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Abstract: Congenital thrombotic thrombocytopenic purpura (¢TTP), also known as Upshaw-Schulman
syndrome, is a rare thrombotic disorder caused by biallelic ADAMTS13 mutations that lead to fatal ischemic
organ failure. Although the extremely low prevalence of ¢TTP has hindered links between genotype
and phenotype, long-term comorbidity/complications, and optimal treatment regimens, several national
registries from the United Kingdom, Switzerland, France, and Japan have revealed the epidemiology of
¢TTP in a stepwise manner. However, it is not widely recognized that patients can develop TTP episodes
after childhood. Adamts13-knockout mouse studies identified that additional triggers, like von Willebrand
factor concentrate or Shiga toxin, can induce severe thrombocytopenia, hemolytic anemia, and ischemic
organ damage. A pattern of autosomal recessive inheritance is observed in ¢TTP with homozygous or
compound heterozygous gene mutations. To date, more than 200 causative mutations spread throughout all
ADAMTS13 protein domains have been reported globally. Although c.4143_4144dupA (p.E1382Rfs*6) and
p.R1060W are the most prevalent mutations in Western cohorts, p.R193W and p.C908Y were dominant
among patients with ¢T'TP in Japanese cohorts. Regular plasma infusion is commonly administered to
¢TTP patents depending on the ADAMTS13 supply to prevent TTP episodes; however, intolerant allergic
reactions and time-consuming transfusions are burdens for patients. Identical treatment intervals and
amounts of plasma remain unclear, and 5-10 mL/kg of plasma is empirically infused every 2 weeks to most
patients in Japan. Recent alarming results have demonstrated that a trough level of ADAMTS13 activity
should be maintained as much as possible for successful delivery during pregnancy and preventing from long-
term organ damage. The emerging recombinant ADAMTS13 product (TAK-755), which is currently under
phase IIT clinical trials, will overcome the current limitations of plasma therapy in patients. Furthermore,
novel gene therapies, such as those for hemophilia, have been explored for ¢TTP as a curative option. This
review on ¢T'TP focused on genetics and emerging therapies based on large-scale ¢T'TP cohorts including

our Japanese cohort and discussed the significant advances and controversial issues related to ¢TTP.
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The history and features of congenital
thrombotic thrombocytopenic purpura (cTTP)

Thrombotic thrombocytopenic purpura (T'TP) is a rare
thrombotic disease caused by the severe depletion of
ADAMTS13, which cleaves hemostatic glycoprotein and
ultra-large von Willebrand factor (UL-VWEF) multimers
into a smaller quiescent state (1-3). The incidence of TTP
is estimated to be 2-6 per million persons, and ¢TTP
accounts for less than 5% of all TTP cases (4). In 1924,
Dr. Eli Moschcowitz first reported the case of a 16-year-old
girl who died after presenting with high fever, petechiae,
hemisphere paralysis, and coma. Autopsy findings indicated
multiple hyaline microthrombi in the heart, kidney, and
spleen (5). The clinical presentation and outcome of 271
TTP patients were analyzed, suggesting that T'TP is an
acquired thrombotic disease (6). Meanwhile, four TTP cases
in seven siblings were first reported in 1975, indicating that
a part of T'TP might be inherited via autosomal recessive
inheritance (7). Several studies have established the features
of T'TP and its effective treatments. Plasma infusion could
successfully treat some TTP patients in acute episodes;
however, these patients developed frequent recurrence of
TTP episodes called “chronic relapsing TTP” (8-11). In
1982, UL-VWF multimers were identified in patients with
chronic relapsing TTP, suggesting that genetic factors
could suppress an unknown but essential enzyme regulating
VWEF function in these patients (12). The enzyme was
identified as VWF-cleaving proteinase (VWF-CP) in 1996
by two research groups (13,14), and both amino acids and
DNA sequences demonstrated that VWF-CP was identified
as ADAMTS13 (15-19). Finally, biallelic ADAMTS13
mutations were identified as the cause of severe congenital
ADAMTS13 deficiency in ¢ T'TP.

ADAMTS13 can process highly active UL-VWF
multimers into smaller, less reactive ones in healthy
individuals. ADAMTS13 can circulate in a closed
conformation in which the spacer and CUB domains
interact (20-22). However, once the CUB domains bind
to the D4 domain of VWE, ADAMTS13 is stretched
into an open conformation (23) and multiple exosites
within the protease, disintegrin, cysteine-rich, and spacer
domains interact with complementary sites in the unfolded
VWEF A2 domain in a “molecular zipper” manner (22,24).
Subsequently, the metalloprotease domain is activated to
cleave the VWEF A2 domain between Tyr1605 and Met1606
(25-27). In the absence of functional ADAMTS13, owing
to ADAMTS13 mutations, stretched UL-VWF multimers
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are prone to bind to circulating platelets and form abnormal
VWE/platelet-rich microthrombi, which are mostly located
in the arterioles and capillaries of the brain, heart, and
kidneys, where they cause ischemic organ damage with a
potentially fatal outcome.

c¢T'TP is diagnosed using the following criteria: the
presence of severe thrombocytopenia and Coombs-
negative hemolytic anemia of unknown etiology, severe
depletion of ADAMTS13 activity below 10% of healthy
individuals, absence of anti-ADAMTS13 antibodies (anti-
ADAMTS13 IgG autoantibodies or anti-ADAMTS13
inhibitors), and presence of biallelic ADAMTS13 mutations
in homozygous or compound heterozygous mode
(28,29). ADAMTS13 activity is measured mainly by two
different assays: a fluorescence resonance energy transfer
(FRET) assay using FRETS-VWEF73 as a substrate (30)
and a chromogenic ADAMTS13 activity ELISA using a
murine monoclonal antibody that specifically recognizes
Y1605 of the VWEF cleavage site (31). Notably, the FRET-
VWE73 assay sometimes fails to determine the ADMATS13
activity in patients with hyperbilirubinemia [>100 pmol/L
(5.85 mg/dL)] because high levels of bilirubin interfere
with fluorescence evolution by acting as a quencher at an
emission wavelength of 450 nm (32). Although all ¢cTTP
patients show severely decreased ADAMTSI3 activity over
time, they may show a normal range of platelet counts,
lactate dehydrogenase (LDH), and other TTP symptoms in
the absence of T'TP triggers. We believe that more potential
¢TTP patients are left undiagnosed or misdiagnosed with
immune-mediated T'TP (('T'TP) in childhood, ABO/
Rh-incompatibility in newborns, or Hemolysis Elevated
Liver enzymes and Low Platelets (HELLP) syndrome
in pregnancy. Therefore, clinicians must recognize that
c¢T'TP cannot be diagnosed by clinical presentation,
such as the pentad of clinical symptoms no longer used
in clinical practice without the ADAMTS13 test. As for
anti-ADAMTS13 antibodies (IgG autoantibodies or anti-
ADAMTS13 inhibitors), we sometimes encounter cases
difficult to diagnose as either ¢I'TP or iTTP, which show
a negative or borderline detection limit. In these cases,
patients can only be diagnosed after monitoring their
ADAMTS13 activity and analyzing ADAMTS13 activity
in their parents because a mild to moderate depletion of
ADAMTS13 activity is consistently seen (20-50%).

Since few review papers have clearly described the
characteristics, epidemiology, long-term outcomes, and
ideal treatment for patients with ¢T'TP, physicians obtain
an inadequate amount of information. Hence, we attempted
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to provide an overview of ¢TTP and reveal the significant
advances and controversial points, focusing on genetics and
emerging therapies in ¢ T'TP.

National cTTP cohorts and patients’ associations

As the prevalence of ¢'T'TP has been estimated at
approximately one in every one million persons (33-36), it
is difficult to clarify the links between genotype and clinical
presentation, optimal treatment regimen, and long-term
outcomes. Large-scale ¢TTP cohorts have been found
in several countries, including the United Kingdom (37),
Switzerland (international hereditary TTP registry) (38),
France (39), and Japan (40), which have progressively
demonstrated robust evidence over the past few decades.
Many patients and their parents feel anxious regarding long-
term treatment and upcoming TTP attacks because their
physicians provide limited information regarding treatment
and long-term outcomes of this extremely rare disease. As
with other rare diseases, patient groups can enhance the
exchange of experiences and information among patients
and their families. The Japanese group for ¢T'TP patients
has been promoting these activities via regular online
meetings (https://cttpjapan2020.wixsite.com/adamts13).

ADAMTS 13 mutations in cTTP patients

ADAMTSI3 is found on chromosome 9q34 and encodes
ADAMTS13 protein of 1427 amino acids (15,17).
After identifying ADAMTS13 causative mutations in
2001, more than 200 different causative mutations have
been reported worldwide (33). These mutations are
inherited in an autosomal recessive manner from parents
to siblings, and even one causative mutation reduces
ADAMTSI13 activity by 20-50% (28). In contrast, de novo
ADAMTSI3 causative mutations were also reported from
the Japanese ¢’ T'TP cohort and other groups (41-43).
In all mutations, missense mutations are the most
dominant (approximately half of the cases), followed by
nonsense, frameshift mutations derived from deletion or
insertion, and splice-site mutations (37,38,40). ADAMTS13
mutations are spread across all ADAMTS13 domains
with no accumulated gene hotspots, suggesting that
various causative mutations impair ADAMTS13 activity in
different ways.

Protein expression studies using cultured mammalian
cells revealed that although some ADAMTS13 mutated
proteins were secreted, most mutated proteins were
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retained in the cell because of interrupted protein secretion
(44,45). Several in vitro experiments have demonstrated
that ADAMTS13 undergoes various types of glycosylation
as a post-translational modification (46), and incomplete
glycosylation leads to the disruption of secretion of this
enzyme, reduced enzyme activity, or clearance in circulation.
Based on mass spectral analysis of tryptic peptides derived
from ADAMTS13, at least six thrombospondin type 1
repeat (T'SP) domains were modified with an O-fucose
disaccharide. ADAMTS13 secretion was substantially
inhibited when the gene expression of O-fucosyltransferase
2, an enzyme that transfers fucose to serine in the TSP
domain, was interrupted by siRNA in HEK293 T-REx
cells (47). Other research groups also found that N-linked
glycans modulate ADAMTS13 secretion and VWF cleavage
activity (48,49). C-mannosylation sites were identified
in TSP1, linker TSP4-TSP5, and TSP8, which also
play an essential role in the secretion of TSP-containing
proteins (50-52). In summary, ADAMTSI3 mutations
cause structural abnormalities or sometimes disrupt post-
translational modifications, leading to a severe impairment
of ADAMTS]13 activity.

Here, we present a summary of genetic information in
the Japanese ¢ TTP cohort. As of May 2022, 68 patients
were clinically diagnosed with ¢TTP in the registry, and
67 patients underwent ADAMTS13 analysis using Sanger’s
method. One patient did not undergo the ADAMTS13
analysis. When causative mutations were not detected,
comprehensive genomic quantitative polymerase chain
reaction (QPCR) analysis was performed to complement
the weakness of PCR direct sequencing (53). A pair of
causative ADAMTS13 mutations was identified in 63 of the
67 patients who underwent ADAMTS13 analysis. In total,
68 different mutations were identified in the 60 families
(Figure I). Although most of these were unique, there were
two predominant mutations (p.R193W and p.C908Y)
in the Japanese cohort (Figure 2). p.R193W is located in
the metalloprotease domain, whereas p.C908Y occurs
immediately after the TSP4-5 linker region, suggesting
that p.R193W may directly affect the catalytic activity of
expressed ADAMTS13, and p.C908Y can deteriorate the
flexibility of the linker region, leading to conformational
abnormality (54). These dominant mutations are
inconsistent with those reported in the European
populations, in which ¢.4143_4144dupA (p.E1382Rfs*6)
and p.R1060W were the prevalent ADAMTS13 mutations
(37,38). These European mutations were not identified
in the Japanese cohort. Notably, although the prevalent
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Figure 1 Localization of 68 ADAMTS13 mutations in the Japanese ¢TTP cohort. As of May 2022, 66 ADAMTSI3 mutations, spread

over the entire ADAMTS13 domain, were identified in 60 families. Missense mutations were the most frequent, followed by nonsense

frameshift mutations derived from deletions, insertions, and splice-site mutations. Two prevalent mutations in the European population
[c.4143_4144dupA (p.E1382R{s*6) and p.R1060W] were not identified in the Japanese ¢ TTP cohort. M, metalloprotease; D, disintegrin; T,
thrombospondin type 1 repeat; C, cysteine-rich; S, spacer; CUB, complement components Clr and Cls, sea urchin protein Uegf and bone

morphogenetic protein-1.
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Figure 2 Number of mutations in each ADAMTS13 domain in the Japanese cTTP cohort. Most mutations were focused on the M, T,

and T7 domains. The total number of missense mutations was higher than that of non-missense mutations (62% vs. 38%, respectively).

Two missense mutations were identified as prevalent in the Japanese cohort: p.R193W in the M domain and p.C908Y in the T5 domain. M,

metalloprotease; D, disintegrin; T, thrombospondin type 1 repeat; C, cysteine-rich; S, spacer; CUB, complement components Clr and Cls,

sea urchin protein Uegf and bone morphogenetic protein-1; ¢ T'TP, congenital thrombotic thrombocytopenic purpura.
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ADAMTSI3 mutations differed between Caucasian and
Japanese patients, a previous study reported that they may
share similar clinical presentations (38).

The link between genotype and phenotype has been
discussed for over two decades. In Europe, the frequent
mutation, p.R1060W, was found to be associated with low
residual ADAMTS13 activity (5-10% in homozygotes
of healthy individuals) and was well determined in
primigravida patients (37,38,55,56). In a Japanese cohort,
two prevalent mutations, p.R193W and p.C908Y, were
found to not be associated with clinical presentation,
including fresh frozen plasma (FFP) dependency, survival
rate, and long-term organ damage. When focusing on the
combination of mutation sites and FFP dependency, no
patient in the on-demand FFP infusion group had cysteine-
rich, TSP3, TSP6, or CUB2 domain mutations. In addition,
homozygous mutations in the cysteine-rich, TSP3, TSP5,
and TSP7 domains were present only in the prophylactic
FFP infusion group (57). Furthermore, ¢TTP siblings with
the same pair of ADAMTSI13 mutations do not always show
the same clinical presentation; for example, although one
patient required prophylactic FFP infusion to maintain
platelet counts within the normal range and prevent
TTP episodes, the other did not develop progressive
thrombocytopenia even without FFP infusion for long
periods. This phenomenon suggests that cTTP is caused by
biallelic ADAMTS13 mutations, and multifactorial triggers
evoke T'TP episodes (38).

The efficacy and limitations of current plasma
therapy regimens

The efficacy of plasma therapy has been described in
patients with chronically relapsing TTP (8-11). Meanwhile,
i'T'TP patients require extensive plasma exchange and
immunosuppressors for ADAMTS13 supplementation
and for the removal of autoantibodies and UL-VWF
multimers. One or two units of plasma infusion quickly
achieve complete improvement in platelet counts and LDH
levels among ¢T'TP patients in the acute phase (1). Platelet
counts can be maintained within the normal range for
2 weeks, whereas ADAMTS13 activity returns to baseline
2.5-3.5 days after plasma infusion (58-60). The recent
International Society of Thrombosis and Hemostasis
(ISTH) TTP guidelines recommend treating ¢TTP
with plasma infusion (10 to 15 mL/kg) every 1 to
3 weeks as maintenance therapy and daily plasma infusion
for symptomatic patients until the symptoms resolve
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and platelet counts normalize, as previously described
(29,33,61,62). Similarly, 240-480 mL of prophylactic
plasma infusion every 2 weeks has been performed over
the past two decades in Japan (63). To date, the optimal
starting timing of FFP and dosage/intervals remains open to
discussion. When we investigated the issues for prophylactic
plasma infusion, most patients and their families complained
about allergic reactions, such as urticaria during infusion,
and in the worst case, life-threatening anaphylaxis induced
by plasma-derived protein. Plasma products can transmit
pathogenic organisms from each blood donor, and three
patients are infected with hepatitis C virus via infused
plasma (57).

In addition to normal FFP, the efficacy of two plasma-
derived factor VIII/VWF concentrates (Koate-DVI and
BPL 8Y) has also been reported by a UK group (64,65). As
the volume of these agents is smaller than that of a plasma
bag, these options can benefit small children or patients who
require desensitization because of fatal hypersensitivity to
plasma. Regarding hypersensitivity against plasma, solvent-
detergent inactivated and amotosalen-UVA pathogen
inactivated plasmas reduce severe allergic reactions (66-68).
However, these agents are unavailable in some countries,
including Japan.

In contrast to hemophilia patients receiving prophylactic
treatments, the development of ADAMTS13 autoantibodies
among c¢I'TP patients has not been frequently argued.
A few cases involving inhibitory and non-inhibitory
ADAMTSI13 autoantibodies have shown that these
antibodies did not lead to resistance to plasma infusion or
increased clearance of ADAMTS13 (2,40,69). The possible
hypothesis for this rare autoantibody production is based on
the interaction between spacer and CUB domains takes a
looped conformation (closed ADAMTS13) and hinders the
essential cryptic epitope from the molecular surface (20-22).
The following recombinant human (rh)ADAMTS13 studies
will further shed light on this matter.

Special attention to children and pregnant
females

When prophylactic FFP infusion is durable in terms of
physical burden (frequent hospital visits) and allergic adverse
events, severe thrombocytopenia and fatal thrombotic
events may be avoidable. However, some patients can
maintain platelet counts and LDH levels within the normal
range despite sustaining severe ADAMTS13 depletion
(activity level, <0.5%) and are often followed up without
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Figure 3 Age at the diagnosis of ¢T'TP in the Japanese ¢ TTP cohort. Our cohort data revealed that one-third of the patients were correctly

diagnosed at 0-4 years of age, suggesting that severe neonatal jaundice with thrombocytopenia or hemolytic attack triggered by viral

infections leads to a diagnosis of ¢T'TP. Subsequently, female patients frequently develop severe thrombocytopenia or intrauterine growth

failure/death resulting from TTP episodes during pregnancy. Interestingly, some male patients were first diagnosed after 50 years of age.

These findings suggest that TTP is more likely to develop from chronic atherosclerosis and inflammation of the blood vessels. TTP,

thrombotic thrombocytopenic purpura; ¢ TTP, congenital TTP.

prophylactic plasma infusion (57). Moreover, it remains yet
unknown whether asymptomatic patients should also receive
plasma therapy in their lifetime. However, a recent study
revealed that the annual incidence of acute episodes was the
highest in patients below 10 years of age and decreased with
age. This result suggests that these patients are generally
susceptible to many viral infections during childhood,
followed by repeated TTP episodes. In addition, as we
previously reported, two-thirds of patients developed severe
neonatal jaundice in combination with thrombocytopenia
on the day of birth, leading to the diagnosis of ¢TTP
(Figure 3) (29,38,40,70). Therefore, pediatric patients should
receive prophylactic ADAMTS13 supplements regardless
of the disease activity. However, current plasma therapies
cannot overcome these problems, including physical burden
(frequent hospital visits) and allergic adverse events. In
Japan, prophylactic FFP infusion is usually recommended
for all ¢cT'TP patients; however, most infants or pediatric
patients are monitored by close follow-up and treated with
on-demand FFP infusion in the case of TTP episodes until
reaching adolescence (57).

Pregnancy is also a well-known trigger for acute
episodes in female ¢TTP patients, and both mothers
(cTTP patients) and babies are at risk of fatal thrombosis
(33,55,56,71-74). Our recent study showed that intrauterine
fetal death occurred in up to 50% of the cases unless
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pregnant patients received prophylactic FFP infusion.
The immature placenta with no nuclei in the villi and
some inflammatory cells in the intervillous space suggests
microinfarction in the placenta (73,75). Even normal
pregnancies in healthy individuals after second semester
showed higher levels of VWF of more than 200-400%
(76,77). An imbalance between increased VWF antigen
levels and sustained ADAMTS13 depletion would fail
to maintain a suitable environment for the mother and
fetus. Hence, we should discuss the optimal therapeutic
regimen for ¢T'TP pregnancy. Although miscarriage
is commonly seen in the first semester (8—12 weeks of
gestation) among healthy individuals, fetal survival rates
markedly decreased after 20 weeks of gestation in ¢TTP
patients without FFP infusion. In addition, the VWF
antigen level in ¢T'TP patients is markedly increased after
35-36 weeks of gestation, even with intense FFP
replenishment. Intriguingly, we observed that one patient
with detectable ADAMTS13 activity (+5%) successfully
delivered her baby twice without any thrombotic event
for the mother or growing restriction of her baby, despite
not receiving prophylactic FFP infusion during pregnancy.
Based on these results and experiences, we propose a
therapeutic regimen for safer delivery as follows: closed
monitoring of ADAMTS13 activity, platelet counts, LDH
levels, and fetal growth throughout pregnancy; if a patient
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Figure 4 Overall survival after diagnosis of ¢T'TP in the Japanese
¢T'TP cohort. The 10-year overall survival rate was 0.911 (95%
CI: 0.812-0.959). As one patient (2N4) was diagnosed with ¢TTP
after death, the survival curve did not start from an overall survival
rate of 1.0. ¢T'TP, congenital thrombotic thrombocytopenic

purpura.

does not receive prophylactic FFP infusion after diagnosis
(on-demand FFP infusion), she should start a weekly FFP
supply for at least 20 weeks of gestation; an FFP infusion
dosage of at least 5 mL/kg/week to maintain pregnancy;
and planned delivery at 36-38 weeks to avoid unfavorable
thrombotic events in both the mother and baby. We
speculate that the optimal ADAMTS13 activity trough is
more than 5% during pregnancy. However, it is difficult
to set a definite threshold for ADAMTS13 activity trough
because of its clinically heterogeneous presentation. The
risk factors for fatal outcomes are considered recurrent
TTP episodes before conception and additional VWF
boosting by infection and alcohol abuse. We also must
provide female patients and their parents with information
that pregnancy poses a risk for ¢T'TP and they will also
be supposed to have T'TP episodes during the upcoming
pregnancy without close follow-up for ADAMTS13 activity
and extensive ADAMTS13 replenishment.

cTTP: Long-term survival rate and complications

Long-term survival rates and complications in ¢T'TP that
impair the quality of life of patients remain unelucidated.
The accumulated data in the Japanese ¢cT'TP cohort from
1998 revealed the overall survival, cause of death, and
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long-term mortality. As of June 2022, 10 of the 68 patients
died within the follow-up periods. Figure 4 shows that the
10-year overall survival rate was 91.1%, and the median age
at death, except for one suicide case, was 44 (IQR: 41-52).
Many patients who died experienced end-stage renal failure,
requiring renal replacement therapy and suffered from
sudden death. Myocardial infarction, heart failure, and
arrhythmia have been described as the causes of sudden
death (78,79). The causes of death in our ¢T'TP cohort are
summarized in Table 1. Previous studies have revealed that
increased VWF antigen levels lead to high mortality risk in
dialysis patients without ¢T'TP (80,81). In addition, dialysis
patients with high VWF antigen levels and low ADAMTS13
activity have a 2.2-fold higher mortality rate than those
with low VWF antigen levels and high ADAMTS13
activity (82). Up to one-fourth of hemodialysis patients
died of sudden cardiac death, which might have resulted
from the fact that hemodialysis is associated with both
ventricular arrhythmia and dynamic electrocardiographic
changes (83,84). Histopathological findings of renal biopsy
from ¢TTP patients with progressive renal impairment
revealed chronic glomerular sclerotic changes and more
C4d deposits than those in non-¢T'TP cases, suggesting that
C4d immunostaining provides evidence for complement-
mediated glomerular damage in ¢'TTP patients (85). Our
long-term follow-up study investigated 55 ¢ TTP patients
also indicated that 41 patients with prophylactic FFP were
considered to have a more severe form of the disease,
lower platelet counts, and higher serum creatinine levels
than 14 patients receiving on-demand FFP and developed
more organ damage, including renal impairment, cerebral
infarction, and myocardial infarction during follow-up
periods. Two deceased cases were in the prophylactic FFP
group. Intriguingly, no patient in the on-demand FFP group
showed organ damage during the follow-up period. The
FFP-dependent group received 13.2 mL/kg of FFP infusion
per month (median), lower than the ISTH guideline
(20.0-30.0 mL/kg per month) (57). In addition, a very recent
interview study of 26 patients in the United States revealed
that all patients, except one infant, suffered from more than
two neuropsychiatric symptoms, namely, headaches, poor
concentration, and depression. Other symptoms included
headaches with aura (presumed migraine), vision changes,
forgetfulness, fatigue, neuropathy, dysarthria, loss of vision,
seizures, transient weakness, falls, and dysphagia (86).
"This study also found that 17 (63%) patients suffered from
strokes as they aged. Eleven of the 17 patients had stroke-
related disabilities. The high incidence of stroke among
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Table 1 Causes of death in congenital thrombotic thrombocytopenic purpura patients in the Japanese cohort

Code Age of death, year Sex Follow-up year

Cause of death

Complications Prophylactic FFP infusion

C3 38 M 30 Unknown* ESRD (HD) YES'

H3 52 M 1 Uremia ESRD (HD), GIH NO

R5 37 F 14 Suicide YES (10.0 mL/kg/4 w)
X5 44 F 4 Unknown* SLE NO

2G2 79 M 3 Cerebral infarction YES (24.1 mL/kg/4 w)
2N4 23 F 0 Unknown* Pregnancy NO

20 41 M 2 Unknown* ESRD (HD) NO

2P4 44 F 17 Status epilepticus, Paralysis after YES (17.0 mL/kg/4 w)

NOMI stroke

2R 48 M 14 Unknown* ESRD (HD) YES (9.8 mL/kg/4 w)
2T 66 M 1 Sepsis ESRD (HD) YES'

*, patients experienced sudden death, suggesting sudden cardiac death; ', exact body weight data were not available for these patients.
FFP, fresh frozen plasma; ESRD, end-stage renal disease; HD, hemodialysis; GIH, gastrointestinal hemorrhage; SLE, systemic lupus

erythematosus; NOMI, non-occlusive mesenteric ischemia.

c¢T'TP patients is similar to that in our previous study (57).
Notably, the reduction of ADAMTSI13 activity in patients
with iTTP during the remission phase led to an increased
risk of stroke (87).

Taken together, we hypothesized that under insufficient
ADAMTS13 supply, patients dependent on FFP infusion
can be exposed to potential risks of systemic stealth
microthrombi evoked by inflammatory reactions with
unregulated complement activation (88). The international
registry group also described that insufficient ADAMTSI13
replenishment in patients leads to recurrent TTP
episodes (89). Meanwhile, patients independent of
prophylactic FFP infusion seem to exhibit a much better
outcome than those who require it, even for long follow-
up periods (57). Hence, these differences might depend on
substantial complement activation, particularly in vascular
regions with high endothelial shear stress as well as deficient
ADAMTS13 expression.

Emerging new therapeutic agents for cTTP

Similar to any hereditary deficiency of coagulation factors,
the concept of replenishing recombinant enzymes has been
investigated even for ¢T'TP patients. The rhADAMTS13
product (BAX930/SHP-655/TAK-755) was originally developed
by Baxter (now integrated with Takeda) and completed the
phase I first-in-human trial (NCT02216084) (90) and has

been underway in phase III international multicenter

© Annals of Blood. All rights reserved.

study with two arms: the prophylaxis and the on-demand
cohorts (NCT04683003 and NCT03393975, respectively).
The protective effect of rhADAMTS13 was previously
confirmed in a ¢ T'TP mouse model induced by recombinant
VWEF (rVWF) concentrate in Adamtsl3 knockout mice
(KO) (91). The administration of rhADAMTS13 improves
the clinical and hematological appearance of TTP
episodes. Hence, the rhADAMTS13 product is a promising
therapeutic option that could overcome several limitations
of prophylactic FFP infusion. Furthermore, patients could
be free from intolerant allergic reactions and easily receive
intravenous injections at home. The rhADAMTS13 product
enables patients to reach sufficient ADAMTS13 activity at
a trough level, suggesting that we can establish a much safer
therapeutic regimen not only for children and pregnant
patients but also for preventing long-term ischemic organ
damage (33,57,73). The first-in-human clinical trial was
conducted to determine if the pharmacokinetic (PK) profile
was comparable to that of FFP infusion studies, as well as to
confirm the safety, immunogenicity, and tolerability among
cT'TP patients dependent on FFP infusion (90). The
authors demonstrated that the PK profile of hADAMTS13
was similar to that of plasma-derived ADAMTS13 contained
in FFP, with dose proportionality regarding C,,, and AUC
after single-dose infusion at three different doses (5, 20, and
40 U/kg). thADAMTS13 was well tolerated in ¢TTP
patients and did not lead to serious adverse events and
trigger anti-ADAMTS13 alloantibody production. During

Ann Blood 2023;8:24 | https://dx.doi.org/10.21037/a0b-22-17
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phase III clinical trials, participants in the prophylaxis cohort
will receive an intravenous infusion of 40 IU/kg of TAK-
755 once every week or once biweekly for approximately
three years and will be allowed to opt for treatment in a
home setting by a caregiver or by self-infusion. Based on a
previous trial, 40 IU/kg was calculated to adjust the amount
of ADAMTS13 used for single-volume plasma exchange in
iT'TP (90). Within a few years, our therapeutic strategy for
all ¢T'TP patients will markedly change after the approval
of rhADAMTS13 use in practice. However, we still need to
identify the ideal target trough level of ADAMTS13 activity
to prevent long-term comorbidities caused by accumulated
microvascular thrombi.

Gene therapy might also overcome the limitations of
ADAMTS13 replacement because ADAMTSI13 trans-
gene could cure ¢cT'TP by expressing intact ADAMTS13
protein. To date, several clinical trials for gene therapy have
investigated both therapeutic protein expression and safety
for monogenic inherited diseases, including hemophilia
A and B (92,93), metachromatic leukodystrophy (94) and
X-linked severe combined immunodeficiency disorder (95).
In blood disorders, gene therapy for hemophilia has been
extensively explored over the years, and several phase III
clinical trials have been conducted. Similar to ¢ T'TP patients,
those with hemophilia also want to be free from lifetime
injections. Long-term patient follow-up will establish
effective gene expression and prevent long-term adverse
events, leading to a shift from factor replacement therapy to
gene therapy. Although the huge cost of gene therapy has
been debated, a recent study reported that in patients with
hemophilia A, gene therapy (valoctocogene roxaparvovec)
would be more cost-effective than prophylactic therapy (96).
In the field of ¢T'TP, several research groups have already
developed gene therapy using a viral gene transfer approach
(Ientivirus or adenovirus vectors) in AdamtsI3 KO mice,
resulting in the expression of functional ADAMTS13
or truncated MDTCS fragments (97-100). One study
demonstrated that induced ADAMTS13/MDTCS
fragments successfully prevented TTP attacks evoked
by a specific trigger, the Shiga toxin (100). The Belgian
group has developed a non-viral integrating Sleeping
Beauty transposon system to obtain long-term expression
of superphysiological levels of ADAMTS13 for more than
25 weeks and demonstrated preventive effects against T'TP
attacks triggered by rVWEF concentrate even 20 weeks after
gene transfer (101). However, more information regarding
long-term safety, including low toxicity, no tumorigenesis,
and no germline transmission, must be confirmed in

© Annals of Blood. All rights reserved.
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preclinical studies using different Adamts13 KO mammals.
Based on previous hemophilia studies, acute liver damage
induced by a high amount of viral vector, the presence of anti-
viral vector antibodies, and the possibility of repeated viral
vector administration have been repeatedly debated (102).

However, gene therapy development for ¢TTP has
been slow compared to that for other diseases, such as
hemophilia, even though previous ADAMTS13 expression
studies in Adamts]3 KO mice showed no critical adverse
events and long-term (more than two years) expression.
This suggests that the ADMATS13 transgene in host
cells (mostly hepatocytes) is possible because the
ADAMTSI13 protein is derived from a single gene and
the length of the coding sequence (3.7 kb) is acceptable
for gene therapy. However, many research groups have
difficulties in promoting gene therapy for extremely
rare diseases because of a lack of financial support from
pharmacological companies. The situation is the same for
¢TTP. To overcome this issue, robust efforts to enhance
the collaboration between international working groups
and patient associations in advocating for gene therapy for
c¢T'TP is critical. Further preclinical and clinical studies in
the future are also warranted. Patients with ¢TTP should
be offered gene therapy and be free from replenishment
treatment for extended periods in future.
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