging prior established
methods. In contrast to previous years, the treatment of an
acute TTP bout is no longer a major clinical challenge (if
diagnosed early and treated immediately), but the long-term
management to achieve and sustain ADAMTS13 remissions
seems more important to prevent relapses. We can still
expect further improvements, as important clinical studies
are currently recruiting patients, especially investigating the
TTP management without plasma exchange.
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