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Purpose of review

Thrombotic thrombocytopenic purpura (TTP) is a rare lifethreatening disease in children, due to a severe
deficiency of ADAMTS13 (a disintegrin and metalloproteinase with thrombospondin type 1 repeats,
member 13), inherited in congenital TTP or secondary to anti-ADAMTS13 antibodies in acquired TTP.
Rapid techniques for ADAMTS 13 assays, long-term follow-up of patients, phenotype—genotype analysis,

improved therapeutic schedules, and new therapies have emerged.

Recent findings

Rapid techniques for ADAMTS13 assays now permit rapid confirmation of diagnosis. In congenital TTP,
mutations affecting the N-terminal domains of ADAMTS13 are associated with lower residual ADAMTS13
activity and more severe phenotype. Early initiation of plasma infusion treatment and lifelong prophylactic
plasma infusion have decreased mortality and sequels and prevent relapses. In acquired TTP, a disease of
adolescents but also of children less than 2, adding rituximab to plasma exchange is beneficial.
Recombinant ADAMTS 13 ought to be soon available for congenital TTP, while acquired TTP children might

benefit from its administration, alone or in association with rituximab, to avoid or limit plasma exchange

duration.

Summary

Progress in the understanding of TTP has boosted physicians’ awareness that diagnosis and treatment are
medical emergencies. New therapies hopefully will decrease treatment burden and improve prognosis.
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INTRODUCTION

Thrombotic thrombocytopenic purpura (TTP) in
children is a rare but life-threatening disease,
characterized by microangiopathic hemolytic ane-
mia, thrombocytopenia, and organ involvement.
TTP was demonstrated to be secondary to a severe
deficiency in ADAMTS13 (A Disintegrin And Metal-
loprotease with ThromboSpondin type 1 repeats,
member 13) [1,2]. Although hereditary ADAMTS13
deficiency was considered as the cause of pediatric
TTP and antibody-mediated ADAMTS-13 deficiency
that of adult TTP, both forms have now been
reported in both age groups. This article reviews
recent findings, in particular the availability of rapid
techniques for ADAMTS13 assays; the understand-
ing of phenotype variability in congenital TTP;
the demonstration that acquired TTP is a disease
of adolescents but also of children less than 2 and
that rituximab allows reduced duration of plasma
exchange treatment, but may not prevent late
relapses; and the development of new treatments,
including recombinant ADAMTS13.
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PATHOGENESIS OF THROMBOTIC
THROMBOCYTOPENIC PURPURA

von Willebrand factor (VWF) is a multimeric
glycoprotein that plays a key role in high shear
stress-associated platelet adhesion and aggregation
[3]. The largest VWF multimers have the highest
adhesive capacity toward platelets. In 1996, Furlan
et al. [4] and Tsai [5] independently characterized a
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KEY POINTS

o Congenital TTP (hereditary severe ADAMTS13
deficiency) should be suspected in any newborn child
with severe jaundice and thrombocytopenia.

o Acquired TTP (acquired severe ADAMTS13 deficiency
due to anti-ADAMTS 13 antibodies) is mostly a disease
of adolescents, but can occur in children less than
2 years.

e Rapid techniques for ADAMTS13 assays (ADAMTS13
activity and anti-ADAMTS13 immunoglobulin G)
are available.

e Congenital TTP requires emergency plasma infusion.
Neonatal forms are associated with a high risk of
relapses and long-term prophylactic plasma infusions
are recommended.

e Acquired TTP requires emergency plasma
exchange+-corticosteroids=rituximab. Further therapy
should be guided by ADAMTS13 activity monitoring.

new metalloprotease from human plasma that
downregulates VWF activity by cleaving the largest
VWF multimers, further identified as the 13th
member of the ADAMTS family [6]. In 1998, a severe
functional deficiency of ADAMTS13 (<10% of
the activity of normal plasma) was shown to be
responsible for TTP [1,2]. ADAMTS13 severe
deficiency causes the accumulation of highly
adhesive ultralarge VWF (ULVWF) multimers in
plasma, which bind to platelets and induce platelet
thrombi formation in the microcirculation. These
microthrombi are responsible for the mechanical
hemolytic anemia with schistocytes, the consump-
tion thrombocytopenia, and the multivisceral
ischemia defining TTP (Fig. 1). ADAMTS13 severe
deficiency is related to two distinct mechanisms.
One consists in compound heterozygous or
homozygous mutations of the ADAMTS13 gene
[7] inducing the inherited form of TTP named
Upshaw-Schulman syndrome (USS) [8]. The other
is secondary to anti-ADAMTS13 autoantibodies
inducing the acquired autoimmune form of TTP [9].

ADAMTS13 LABORATORY
INVESTIGATION

ADAMTS13 assays are performed mainly in expert
laboratories and not available locally in emergency.
The clinical presentation is often sufficient for
pediatricians to reach a high presumption diagnosis
of TTP justifying emergency treatment. In such
cases, ADAMTS13 assays should be performed with
a few days’ delay (from samples collected before

1040-8703 © 2013 Wolters Kluwer Health | Lippincott Williams & Wilkins
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FIGURE 1. Pathogenesis of thrombotic thrombocytopenic
purpura. A severe functional deficiency of ADAMTS13
(activity lower than 10%) either acquired (via autoantibodies
to ADAMTS13) or inherited (via bi-allelic mutations of
ADAMTS13 gene) induces the accumulation in plasma of
highly adhesive ultralarge multimers of von Willebrand
factor (VWF). These ultralarge VWF multimers may
spontaneously bind to platelets, causing the formation of
platelet thrombi within the microvessels. The microthrombi
occluding the microcirculation are responsible for the
mechanical hemolytic anemia process, the consumption
thrombocytopenia, and the multivisceral ischemia observed
in thrombotic thrombocytopenic purpura (TTP).

treatment initiation) to confirm the diagnosis.
However, a clinical diagnosis between TTP and
atypical hemolytic uremic syndrome (aHUS) may
be difficult due to overlapping symptoms [10,11]
(Table 1) [12,13",14",15-30]. As aHUS in children
is currently an indication of eculizumab treatment
[30] and TTP an indication of plasma therapy,
rapid results of ADAMTS13 assays are required in
such cases. A flow-chart for biologic ADAMTS13
investigation is presented in Fig. 2.

Measurement of ADAMTS13 activity is the first
assay to perform. All methods rely on the hydrolysis
of either a full-length VWF substrate or a shorter
VWEF peptide including the cleaving site of VWF by
ADAMTS13 (VWE73 substrate) with serial dilutions
of tested serum/plasma used as ADAMTS13
provider; the amount of residual VWF after cleavage
by ADAMTS13 is estimated using electrophoretic,
functional, immunologic, or fluorimetric methods
[31,32]. Methods using the VWEF73 substrate are
the most commonly used because they are easier
and faster (result in a few hours) [33]. Normal
ADAMTS13 activity is more than 50%. In neonates,
it may be lower (about 30%) but never less than
10%. In the acute phase of TTP, ADAMTS13 activity
is undetectable, that is, less than 10% (if not, the
diagnosis of TTP should be reconsidered; Fig. 2).
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FIGURE 2. Flow chart for ADAMTS13 laboratory investigation in thrombotic thrombocytopenic purpura. In the case of
thrombotic thrombocytopenic purpura (TTP) suspicion, measurement of serum/plasma ADAMTS13 activity, titration of serum/
plasma anti-ADAMTS13 IgG and, if needed, ADAMTS13 gene sequencing should be rationally performed in this sequence in
order to both support the diagnosis of TTP and distinguish between the hereditary and the acquired form of TTP. During the
acute phase of TTP, the measurement of ADAMTS13 activity should be performed in first intention. If ADAMTS13 activity is
detectable (usually higher than 20%), the diagnosis of TTP should be reconsidered, and further biologic investigation devoted
to the complement system and the diagnosis of atypical hemolytic uremic syndrome are required. If ADAMTS13 activity is
found lower than 10%, the diagnosis of TTP is confirmed, and thus the titration of anti-ADAMTS13 IgG is indicated as second
intention test to search for an acquired severe ADAMTS13 deficiency. Values between 10 and 20% are very rarely found;

if so, however, they should be considered similarly to values lower than 10%. During remission (first biologic control
recommended 1 month after the acute TTP event), both of these assays are repeated. If ADAMTS13 activity has become
detectable (usually higher than 20%), the diagnosis of acquired TTP is likely and no genetic investigation is required. In
contrast, if ADAMTS13 activity remains undefectable in the absence of anti-ADAMTS13 IgG, ADAMTS13 gene sequencing
should be performed to detect bi-allelic mutations of ADAMTS 13 confirming the suspicion of inherited ADAMTS13 deficiency
(Upshaw—Schulman syndrome, USS). Very rarely, this biologic phenotype (still undetectable ADAMTS13 with no anti-
ADAMTS13 IgG in remission) is associated with an acquired TTP: in this case, anti-:ADAMTS IgG usually becomes positive or
ADAMTS 13 activity detectable during a longer follow-up and no ADAMTS 13 mutation can be evidenced.

In a second step, if ADAMTS13 activity is less
than 10%, anti-ADAMTS13 immunoglobulin G
(IgG) should be searched for and titrated using
an ELISA method [31]. Several commercial ELISA
kits are available (positivity threshold for anti-
ADAMTS13 IgG titer about 15 U/ml). In hereditary
TTP, anti-ADAMTS13 IgG are negative. In acquired
TTP, anti-ADAMTS13 IgG are positive during the
acute phase and decrease according to ADAMTS13

ADAMTS13 mutations has been demonstrated,
sequencing includes the totality of the gene
(29 exons and all exon-intron boundaries). USS
patients are homozygous or compound heterozygous
for recessive bi-allelic mutations of ADAMTS13 gene.

CLINICAL COURSE OF CONGENITAL
THROMBOTIC THROMBOCYTOPENIC

activity increase in remission (Fig. 2).

In a third step, if ADAMTS13 activity
remains less than 10% in remission together with
undetectable anti-ADAMTS13 IgG, ADAMTS13
gene sequencing has to be performed to confirm
inherited TTP (USS; Fig. 2). As no hot spot of

1040-8703 © 2013 Wolters Kluwer Health | Lippincott Williams & Wilkins

PURPURA (UPSHAW-SCHULMAN
SYNDROME)

The Japanese TTP registry included 41 cases of USS
patients, of whom 78% had thrombocytopenia
since childhood, 61% were diagnosed as TTP before
age 15, and 39% beyond childhood (age 19-63)
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[13"*]. Four European TTP registries (Milan, London,
Bergamo, and Paris) included 29 USS patients,
of whom 55% had the first TTP episode requiring
plasma therapy before age 15 and 45% between age
18 and 32 [14™].

Neonatal onset with severe jaundice and throm-
bocytopenia, hemolytic anemia with schistocytosis,
and a negative Coombs test are typical hallmarks of
USS. Repeated episodes of thrombocytopenia occur
in 80% of patients [13"%,14",34™,35%] (Table 1).
Neonatal onset has been demonstrated to be associ-
ated with the highest frequency of relapses and
more intensive treatment requirements [14"%,36".
Patients were often misdiagnosed as having
idiopathic thrombocytopenic purpura or Evans
syndrome. Improved awareness of physicians
and biological/molecular investigations now allow
diagnosis.

One-third of patients from historical series had
brain ischemic events — with neurologic sequels
in half of them - and 20% progressed to chronic
or end-stage renal disease (ESRD) in adolescence or
adult age [12,37,38]. Importantly, neurological
events as well as fatal outcomes have not been
reported in patients under well-observed prophylac-
tic plasma infusions [13",14"]. Only two patients
(6%) from the Japan cohort progressed to ESRD at
age 24 and 26 (after late initiation of prophylactic
plasma infusion in both and poor observance in
one) ([13*] and communication of H. Yagi to CL,
with permission). Also, only 10% of patients from
the European cohort had persistent renal/neuro-
logic damage [14™]. However, a significant number
of undiagnosed patients may die unknown to
specialized centers.

Whether renal, cardiac, cognitive, or vascular
complications might develop in the long term
despite prophylactic plasma therapy (or in untreated
patients) is an important concern that deserves forth-
coming studies [39].

PHENOTYPE/GENOTYPE CORRELATIONS

Phenotypic variability in USS, appreciated by
indicators like age at first TTP episode requiring
plasma therapy, rate of episodes, or use of prophy-
lactic plasma therapy, is likely to be related to multi-
factorial causes, either genetic or environmental.
About 150 candidate mutations spreading
all over the ADAMTS13 gene have been identified
in USS [14™] (Fig. 3). Two recent studies [14™,36™]
have demonstrated that mutations affecting the
highly conserved N-terminal domains of ADAMTS13
are associated with lower residual ADAMTS13
activity and a more severe clinical phenotype
in an allelic dose-dependent manner. In addition,

220 www.co-pediatrics.com

an approximately 2% ADAMTS13 activity threshold
[measured by surface-enhanced laser desorption/
ionization time-of-flight (SELDI-TOF) mass spec-
trometry] appears to be a disease-severity marker
of potential clinical relevance [14"]. Conversely,
mutations located in the C-terminal part of
ADAMTS13 may be associated with a less severe
clinical expression. In that regard, one mutation
located in the TSP1-7 domain, p.ArglO60Trp,
is specifically associated with an adult onset of USS
and found with a very high prevalence in pregnancy-
associated TTP [40]. The role of ADAMTS13 poly-
morphisms in the modulation of the deleterious
effect of associated ADAMTS13 mutations has also
been suggested [41,42]. Other genetic modifiers,
that is, genetic systems regulating baseline VWF
levels (ABO blood group, for example), may also
influence the susceptibility to TTP flares in USS
patients, as suggested by the study of animal models
[43]. Accordingly, in patients with USS, clinical
conditions associated with increased VWF plasma
levels secondary to VWF release from endothelial
cells (i.e., pregnancy via hormonal modifications,
infections via cytokines secretion) are well-
established triggering factors of TTP flares and may
be considered as environmental modifiers of disease
severity [9].

These genetic and environmental factors are
likely to act in concert to explain the phenotypic
heterogeneity of USS between siblings or between
families [42]. Furthermore, the association of
hereditary ADAMTS13 severe deficiency with a rare
complement factor H variant has been reported in
one family [44].

TREATMENT OF CONGENITAL
THROMBOTIC THROMBOCYTOPENIC
PURPURA

Treatment should be initiated as early as possible
on the clinical presumption of USS [34" 35".
Except for newborns who require exchange blood
transfusions to treat severe jaundice, USS patients
only require plasma infusion (10-15ml/kg) to
replace deficient ADAMTS13, allowing the increase
of platelet count within 24h and cessation of
hemolysis within a few days. Although ADAMTS13
has a half-life of only 2-3 days [45], plasma
infusions every 2-3 weeks maintain normal plate-
lets and hemoglobin. In recent years, approximately
80% of USS neonates have been put on prophylactic
plasma infusion after the first episode [13"%,14""].
The question remains whether one should wait for
a second episode of thrombocytopenia to initiate
prophylactic plasma therapy only if the free interval
is less than a few months [39]. Considering the risk

Volume 25 o Number 2 o April 2013
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FIGURE 3. ADAMTS13 mutations in inherited thrombotic thrombocytopenic purpura (Upshaw—Schulman syndrome).
ADAMTS13 is a multiple domain protein that consists of a metalloprotease domain followed by a disintegrin-like motif, a first
thrombospondin-1 (TSP-1) repeat, Cys-rich and spacer domains, seven additional TSP-1 repeats, and two Complement
components C1r/C1s, Urinary epidermal growth factor, and Bone morphogenic protein-1 (CUB) domains. About 150
candidate mutations of ADAMTS13 spread all over the gene have been reported in the inherited form of thrombotic
thrombocytopenic purpura (Upshaw—-Schulman syndrome). Most mutations are located within the N-terminal region of the
protease comprising the metalloprotease domain to the Cys-rich-spacer domain of the protease. The N-terminal part of
ADAMTS 13 has been shown to be the in-vitro active part of the protein; the C-terminal part of ADAMTS13, not crucial for
ADAMTS13 activity in vitro, is, however, essential for in-vivo normal function of ADAMTS13. Mutations leading to amino acid
substitutions (missense mutations) are present in about two-thirds of cases and truncating mutations (nonsense mutations
inducing stop codon or slice/frameshift mutations) are also described. Missense and nonsense mutations are represented at
the top of the figure, whereas slice/frameshift mutations are represented at the bottom of the figure.

of visceral complications in case of relapse and the
demonstration that neonatal onset is associated
with the highest risk of relapse and more intensive
plasma requirements [14",36"], we would rather
recommend not to postpone initiation of prophy-
lactic plasma infusion in neonatal forms [35%].
The interval between plasma infusions should be
adapted to maintain permanent normal platelet
count. However, an interval of more than 1 month
is not recommended. In the few children having the
first episode later in childhood or mild thrombo-
cytopenia as the only manifestation, plasma
infusion in response to early signs of relapse (such
as a decrease in platelet count) may be proposed
rather than prophylactic plasma infusion. This
implies medical evaluation in any stress situation
(infection, surgery, trauma, vaccination).

1040-8703 © 2013 Wolters Kluwer Health | Lippincott Williams & Wilkins

CLINICAL COURSE OF ACQUIRED
THROMBOTIC THROMBOCYTOPENIC
PURPURA

Experience of acquired TTP in children is limited.
In the Japanese registry including 195 idiopathic
acquired TTP cases, 7.2% of patients were children
less than 15, whereas three of 46 (6.5%) with
connective tissue disease-T'TP were children aged
8-12 [13™]. A total of 37 idiopathic cases have been
published in children [13"%,15-25] and a few associ-
ated to systemic lupus erythematosus or mixed
connective tissue disease [13"%,46]. Analysis of data
from these 37 cases indicates that idiopathic
acquired TTP is mostly a disease of preadolescent
and adolescent children (62% between ages 9 and
16). However, pediatricians should be aware of
its possible occurrence in children less than 2 years

www.co-pediatrics.com 221
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(36% of cases in the Japanese series with a minimal
age of 9 months [13"%,16,22]; 13% in non-Japanese
patients). Presenting features are similar to those
of USS (Table 1), including triggering infections
(one-third of patients), fever (up to 93% of patients),
and neurological symptoms (67.5% of patients,
including cerebral bleeding or infarction in five
children) [13"%,16,17,23,25]. Two patients had
raised troponin levels and one had abnormal
electrocardiogram [13*"]. However, cardiac involve-
ment, a severe complication in adults [34™,35"],
is scarcely documented in children. Importantly,
many children younger than 2 years were initially
misdiagnosed as having idiopathic thrombocyto-
penic purpura, HUS, hemophagocytic syndrome,
or paroxysmal nocturnal hemoglobinuria. Mortality
during acute episodes (8%) is similar to that in adults
(8=11%) [47-49]. While 30-40% of acquired TTP
adults have a chronic relapsing course [35%], the
proportion was lower in Japanese children (14%)
[13""], suggesting the immune process might be a
self-limited disease in children. However, 43% of
non-Japanese children had relapses, showing that
children are at risk of relapses just like adults in
western countries.

TREATMENT OF ACQUIRED THROMBOTIC
THROMBOCYTOPENIC PURPURA

Acquired TTP is a medical emergency [34"% 35"]. First-
line treatment is daily plasma exchange with plasma
(plasma volume x 1.5, 60ml/kg). Plasma exchange
in young children is associated with a high risk of
hemodynamic and catheter-related complications
[50]. When plasma exchange cannot be realized
in emergency, plasma infusion (10-15ml/kg) may
suffice to obtain arapid increase in platelet count. Itis
generally accepted that corticosteroids (prednisone,
1mg/kg per day) remain important. Pulse methyl-
prednisolone (1000mg/1.73 m? for a few days) may
be used in severe cases [13"%,35%,51"].

Plasma exchange schedule has been deeply
modified with the advent of rituximab since 2005
[35%,51%]. Adults treated with rituximab for plasma
exchange refractory TTP or relapsing TTP [51%,52—
55,56"] or as first-line treatment have shortened
time to remission and plasma exchange treatment
duration and reduced rate of 1-year relapses.
Rituximab has been used in 13 children [13"*,19-
21,23-25] (outcome documented in 12): 83%
were free of relapses during a mean follow-up of
19.7 months (3-60) after rituximab, and two had a
relapse after 12 and 19 months. Relapses beyond
1 year (up to 30-34 months after rituximab) have
also been reported in 10-15% of adult patients
[51%,57".
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With this experience, rituximab (generally
375mg/m?* weekly x 4) should be considered in
children in association with plasma exchange as
first line in life-threatening forms, and as second
line if no improvement is obtained after five to
seven plasma exchanges (as recommended in adults
[35"]) or in case of exacerbation. Moreover, the
association of rituximab as soon as at first episode
could be particularly beneficial in children, to limit
duration of plasma exchange. Last, administration
of rituximab at greater than weekly intervals over
a longer period of time may be more appropriate
to reduce long-term relapses [51%].

The prognostic value of anti-ADAMTS13 anti-
bodies still remains controversial. Severe ADAMTS13
deficiency together with anti-ADAMTS13 1gG high
titers is associated with a higher risk of relapses
[58-63]. In remission, persistent severe ADAMTS13
deficiency increased the risk of relapse three-fold
in one series [60], and 38.5% of patients with
ADAMTS13 less than 15% relapsed versus 5% of
those with ADAMTS13 more than 15%, in another
series [58]. Monitoring of ADAMTS13 during remis-
sion should guide therapeutic decisions. Indeed,
persistent severe ADAMTS13 deficiency leads
increasingly to the administration of rituximab or
other immunosuppressive drugs to prevent relapses.

TREATMENTS FOR THE FUTURE

Recombinant ADAMTS13 (rADAMTS13) is in
development by Baxter, Inc. In a new animal model
of TTP-like disease in ADAMTS13-knockout mice
challenged by the administration of recombinant
human VWF containing ULVWF multimers,
prophylactic administration of human rADAMTS13
protected mice from developing TTP [64™].
rADAMTS13 normalizes VWEF-cleaving activity in
plasma of acquired TTP patients by overriding the
inhibitory activity of anti-ADAMTS13 1gG, opening
the way to ADAMTS13 as an adjunctive therapy
in acquired TTP [65]. A phase I clinical trial of
rADAMTS13 in USS patients is scheduled to begin
in 2013. Considering the risks of plasma exchange
in children, avoidance of plasma exchange is the
aim for the near future.

Drugs targeting the VWEF-platelet interaction
such as N-acetylcysteine [66], aptamers [67], anti-
VWF nanobodies [68], or monoclonal antibody [69]
are being developed or studied in trials.

Gain-of-function ADAMTS13 variants that resist
inhibition by anti-ADAMTS13 IgG from patients
with acquired TTP may be further developed [70].

Recent studies suggest complement activation
through the alternative pathway at the acute phase
of acquired TTP [71,72]. Preliminary data suggest
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that eculizumab may be efficient in acquired TTP
[73]. This view requires further prospective studies.

CONCLUSION

Progress has been made in the diagnosis and treat-
ment of TTP in children, but improvements are still
required. The first one is to develop access to rapid
ADAMTS13 assays, so that the diagnosis between
USS, acquired TTP, and aHUS and treatment
decisions should not rely only on an often con-
founding clinic. The second one is recombinant
ADAMTS13, which hopefully will benefit USS
patients, as well as patients with acquired TTP.
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