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Abstract

Thrombotic thrombocytopenic purpura (TTP) is characterized by microangiopathic
hemolytic anemia and a consumptive thrombocytopenia, as a result of severe defi-
ciency of ADAMTS13. The standard of care of the acute episode is treatment with
plasma exchange and immunosuppression. After the acute episode is resolved, pa-
tients face a significant risk of relapse and long-term complications associated with
significant morbidity and even mortality. Novel treatments have been under develop-
ment and will be discussed in this review. Caplacizumab, a nanobody that blocks the
interaction between VWF and platelets, has shown promising results in decreasing the
time to recover from the acute events that will hopefully translate into long-term clini-
cal benefit for patients. In addition, identifying biomarkers to allow us to better predict
the risk for relapse and the development of these long-term complications in patients

with TTP are a few of the challenges that require our attention moving forward.
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e The standard of care for patients with TTP remains daily plasma exchange in addition to immune suppressive therapy.

e Despite the improved treatment options for TTP, the acute mortality of TTP remains between 15-20%.

e Caplacizumab reduces the time to platelet recovery and the exacerbation rate in acute TTP.

o A better understanding of the cause and treatments of long-term complications of TTP are needed.

1 | OVERVIEW

it (immune mediated TTP, iTTP). The interaction between ultra large
VWF (ULVWF) multimers, platelets and red blood cells, will lead to

Thrombotic thrombocytopenic purpura (TTP) is a rare and poten-
tially fatal hematologic disease. It is defined as microangiopathic
hemolytic anemia and consumptive thrombocytopenia without an
alternative explanation, confirmed by severely reduced ADAMTS13
(a disintegrin and metalloproteinase with thrombospondin type 1 motif,
member 13) activity to less than 10%.! Under normal circumstances,
ADAMTS13 is responsible for cleaving ultra large VWF multimers
(ULVWEF). In TTP, ULVWEF will not be cleaved due to a congenital defi-
ciency of the protease (congenital TTP, cTT) or autoantibodies against

widespread microvascular thrombosis and hemolysis.

The current standard of treatment for the acute episode of TTP
involves plasma exchange (PEX) and steroids.?® Patients that are
refractory to this treatment are offered rituximab most commonly,**
although other therapies including cyclosporine and cyclophospha-
mide have been used successfully in the past. For cTTP (confirmed by
negative antibody testing and the identification of biallelic mutations
of ADAMTS13), the treatment consists of regular plasma infusions to

prevent future relapses.6 CTTP is even less common than iTTP and
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usually presents at birth or early childhood. However, physicians must
have a high index of suspicion in patients that experience their first
episode of TTP during pregnancy. This was evidenced by a study from
the French Reference Center for Thrombotic Microangiopathies, in
which 10 of their 42 (24%) patients diagnosed with a first TTP episode
during pregnancy were found to have TP’

In patients diagnosed with iTTP, close monitoring after the acute
episode is required, since one-third of patients may suffer an early
recurrence or exacerbation in the first 30 days after stopping PEX. In
addition, at least one-half of patients if not more will be at risk for
future relapse of the disease.®™'! Patients that are diagnosed with
TTP, even if only one acute episode in the distant past are prone to
long-term complications that include hypertension, depression, head-
aches, and neurocognitive impairment.*>"*> These complications can
lead to significant morbidity and are associated with a decreased life
expectancy.

We have come a long way since the first case report of the disease
in 1924, particularly in our understanding of the pathophysiology of

the disease (Figure 1). The introduction of PEX for the treatment of
iTTP decreased the mortality from an acute TTP episode from nearly
100% to 15-20%.Y718 Even though steroids have been routinely used
in the treatment of iTTP for a long time, their efficacy in helping to
reduce the ADAMTS13 autoantibodies and improving the ADAMTS13
activity was documented only recently.*? In this review, we will discuss
novel therapies directed at improving the treatment of the acute epi-
sodes, but also hopefully decreasing the relapse rate and long-term

complications associated with TTP (Table 1).

2 | CAPLACIZUMAB

Caplacizumab is a bivalent nanobody that inhibits UL-VWF medi-
ated platelet aggregation by blocking the interaction between the
A1 domain of VWF and the platelet receptor GPIb-IX-V. Nanobodies
are proteins derived from the variable domains of heavy-chain-only
immunoglobulin from animals of the Camelidae family. Preclinical

Timeline on TTP

1982
“unusually” 1997-1998 2016 Phase |
1924 large VWF Protease 2011 on
First case multimers deficiency NAC pre-clinical rADAMTS13
report detected identified studies and cTTP
1977 1991 2001 2016
Treatment Standarized ADAMTS13 Phase Il TITAN
with plasma approached purification study on
reported with PEX and caplacizumab
steroids

FIGURE 1 Thrombotic thrombocytopenic purpura timeline showing the different discoveries in pathophysiology and treatment since the
initial case report almost 100 years ago. cTTP, congenital TTP; iTTP, immune TTP; NAC, N acetlylcysteine; PEX, plasma exchange therapy;

rADAMTS13, recombinant ADAMTS13

TABLE 1 Novel therapiesin TTP

Novel therapies for

TTP Mechanism

Caplacizumab VWEF A1 antagonist - blocks VWF and platelet
interaction

Anfibatide Platelet Gplb antagonist - block VWF and platelet
interaction

rADAMTS13 Restoration of ADAMTS13 function

N-acetylcysteine Reduce the ULVWF

Bortezumib
tion of autoantibodies against ADAMTS13

Splenectomy
reservoir

Rituximab
autoantibodies by B-cell depletion

Eliminates plasma cells, thereby decreases the produc-

Reduce the autoimmune response/Eliminate B-cell

Aim at decreasing the production of anti-ADAMTS13

Evidence
Phase Il showed decrease time to recover from acute
episodes and lower exacerbation rate, Phase Il completed

Inhibits adhesion and thrombus formation in murine models

Phase | in cTTP have shown good safety and tolerability

Pre-clinical studies showing mechanism. Case reports with
mixed results.

Case reports and case series showing clinical improvement
for refractory TTP

Case reports and Case series for its use in prevention of
relapses

Cohort and Case control studies for its use as first line
therapy (with fewer and later relapses than PEX and
steroids alone) and also for prevention of relapses.
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studies have shown that the bivalency of caplacizumab allows a
tight interaction with VWF, as well as inhibition of platelet adhesion
at high-shear rates, but not at low-shear rates. This is expected, as
the A1 domain of VWF is exposed only under high-shear conditions
seen in small vessels, suggesting that there may be lower bleeding
risk when compared to other antithrombotic agents such as aspirin,
clopidogrel and abciximab.2%??

A randomized, multicenter, phase Il trial (TITAN study), included
75 patients with a clinical diagnosis of iTTP (36 randomized to
receive 10 mg of subcutaneous caplacizumab daily during plasma
exchange and 30 days additional days, and 39 to placebo). The time
to normalization of platelet count in the caplacizumab group was
significantly decreased compared to patients receiving placebo
(39% reduction in median time, P =.005). In addition, only three
patients on the caplacizumab arm versus 11 on the placebo arm suf-
fered an early recurrence or exacerbation of TTP that was a direct
result of the continued caplacizumab treatment in the first 30 days
after stopping PEX. After stopping the caplacizumab however, eight
patients in the study drug group had a relapse, compared to none
in the placebo group. Seven of the eight patients that relapsed had
a severely deficient ADAMTS13 activity to less than 10%, sug-
gesting a persistent autoimmune activity. These important data
demonstrate both the protective effect of caplacizumab, but also
emphasize that the drug does not alter the underlying disease pro-
cess driven by the persistent ADAMTS13 deficiency. Addressing the
immune-mediated ADAMTS13 deficiency with immune suppres-
sive therapy to restore the ADAMTS13 protease function may be
equally important as the initial therapy with PEX and caplacizumab
in patients with immune-mediated TTP.

When compared to placebo, caplacizumab-treated patients had
more bleeding-related adverse events (38% and 54%, respectively).
The majority (83%) of bleeding events were mild and did not require
the administration of the antidote (plasma-derived VWF/factor VIII
concentrates).22

A post hoc analysis of the phase Il trial found a significantly reduced
risk of major thromboembolic events, exacerbation and TTP related
mortality with caplacizumab compared to placebo.?® The HERCULES
study, a randomized, multicenter, phase Ill trial has already completed
recruitment with results that should be reported soon (NCT0255331).

3 | RECOMBINANT ADAMTS13
(RADAMTS13, BAX930)

Since the identification of ADAMTS13 protease,24 increased attention
was directed to the cloning and expression of the protease to bet-
ter evaluate its function and therapeutic opportunities. Antoine et al.,
showed the normalization of the ADAMTS13 activity in two brothers
with congenital TTP when their plasma was mixed with rADAMTS13
obtained from transfected HEK293 cells.?> A preclinical model using
ADAMTS13 knockout mice infused with high dose of recombinant
human VWF to trigger the disease showed that prophylactic and
therapeutic use of rADAMTS13 improved the hematological and
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pathologic parameters of TTP.2% A phase 1, multicenter, open label,
dose-escalation study involving 15 patients with cTTP between
the ages of 12 to 65, with ADAMTS13 activity <6% showed that
ADAMTS13 was well tolerated at the three doses tested (5, 20, or 40
U/kg). No anti-ADAMTS13 antibodies were detected with the treat-
ment although the follow-up was relatively short (30 days). There
was, however, a decrease in the ULVWF after the drug was admin-
istered that was accompanied by an increase in the fraction of inter-
mediate size VWF multimers, an increase in the platelet count, and
a decrease in the LDH, demonstrating the functional effects of the
rADAMTS13.%

Even though the more obvious application would be cTTP, there
may be the potential for the use of AADAMTS13 for the treatment iTTP.
Plaimauer et al. showed that rADAMTS13 can neutralize autoantibod-
ies and reconstitute the ADAMTS13 activity in vitro.?® Moreover, pre-
clinical studies using Sprague-Dawley rats, showed that rADAMTS13
can restore the ADAMTS13 activity by forming ADAMTS-13 specific
immune complexes.???° These data collectively suggest a role for
rADAMTS13 in iTTP and may be the rationale for future studies.

4 | N-ACETYLCYSTEINE

N-acetylcysteine (NAC) is a compound use for the treatment of
acetaminophen toxicity and as a mucolytic agent in patients with
lung diseases such as chronic bronchitis and cystic fibrosis. It
decreases mucin size and viscosity, helping with airway congestion
and ventilation. Chen et al. noted that the structure of VWF is very
similar to mucin, and they postulated that NAC could, in the same
way as mucin, reduce the size of ULVWEF. In vitro, NAC was able
to reduce VWF multimers under static conditions, specifically dis-
rupting disulfide bonds in the VWF A1 domain.®* A recent study
using a baboon model also showed reduction in size and activity
of VWF in plasma. However, NAC as a single therapy, was unable
to reverse TTP signs nor dissolve preexisting VWF-rich thrombi.?
Case reports have shown successful use of NAC in patients with
refractory TTP as evidenced by normalization of platelet function
and ADAMTS13 activity in four patients®®3* but was unsuccessful
in three others.>>%7 A pilot study to evaluate the use of NAC in
suspected TTP is underway (NCT01808521).

5 | ANFIBATIDE

Anfibatide is a snake-venom derived protein in the pre-clinical phase
of development. It inhibits platelet aggregation by binding to Gplb
and inhibiting its interaction with VWF. In VWF (7/7) deficient mice,
it inhibited ristocetin-induced aggregation of washed murine plate-
lets and recombinant murine VWF. In an ex-vivo perfusion chamber
model at high and low shear rates, pretreatment with anfibatide
inhibited platelet adhesion, aggregation, and thrombus formation at
both high and low shear rates, but the inhibition was stronger as the
shear rates increased. Moreover, anfibatide dissolved pre-formed
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thrombi in the same model. In an in-vivo mouse model using Ferric
Chloride (FeCl,-) induced thrombosis in a mesenteric arteriole, anfi-
batide inhibited platelets interaction and adhesion in the vascular
wall, requiring a longer time for thrombus formation and delaying
vessel occlusion.®® These studies were followed by a murine model
study, using Adamts13 /" mice treated with an intravenous injec-
tion of Stx-2. Mice pretreated with anfibatide prior to the Stx-2
injection showed decreased rates of thrombocytopenia, compared
to the ones not treated with anfibatide, as well as fewer microvas-

cular thrombosis on histological analysis.39

6 | BORTEZOMIB

Bortezomib is a proteasome inhibitor used extensively in multiple
myeloma. Its mechanism of action in TTP is thought to be due to the
elimination of plasma cells that produce the autoantibodies against
ADAMTS13. The evidence for the use of this drug is still limited to

3540-45 and a case series®’ that reported 14 cases of

case reports
TTP that were refractory to PEX, steroids, and rituximab. All but
one patient recovered from their acute episode of TTP. The optimal
dose and schedule of administration however is still unclear (varied
between 4 and 13 doses), as well as the time required to improve the

ADAMTS13 activity after the initiation of therapy.

7 | NEW DEVELOPMENTS ON
OLDER THERAPIES

7.1 | Splenectomy

The use of splenectomy for treatment of TTP is certainly not a recent
one. Before the use of PEX, splenectomy and steroids were the treat-
ment of choice for acute TTP.*47 Splenectomy has been shown to be
effective in relapsing iTTP and, although more controversial, also in
refractory iTTP.*®° A retrospective study of 24 patients with relaps-
ing TTP showed a decrease in the relapse rate from 0.74 relapses/

patient-year to 0.1 relapses/patient-year after splenectomy after a
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median follow up of 115 months.>® It could also be argued that the
long-term remission rates that have been reported after splenectomy
are comparable to those seen with rituximab.’>>? The complications
related to splenectomy are minimal, but are increased when splenec-
tomy is used for refractory TTP. Although difficult to accomplish, a
prospective trial comparing rituximab and splenectomy to prevent
relapses would be important to directly compare the long-term
relapse rates with these two approaches to secondary prevention of
iTTP.

The mechanism of action of splenectomy to prevent relapses of
TTP however is not known. Does a splenectomy remove a large bur-
den of antibody producing cells, or rather are memory B-cells that
may be responsible for the chronic relapsing phenotype of iTTP being
removed? Can splenectomy alone lead to the recovery of previously
severely deficient ADAMTS13 activity? In one case studied carefully
at our institution, we followed the ADAMTS13 activity pre and post-
splenectomy of a 25-year-old woman diagnosed with iTTP at the age
of 20 that suffered an episode of iTTP at least once a year since her ini-
tial diagnosis. She was intolerant of cyclosporine and rituximab when
they were used prophylactically. She was noted to have persistent,
severely deficient ADAMTS13 activity during outpatient follow-up
and underwent a prophylactic, laparoscopic splenectomy. At the time
of the surgery, she was asymptomatic and both platelets are LDH were
within normal limits. The surgery went well without complications and
her ADAMTS13 activity increased to 67.5% at her first follow-up
eight measurement weeks after surgery (Figure 2). At 14 months of
follow-up, she has not had any recurrences of TTP and has continued
to demonstrate normal ADAMTS13 activity.

Modern technology has allowed us to be able to better charac-
terize the splenic anti-ADAMTS13 antibody response in patients with
TTP. Researchers from Bern, Switzerland, have published their find-
ings on spleens from two patients with recurrent iTTP. They found
that splenic B cells can produce anti-ADAMTS13 autoantibodies that
can inhibit the protease in the same way as those present in plasma.
Interestingly, these two unrelated patients shared four heavy-chain
complementarity determining region 3 motifs.>® At the ISTH Congress

in 2017, the same group reported additional findings from two
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patients that had a splenectomy for iTTP. They found both inhibitory
and non-inhibitory antibodies in the spleens from iTTP patients that
mirrored the antibodies found in the plasma. The predicted epitope
of the non-inhibitory antibodies involved the heavy chain-derived res-
idues with stronger prediction scores, whereas the predicted epitope
of the inhibitory antibodies involved heavy and light chains-derived

residues.>*

7.2 | Rituximab

The first case reports describing the use of rituximab in TTP date back
to 15 years ago.>>>° Since then, different groups have reported their
experience with the use of rituximab for refractory, first line, and pre-
vention of relapses in TTP. To date, rituximab is recommended for
refractory TTP, based on the results of multiple case reports and case
series. Scully et al. reported their experience treating 25 patients with
refractory TTP with rituximab, all of which recovered completely after
a median of 11 days after starting rituximab.®”

The use of rituximab as part of the upfront therapy for the treat-
ment of TTP is still debated. Three different groups have evaluated its
use as addition to PEX and steroids in the acute episode of TTP.>852
All three of them reported fewer and later relapses in the rituximab
treated patients. Despite these results, its use its still controversial
because it is estimated that 50% of patients will have a relapse after
their initial episode and we may be over treating a significant group
of patients with this approach. Moreover, an ISTH abstract regard-
ing a retrospective review of 88 patients with a median follow up
of 8.1 years, showed no difference in relapse rate in patients that
received rituximab during an acute episode compared to those that
did not.*®

The rationale behind the use of rituximab for prevention of relapses
is that rituximab will deplete B cells, thereby decreasing the produc-
tion of anti-ADAMTS13 antibodies and increasing the ADAMTS13
activity. The French Thrombotic Microangiopathies Reference Centre
published an observational study comparing 30 patients treated with
preemptive rituximab. The relapse rate decreased from 0.57 episodes
per year to O episodes per year with a median follow up of 36 months
after the first rituximab infusions.>! With these results, our approach
has been to consider the use of rituximab for patients with a history of
one or more relapses and at least two consecutive severely deficient
ADAMTS13 activity measurements.

7.3 | Long-term complications in TTP

Despite the presumptions in the past that a patient with a prior history
of iTTP was ‘normal’ if the platelet count had recovered, patients with
a prior history of iTTP are more prone to develop hypertension and
depression, and have a shorter life-expectancy independent of future
relapses of iTTP.'> The quality of life for recovered iTTP patients is
also significantly impacted by the development of headaches'? and
neurocognitive impairment.lg’14 There are now increasing numbers
of TTP survivors that may be at risk for these complications. Similar
findings have also been reported in congenital TTP, including those
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on regular plasma infusions.>” For these reasons, TTP must now be
considered a chronic disorder, with regular follow up required both
to judge the risk of relapse, but more importantly to monitor for the
development of long-term complications. The etiology of these long-
term complications is not completely understood, but they do not
appear to be related to the number of prior TTP episodes nor with the
severity of the episodes. Prospective studies to better characterize
these long-term complications and their etiology, and to determine

who is at greatest risk of developing them are needed.

8 | FUTURE DIRECTIONS

It is an exciting time in the field of TTP. A better understanding of
the pathophysiology of the disease has been accompanied by newer
therapies. At the ISTH 2017 Congress, there were some interesting
abstracts presented describing basic science advances in TTP, such
as the different conformation of ADAMTS13 in patients with iTTP
compared to patients with sepsis and hemodialysis,’® which can affect
the autoantibody binding and subsequent development of disease,’*
or the contribution of peptidyl arginine deiminase type IV (PAD4) to
inactivating ADAMTS13 in vitro.®? These important discoveries are
some of the many contributions that will help in the development of
therapeutic interventions for the disease.

Immune-mediated TTP still carries a 10-20% mortality risk from
each acute episode, but the therapies discussed potentially will alter
this persistent mortality rate. Of the novel therapies described, capla-
cizumab is furthest along in development. Caplacizumab, however,
does not affect the autoimmune pathobiology of the disease, there-
fore, its use in combination with steroids or other types of immuno-
suppression will be required. Studies to optimize the role and utility of
this novel therapy will be required.

Recombinant ADAMTS13 has shown promising results in cTTP,
but there is also the potential for its use in iTTP by its ability to neu-
tralize the ADAMTS13 inhibitor in vitro. These findings are important
and may lead to future studies combining rADAMTS13 with immune-
suppressive therapy, or caplacizumab to decrease or eliminate the
need for PEX, decreasing the potential risks of line insertion, infection,
as well as complications of the infused plasma.

Even though ADAMTS13 is uniformly severely deficient during an
acute episode, there is significant variability of this biomarker during
remission, with deficient ADAMTS13 during remission not uniformly
being accompanied by relapse.®3-%> Being able to determine those at
greatest risk of relapse, and other potential risk factors in addition
to the ADAMTS13 activity will be key. Different enzymes (including
thrombin, plasmin, cathepsin G, neutrophil elastase, proteinase 3,
matrix metalloproteinase 9, and granzyme M and B) have been asso-
ciated with the regulation of VWF and platelet interaction.** Recent
studies have also shown that plasmin can degrade VWF in micro-

6647 as well as

thrombi and break platelet-VWF complexes in vitro,
stimulate ADAMTS13 activity in plasma.“’8 In addition, recent work has
demonstrated the interaction ULVWF multimers and the activation of

the alternative pathway of complement, as well as the interactions of
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the complement system and the cleavage of ULVWF multimers. At

the ISTH 2017, an in vitro study aiming to determine the anti-spacer

immunoprofiles in plasma from patients with iTTP suggests that this

tool can be used to identify patients with a higher risk for relapse.60

Collectively these recently described findings require further study

as potential predictors for relapse in patients already at risk due to
severely deficient ADAMTS13 activity.
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