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von Willebrand factor cleaving protease (ADAMTS13) isdeficient in recurrent
and familia thrombotic thrombocytopenic purpuraand hemolytic

uremic syndrome

Giuseppe Remuzzi, Miriam Galbusera, Marina Noris, Maria Teresa Canciani, Erica Daina, Elena Bresin, Silvia Contaretti, Jessica Caprioli,
Sara Gamba, Piero Ruggenenti, Norberto Perico, and Pier Mannuccio Mannucci, for the Italian Registry of Recurrent and Familial HUS/TTP

Whether measurement of ADAMTS13 activ-
ity may enable physicians to distinguish
thrombotic thrombocytopenic purpura (TTP)
from hemolytic uremic syndrome (HUS) is
still a controversial issue. Our aim was to
clarify whether patients with normal or defi-
cient ADAMTS13 activity could be distin-
guished in terms of disease manifesta-
tions and multimeric patterns of plasma
von Willebrand factor (VWF). ADAMTS13
activity, VWF antigen, and multimeric pat-
tern were evaluated in patients with recur-
rent and familial TTP (n = 20) and HUS
(n = 29). Results of the collagen-binding
assay of ADAMTS13 activity were con-

firmed in selected samples by testing the
capacity of plasmato cleave recombinant
VWF A1-A2-A3. Most patients with TTP
had complete or partial deficiency of
ADAMTS13 activity during the acute
phase, and in some the defect persisted
at remission. However, complete
ADAMTS13 deficiency was also found in
5 of 9 patients with HUS during the acute
phase and in 5 patients during remission.
HUS patients with ADAMTS13 deficiency
could not be distinguished clinically from
those with normal ADAMTS13. In a sub-
group of patients with TTP or HUS, the
ADAMTS13 defect was inherited, as docu-

mented by half-normal levels of
ADAMTS13 in their asymptomatic par-
ents, consistent with the heterozygous
carrier state. In patients with TTP and
HUS there was indirect evidence of in-
creased VWF fragmentation, and this oc-
curred also in patients with ADAMTS13
deficiency. In conclusion, deficient
ADAMTS13 activity does not distinguish
TTP from HUS, at least in the recurrent
and familial forms, and it is not the only
determinant of VWF abnormalities in these
conditions. (Blood. 2002;100:778-785)

© 2002 by The American Society of Hematology

Introduction

Thrombotic thrombocytopenic purpura (TTP) and the related
condition hemolytic uremic syndrome (HUS) are diseases charac-
terized by microangiopathic hemolytic anemiaand thrombocytope-
nia, with signs of brain and rena involvement secondary to
widespread microthrombi and reactive endothelial proliferation.’:2
The term TTP is used to identify adult cases with predominant
neurologic involvement; the disease usually occurs sporadicaly,
sometimes following the administration of certain drugs.! On the
other hand, the term HUS is used to identify the thrombotic
microangiopathy that occurs in children with predominant renal
failure.® This form, mostly sporadic, is frequently associated with
infection by some strains of Escherichia coli, which produce a
powerful Shigarlike toxin.34 The familial form of TTPand HUS is
rare and occurs in more than one member of the same family;
recurrenceisfrequent. There are also nonfamilial formsof TTPand
HUS that relapse even after complete recovery of theinitial episode
(recurrent forms). Death and end-stage renal failure or neurologic
sequelae are final outcomes in most patients with the familial and
recurrent forms.>7

Endothelial damage is a crucia event in TTP and HUS. On
injury endothelial cells release von Willebrand factor (VWF), a

large multimeric glycoprotein that mediates the adhesion of
platelets to sites of vascular lesions® After immunohistology
studies showed the accumulation of VWF in microvascul ar thrombi
of patients with thrombotic microangiopathy,® endothelial VWF
secretion and processing were extensively investigated in these
conditions. VWF is normally formed as ultralarge (UL) multimers
because of the polymerization in endothelial cells and megakaryo-
cytes of a native subunit of 225 kd, and it is stored as such in
Weibel-Palade bodies and a-granules.2 However, UL multimers do
not normally circulate because they are cleaved into smaller
multimers soon after their secretion.10-13

In patientswith TTPor HUS, in contrast to healthy subjects, UL
multimers are sometimes detected in plasma.’*1> The relationship
between UL VWF multimers and thrombotic microangiopathies
remained elusive until the recent demonstration of the presence in
human plasma of ametalloprotease (ADAMTS13)16-18 that cleaves
VWEF physiologically at the peptide bond between amino acid
residues 842Thr and 843Met in the A2 domain of the subunit.’t The
gene encoding this protease has been identified,>2% and data are
available that mutations in this gene lead to an inactive enzyme.?!
In 2 large clinical studies,®*?> deficiency of ADAMTSL13 activity
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was found in patients with TTP but not in those with HUS2% That
patients with HUS have norma ADAMTSI3 activity was taken to
indicate that the presence or absence of this activity could be used to
classify patients as having HUS or TTP% However, a few recent
studies?™ 3! have challenged this paradigm, showing that patients with a
diagnosis of HUS may have complete ADAMTSL3 deficiency.

In this study we measured ADAMTSL13 activity in 49 patients
with recurrent or familial TTP or HUS, the rarest forms of these
microangiopathies. Patients were studied in the acute phase and in
the remission phase of the syndromes, with the aim to clarify
whether those with normal or deficient ADAMTS13 activity could
be distinguished in terms of disease manifestations. We aso
investigated whether an antibody inhibiting the protease activity
was detectable in these patients, or whether they carry an inherited
defect by analyzing ADAMTS13 activity in their relatives. Finaly,
we explored any correlates between ADAMTSL13 activity level and
changesin the multimeric pattern of plasmaVWF.

Patients, materials, and methods

Patients and controls

Forty-nine patients with recurrent or familial TTP or HUS were recruited
from January 1995 to May 2001 among those referred to the Italian Registry
of Recurrent and Familial HUS/TTP, a network of 50 Hematology or
Nephrology Units established under the coordination of the Clinical
Research Center for Rare Diseases Aldo e Cele Dacco. All information on
the clinical history of the patients was recorded in the database of the
Registry kept at the Clinical Research Center for Rare Diseases. As
controls, 30 healthy subjects matched for age and sex, unrelated to any of
the studied patients, were also recruited.

Patients and controls received detailed information on the purposes and
design of the study and provided informed consent according to the
guidelines of the Declaration of Helsinki. Protocol was approved by the
institutional review board of the Mario Negri Institute.

Blood samples

For in-hospital patients, usually those studied during the acute phase of the
disease, blood samples were collected by the referring clinical units and
dispatched to the Clinical Research Center for Rare Diseases. During the
acute phase, blood was collected before any treatment was started.

Patients in remission were summoned to the Clinical Research Center,
where a detailed clinical history was obtained and blood samples were
collected and processed for laboratory tests. At remission, blood was taken
at least 2 weeks after the last therapeutic plasma infusion or plasma
exchange. Blood samples from healthy subjects were aso collected.

Diagnosis of TTP and HUS

TTPand HUS were diagnosed in patients who had one or more episodes of
microangiopathic hemolytic anemia and thrombocytopenia defined on the
basis of hematocrit (Ht) < 30%, hemoglobin (Hb) < 10 mg/dL, LDH >
460 |U/L, undetectable serum haptoglobin, evidence of red cell fragmenta-
tion in the periphera blood smear, and thrombocytopenia (platelets less
than 150 000/p.L). Specificaly, a diagnosis of TTP was made when
laboratory findings of thrombotic microangiopathy occurred in patients,
with or without rena involvement, in whom specific neurologic signs (ie,
coma, focal or generalized convulsions, dysphasia, paresis, visua distur-
bances) not attributable to uremic encephalopathy dominated the clinical
picture. A diagnosis of HUS was made when laboratory findings of
thrombotic microangiopathy were associated with acute renal failure
(defined as serum creatinine above normal ranges for several days in
patients with previous normal renal function, or serum creatinine increase
greater than 30% in patients with previous evidence of renal dysfunction),
without evidence of specific neurologic signs except those caused by
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uremic encephalopathy (ie, impaired concentration, clumsiness, apathy).
Patients with E coli—associated diarrhea-positive HUS and patients with
sporadic forms of TTP or HUS were excluded from this study.

Familial TTP or HUS was diagnosed in patients for whom at least 2
members of the family were affected by the disease at least 6 months apart,
without evidence of a common triggering agent, in particular, infection, or
drugs such as cyclosporine A, ticlopidine, or clopidogrel.>7 Recurrent TTP
or HUS was diagnosed in patients who, with no family history, had one or
more rel apses after complete and persistent (for at least 30 days after plasma
exchange or plasma infusion) remission of any sign of thrombotic
microangiopathy. Patients recently (within 2 weeks) treated with plasma
exchange or infusion were not included.

Remission of HUS or TTP was defined by a persistent increase in
platelet count greater than 150 000/pL, normalization of the markers of
hemolysis and tissue damage (LDH less than 460 IU/L, no fragmented red
cell in the peripheral blood film), and normalization or near normalization
of the neurologic status, for at least 1 week after plasma infusion or
exchange, independently of the presence of residual renal dysfunction.

Diagnosis of TTP or HUS and of the recurrent or familial forms were
made by 2 independent physicians (PR., E.D.) according to the above
criteria, masked to ADAMTSL3 activity and VWF results. Their diagnoses
agreed for all patients but one with acute renal failure and severe neurologic
signs (coma). After consultation between the 2 physicians, the patient was
later classified as having HUS because neurologic symptoms were attrib-
uted to uremic encephal opathy.

Measurement of ADAMTS13 activity

Collagen-hinding assay. Blood samples were collected into 0.1 vol 0.129
M sodium citrate, and platelet-poor plasma was prepared by centrifugation.
A pool of plasmas obtained from 50 healthy women not pregnant and not
taking oral contraceptives and 50 healthy men was used as reference for the
assays and arbitrarily defined to contain 100% of the protease activity.32

ADAMTSI3 activity was measured as previously described by Gerrit-
sen et al.3 Pooled normal plasma was used as VWF substrate for the
protease. Seria dilution of the samples to be tested and of the normal
plasma pool in a buffer-containing urea were incubated with BaCl, to
achieve degradation of endogenous VWF and particularly of larger VWF
multimers that might interfere with the assay by preferentially binding to
type I11 collagen. After thefirst digestion, samples were incubated with the
substrate, and another digestion was carried out for 2 hoursat 37°C. Human
collagentypelll (3 pg/mL; Valter Occhiena, Milano, Italy) was used for the
collagen-hinding assay.3® The values of ADAMTSL3 activity were read
from a dose-response curve obtained for each assay run by testing seria
dilutions from 1:5 to 1:320 of the reference plasma pool. The within-assay
(n = 18) coefficient of variation was 8%, the between-assay (n = 100)
coefficient of variation was 14%, and the lower limit of sensitivity of the
method was 6% of the normal protease levels.32 I nterference of endogenous
VWEF in test samples has been excluded by finding similar protease levelsin
plain plasmaand in plasma after cryoprecipitation to remove alarge amount
of VWEF, particularly of the larger multimers more reactive with type 111
collagen.® Patient samples with activity levels less than 6%, which is the
detection limit of the assay, were defined as having complete deficiency
of ADAMTSI3; activity values between 6% and 20% were con-
sidered severely reduced, values between 21% and less than 50% were
considered moderately reduced, and values equal or greater than 50% were
considered normal.

The presence of ADAMTSI3 inhibitory antibodies was assayed by
testing ADAMTSI3 activity in mixtures of plasma from patients and
normal pooled plasma at different dilutions (3:1,1:1,1:3) after 30-minute
incubation at 37°C.33 In samples with ADAMTS13 activity 20% or lower
and no inhibitor activity, to detect possible relevant ADAMTS13 inhibitors
with a slower kinetics, further analysis was made by measuring protease
activity in mixtures of patient plasma and normal plasma (1:1 ratio)
incubated at 37°C for 1, 3, and 6 hours.

Cleavage of recombinant VWF by control and patient plasma. To
confirm the capability of norma and patient plasma to cleave VWF,
recombinant VWFA1-A2-A3 (rVWF) domains were expressed in Drosoph-
ila cells (provided by Z. M. Ruggeri, La Jolla, CA; manuscript in
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preparation). Supernatant from Drosophila cell culture containing mono-
meric rVWF was incubated with control or patient plasmain the presence of
Ba* and ureaat pH 8. Mixture containing rVWF (2 ng) and plasma (35 L),
Tris sdine buffer with 1.5 M urea find concentration, in the presence or not of
EDTA (5mM), wasincubated for 2 hoursat 37°C. Sampleswere el ectrophoresed
under nonreducing conditions on 10% SDS-PAGE, and the intact r'VWF
A1-A2-A3 domains and ther proteolytic fragments were visuaized with a
monoclonad antibody directed againgt the carboxy termind of the rVWF
(provided by Z. M. Ruggeri). In these conditions the intact rVWF of approxi-
mately 80 kd and the carboxy termina fragment of agpproximaely 30 kd
generated by cleavage of r'VWF are reveded. With this test any possble
interference of endogenous VVWF present in test samplesis excluded.

Analysis of VWF antigen and multimers

Five milliliters blood was collected on protease inhibitors as previously
described.3* Plasma VWF antigen (VWF:Ag) was measured by enzyme-
linked immunosorbent assay as previously described.3

The VWF multimeric pattern was analyzed by discontinuous SDS-
agarose gel electrophoresis.3®37 Gels of 1.5% high-gelling temperature
agarose HGT(P) (FMC, Rockland, ME) capable of resolving high-
molecular—weight (HMW) multimers were used. Low-molecular—weight
(LMW), HMW, and UL multimers were classified on the basis of their
electrophoretic mobility and densitometric analysis.® For each lane, the
values were expressed as ratio HMW:LMW multimers. Under our condi-
tionstheratio for healthy subjectswas 1.04 = 0.2 (n = 13).

Data analysis

All data are presented asthe mean = SD. Dataon VWF antigen, multimers,
and ADAMTSIL3 activity were anadyzed by one-way ANOVA. The
correlation coefficient (r) was used to determine the relationship between
ADAMTSL13 activity and VWF parameters. A receiver operating character-
istic curve was designed to calculate sensitivity and specificity diagnostic
rates, corresponding to various cut-off vaues for the ADAMTS13 activity,
to discriminate between TTP and HUS. The level of significance was set at
P < .05 (2-tailed).

Results
Patient features

Among the 49 patients with thrombotic microangiopathy included
in the study, 20 met the criteriaof TTP (7 males, 13 females, mean
age at onset, 32.9 years; range, 13-51 years), and 29 met those of
HUS (19 males, 10 femal es; mean age at onset, 15 years; range, 0-34
years). Nonfamilial recurrent TTP and familia TTP were diag-
nosed in 16 and 4 patients, respectively. Eight patients with
recurrent and 2 patients with familial TTP manifested one disease
recurrence, at 1 to 6 years after the first event. The other 8 patients
with recurrent TTP experienced 3 to 7 relapses during 2 to 10 years.
One patient with recurrent TTP died during relapse, and 3 (1
recurrent, 2 familial) developed permanent neurologic sequelae
(progressive neurologic deterioration, paresis).

The nonfamilial recurrent form and the familial form of HUS
were diagnosed in 9 patients (onset in childhood, 6; onset in
adulthood, 3) and 20 patients (onset in childhood, 10; onset in
adulthood, 10), respectively. Five of the 9 patients with recurrent
HUS experienced 2 relapsesin 1 to 17 years; 3 experienced 4 to 10
relapsesin 9 to 14 years, and another patient experienced more than
100 relapses during 30 years. Among patients with familial HUS,
12 experienced at least one disease relapse in 1 to 10 years. One
HUS patient with the familial form died during a relapse. Eight
patients with HUS (1 recurrent and 7 familial) devel oped end-stage
renal disease (ESRD) just after the onset of the disease; in another 9
patients (5 recurrent, 4 familial), progressive decline of renal
function leading to ESRD was observed during long-term fol-
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low-up (from 2 to 25 years). In the remaining 12 patients (3
recurrent, 9 familia) a normalization of serum creatinine was
documented, though disease relapses occurred in some patients.
Two patients (1 with recurrent, 1 with familia HUS) acquired
neurologic sequel ae in subsequent rel apses.

In the TTP group 12 patients (9 with recurrent, 3 with familial
TTP) were in the acute phase, and 8 (7 with recurrent, 1 with
familial TTP) were in remission. For the 12 patients with active
disease, plasmawas obtained in 9 (6 with recurrent, 3 with familial
TTP) during the acute event and at remission.

Inthe group of HUS patients, 9 (5 with recurrent, 4 with familial
HUS) were in the active phase of disease, and 20 (4 recurrent and
16 familial HUS) were in full remission. Eight of the 9 patients
with active disease (4 with recurrent, 4 with familial HUS) were
studied again at remission.

For patients studied at remission, the time from the last clinical
episode ranged from 1 month to 17 years. Laboratory values are
shown in Tables 1 and 2.

Mean VWF:Ag vdues during the acute phase were sgnificantly
higher (P < .05) in patients with TTP (162% *+ 72%) and in patients
with HUS (211% = 108%) than in healthy subjects (84% + 33%). In
patients with HUS, VWF:Ag levels remained abnormally high during
remisson (152% = 98%, P < .05) than in hedthy subjects, probably
because of chronicimpairment of kidney function.®®

ADAMTS13 activity

In the 30 healthy subjects, ADAMTS13 activity ranged from 92%
to 197% (mean, 137% *+ 29%). No healthy subjects with protease
values lower than 50% were found in this study.

Eleven of 12 patients with acute TTP (8 recurrent, and 3 familia
TTP) had no detectable ADAMTSL13 activity; one patient with recurrent
TTP had severe deficiency (11%) (Figure 1A, Table 1). No activity of
ADAMTSI3 was detected at remissionin 7 of 17 patientswith TTP (4
with recurrent, 3 with familia TTP). Four patients with recurrent TTP
had severely reduced activity, whereas in the other patients studied at
remission protease activity was norma (Figure 1A, Teble 1). Seven of
the 12 patients with acute TTP (al with the recurrent form) and 4
patients (al with the recurrent form) of the 17 studied a remission, 2t0 6
months after the last acute episode, had a circulating inhibitor of
ADAMTSI3 activity (Teble 1).

Of the 9 patients with HUS studied during the acute phase, 5 (3
with recurrent, 2 with familial HUS) had compl ete deficiency of the
ADAMTSL3 activity; of these, 2 developed ESRD and are now on
chronic hemodialysis (Figure 1B, Table 2). One additional patient
with familial HUS had moderately reduced values, but in the others
(2 with recurrent, 1 with familial HUS) protease activity was
normal (Figure 1B, Table 2). HUS patients who had complete
deficiency of ADAMTSL13 activity during the acute phase (n = 5,
group 1) could not be clinically distinguished from those
with normal ADAMTSI3 activity (n = 3, group 2) in terms of
incidence of ESRD, neurologic symptoms or sequel ag, or relapsing
microangiopathy.

Of the 28 plasma samples collected during remission from
patients with HUS, 5 patients (3 with recurrent, 2 with familia
HUS) had complete deficiency of the ADAMTSI3 activity, one
patient with the familial form had severely reduced (17%) activity,
and one with the recurrent form had moderately reduced (41%)
activity (Table 2, Figure 1). None of the HUS patients with
deficient ADAMTSL13 activity had detectable protease inhibitor in
their plasmaeither during the acute phase or at remission (Table 2),
suggesting the presence of a congenital defect.

Figure 2 shows ADAMTS13 activity values from patients with
recurrent and familial TTP and HUS from whom blood samples
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Table 1. Laboratory data of patients with TTP
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Recurrent Familial
Variable Normal range Acute (n =9) Remission (n = 13) Acute (n = 3) Remission (n = 4)

Platelets, X 1000/puL

Average 29 232 38 253

(range) (150-400) (10-71) (178-399) (9-34) (191-352)
Hemoglobin, g/dL

Average 9.3 13.2 9 12.2

(range) (Male: 14-18) (6.7-11.4) (8.6-15.5) (8-10) (8-14.9)

(Female: 12-16)

Lactate dehydrogenase, U/L

Average 1107 332 2693 300

(range) (230-460) (413-2369) (246-430) (2250-3137) (226-385)
Bilirubin, mg/dL

Average 15 0.5 ND 0.7

(range) (0.20-1.20) (1.1-1.9) (0.2-0.9) (0.6-0.9)
Creatinine, mg/dL

Average 1.2 1.0 0.5* 0.7

(range) (0.60-1.30) (1.1-1.4) (0.6-1.2) (0.6-0.8)
C3, mg/dL

Average 113 106 ND 87

(range) (83-177) (78-167) (67-161) (72-97)
C4, mg/dL

Average 26 22 ND 19

(range) (15-45) (11-59) (18-28) (11-25)
VWEF antigen, %

Average 162 126 ND 160

(range) (50-150) (58-249) (51-320) (48-335)
Protease activity, no. of patients

Less than 6% 8 4 3 3

6% to 20% 1 4 0 0

21% to 49% 0 0 0 0

50% or more 0 5 0 1
Protease inhibitor, no. of patients

Present 7 4 ND 0

Absent 2 9 4

ND indicates not determined.
*Data are available on only 1 patient.

were collected during the acute phase and at remission. Only in 1 of
13 patients with complete ADAMTS13 deficiency during the acute
phase was there complete ADAMTS13 recovery at the time of
remission (Figure 2). Among patients with persistently low
ADAMTSI13, 2 (with recurrent TTP) also had high titers of
inhibitory antibodies at remission.

In arepresentative subgroup of healthy subjects (n = 6) and of
TTP(n = 4) and HUS (n = 6) patientswith normal or undetectable
ADAMTSI13 activity, values obtained by the collagen-binding
assay were aso evaluated by incubating plasma with rVWF
A1-A2-A3 domains. Plasma from healthy subjects and plasma
from patients with normal ADAMTS13 activity cleaved rVWEF to
form afragment of the expected 30-kd size. Cleavage of rVWF was
completely prevented by the addition of EDTA to plasma samples
during incubation. By contrast, plasma from patients (n = 4)
completely deficient in ADAMTS13 activity by the collagen-
binding assay formed no fragment when incubated with rVWF.

Sensitivity and specificity of ADAMTS13 activity
for diagnosis of TTP and HUS

Sensitivity and specificity of ADAMTS13 activity for diagnosis of
recurrent and familial forms of TTP and HUS were calculated by a
receiver operating characteristic curve. Complete deficiency of
ADAMTSI3 activity had a sensitivity of 92% and a specificity of
44% for diagnosis of TTP when measured during the acute phase.
The sensitivity increased to 100% when the cut-off of ADAMTS13

activity was set at 20% or less (specificity, 44%). On remission
complete deficiency of ADAMTSL13 activity had a sensitivity of
41% and a specificity of 82% for diagnosis of TTP. Sensitivity
increased to 65% when the cut-off was set to 20% or less, but
specificity decreased to 78%.

None of the HUS patients had a detectable protease inhibitor in
their plasma; hence, the specificity of detecting ADAMTS13
inhibitor for the diagnosis of TTP was 100%. All patients who had
persistence of complete deficiency of the ADAMTSI3 activity in
remission experienced severa disease relapses, indicating an
association of this degree of deficiency with a predisposition for
recurrences.

Distribution of ADAMTS13 activity values in relatives
of TTP and HUS patients

Available asymptomatic relatives of 2 patients with familial forms
of microangiopathies (2 sisters, one with HUS and one with TTP:
pedigree 2) and 5 patients with the recurrent form (3 HUS:
pedigrees 12, 13, 25; and 2 TTP: pedigrees 26, 57) were also
investigated for ADAMTSI3 activity. In al the affected family
members, ADAMTS13 activity was completely deficient or se-
verely reduced. Two patients with recurrent TTP (pedigrees 26, 57)
had ADAMTSI3 inhibitors. All their relatives had normal
ADAMTSI3 activity, confirming that in these patients the defect
was acquired. As for the other 5 pedigrees, plasma levels of the
protease in the asymptomatic parents of the affected patients were
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Table 2. Laboratory data of patients with HUS
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Recurrent Familial
Variable Normal range Acute (n = 5) Remission (n = 8) Acute (n = 4) Remission (n = 20)

Platelets, X 1000/puL

Average 25 200 74 248

(range) (150-400) (14-36) (166-266) (69-85) (158-378)
Hemoglobin, g/dL

Average 9.5 12.0 11.0 11.2

(range) (Male: 14-18) (5.3-14.2) (7.5-16.3) (6.7-15.2) (8.7-13.8)

(Female: 12-16)

Lactate dehydrogenase, U/L

Average 795 362 1959 346

(range) (230-460) (570-1400) (217-582) (675-4221) (227-505)
Bilirubin, mg/dL

Average ND 1.0 ND 0.5

(range) (0.20-1.20) (0.1-2.0) (0.32-0.68)
Creatinine, mg/dL

Average 5.2 4.5 6.0 5.7

(range) (0.60-1.30) (1.3-8.7) (0.5-13.7) (2.0-11.3) (0.6-10.8)
C3, mg/dL

Average 123 68 96 73

(range) (83-177) (122-124) (49-96) (80-109) (14-109)
C4, mg/dL

Average 30 21 38 31

(range) (15-45) (23-38) (15-36) (16-78) (11-50)
VWEF antigen, %

Average 260 168 162 142

(range) (50-150) (151-368) (50-314) (128-196) (61-468)
Protease activity, no. of patients

Less than 6% 3 3 2 2

6% to 20% 0 0 0 1

21% to 49% 0 1 1

50% or more 2 4 1 17
Protease inhibitor, no. of patients

Present o* 0 0* 0*

Absent 3 8 3 19

ND indicates not determined.

*Protease inhibitor was not determined in 2 patients with the recurrent (in acute phase) form and in 1 patient with the familial (in acute and remission) form.

approximately half-normal (37% to 63%), consistent with a
heterozygous carrier state. Similarly, levelsfor al the other healthy
relatives of the patientsfell into abimodal distribution with agroup
of values ranging from 37% to 67%, consistent with carriership,
and the others from 86% to 117% (normal values). An exception
wasin pedigree 2, where, in line with previously reported data,?* an
asymptomatic brother of the proband had a complete deficiency of
ADAMTSI3 activity, and his 2 sons had half-normal levels.

Thus, in the above 5 families, the ADAMTS13 activity defect was
inherited as a recessve trait and determined either TTP or HUS
phenotypes. Of note, in pedigree 2 and in an additiona one, pedigree 19,
one patient with TTP and one patient with HUS were reported.

Relationship between ADAMTS13 activity
and VWF multimeric pattern

The relationship between ADAMTSI13 activity and the VWF
multimeric pattern was also explored in patients in whom both
measurements were performed. Patients were divided in 2 groups
on the basis of ADAMTSI3 activity: group 1, complete or severe
deficiency (acute phase, n = 6; remission, n= 11); group 2,
normal activity (acute phase, n = 2; remission, n = 17); no sample
from patients with moderate ADAMTS13 activity deficiency was
analyzed for VWF multimers. In 7 (all with recurrent TTP and
HUS) of 11 patients with complete or severe deficiency of the
ADAMTS13 activity (group 1), there was a characteristic presence
of UL VWF multimers during the acute phase of the disease

(Figure 3), that persisted in remission, whereas the other 4 patients
had no UL multimers despite complete deficiency of the
ADAMTSI13 activity (Figure 3). In group 1 patients during
remission, densitometric analysis showed a higher HMW:LMW
multimer ratio (Figure 3) compared with healthy subjects (P < .05)
and with patients with norma activity studied in remission
(P < .05) (group 2). In the same patients, despite the presence of
UL multimers, enhanced cleavage was found during the acute
phase, as shown indirectly by alower HMW:LMW multimer ratio
compared with remission (Figure 3). These results indicate that
VWEF is cleaved in the circulation of these patients despite the
absence of the ADAMTSL13 activity.

In patients with normal ADAMTSL13 activity (group 2), the
mean HMW:LMW multimer ratio at remission was comparable
with that found in healthy subjects; however, 2 patients of this
group had UL multimers when protease activity was measured
(Figure 3). Indirect evidence of increased VWF fragmentation was
also observed in patients of group 2 during the acute phase (Figure
3) which resulted in a numericaly lower HMW:LMW multimer
ratio than in hedthy subjects, whereas the HMW:LMW ratio
normalized at remission.

There was aweak inverse correlation between the ADAMTS13
activity in patients and the HMW:LMW ratio values (r = —0.42;
P < .05). Altogether, these findings indicate that ADAMTS13
activity is not the main determinant of VWF multimer fragmenta
tionin TTPand HUS.

20z Ael Lz uo Jsenb Aq ypd'g.200020S | 8U/9897891/8.L/€/00 | /4pd-8joile/poo|g/8u suoledligndyse//:dny woly papeojumoq



BLOOD, 1 AUGUST 2002 + VOLUME 100, NUMBER 3

A 200+
T 150
£
=
81 00 4 EEER ©
a
]
=
= 50
L=4
[m]
0 O Lol feces
Acute Rem Acute Rem
Rec TTP Fam TTP
B 2001
& 150 )
= =
£
[1+] =T
® 100 O 1] o
w
'_
2
a 50 1
<
<
Lo
0 oo Lo Lol
Acute Rem Acute Rem
Rec HUS Fam HUS

Figure 1. ADAMTS13 activity values. ADAMTS13 activity in the plasma of patients
with TTP (A) or HUS (B) according to whether they had recurrent (Rec) or familial
(Fam) forms of the diseases and to phase of event. ADAMTS13 activity values were
expressed as percentage activity of normal plasma pool. Horizontal gray bar
indicates the range of values for plasma ADAMTS13 activity values in healthy
subjects. Rem, remission.

Discussion

Most patients with aclinical diagnosis of recurrent or familial TTP
had complete or severe deficiency of the ADAMTSIL3 activity
during the acute phase of the disease, and in a subgroup the defect
persisted at remission. Complete deficiency of ADAMTS13 activ-
ity was also found in plasma samples from 5 of 9 patients with
recurrent and familial HUS during the acute phase and in 5 patients
during remission. These results have been confirmed by evaluating
the cleavage of recombinant VWF A1-A2-A3 domains, which
overcomes possible artifacts of the collagen-binding assay due to
the presence of endogenous undegraded VWF in test sampl es.25:3340
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Figure 2. ADAMTS13 activity values in the plasma from patients with recurrent
(Rec) or familial (Fam) TTP or HUS. ADAMTS13 activity was tested during the
acute phase and at remission. See also Figure 1.
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Figure 3. VWF HMW:LMW multimer ratio in the plasma from patients with TTP
and HUS divided on the basis of the levels of ADAMTS13 activity and of the
phase of event. Horizontal gray bar indicates the range of values in healthy subjects.
Black symbols indicate samples with the presence of UL multimers. *P < .05 versus
healthy subjects and patients with normal protease activity at remission.

Diagnosis of TTP or HUS was made by 2 independent physicians
masked to the nature of ADAMTSL13 activity and VWF results.

These observations challenge the paradigm recently put forward
that “a single laboratory test may enable physicians to distinguish
TTPfrom HUS’ % based on data?* that “ patients given diagnosis of
TTP had had little or no ADAMTS13 activity in plasma, whereas
the plasma activity of the enzyme was normal (or nearly so) in
patients considered to have familia or acquired HUS.” On the
other hand, complete deficiency of the ADAMTSI3 activity has
recently been found in 5 children with recurrent HUS and in one
with E coli—associated HUS,% indicating that the protease defect
cannot be narrowed to specific subtypes of thrombotic microan-
giopathies. In our series each of 2 families had one patient with
TTP and one with HUS, who completely lacked ADAMTS13
activity. Because the patients within each family inherited the same
genetic defect, these data can be taken to indicate that deficiency of
ADAMTSI3 activity may lead to either the TTP or the HUS
phenotype. In alarge series of patients with different forms of HUS
and TTP, 6 patients with diagnosis of HUS had decreased
ADAMTSL3 activity.3! At variance with our data, showing a 44%
specificity of the ADAMTSI13 defect in distinguishing between
TTP and HUS, in the above series a 91% specificity was found,
which led Veyradier et a® to conclude that “VWF-cleaving
protease deficiency specifically concerns a subgroup of TMA
corresponding to the TTP entity.” Differences between our patient
population, including only familial and recurrent TTP and HUS,
and the study of Veyradier et a,3 which mainly focused on
sporadic cases, may account for discrepancies in results. In
addition, Veyradier et al3! did not specify the criteria for the
differential diagnosis between TTP and HUS, which was indepen-
dently made by the numerous participating centers.

Two primary mechanisms for deficiency of the ADAMTS13
activity have been identified, namely a constitutive deficiency and
the presence of a circulating acquired inhibitory antibody.?+2> We
found an inhibitor of ADAMTS13 activity in 7 of 12 patients with
acute TTPR, all with the recurrent form of the disease, and in 4
patients with recurrent TTP studied at remission. Normal levels of
ADAMTSI3 activity were found in all the asymptomatic relatives
of patients carrying the protease inhibitor.

In another group of patients (with familial or recurrent TTP or
HUS), no inhibitor was ever found despite complete deficiency of
the ADAMTSI13 activity. The method used in this study would
not detect the presence of antibodies that do not inhibit
ADAMTSI13 activity but do enhance the clearance of the
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protease in vivo, so that the prevalence of antibodies might have
been underestimated in this study.

However, in the available asymptomatic parents of the above
patients, levels of ADAMTSL3 activity were consistent with carriership
(approximately 50% eactivity), indicating that the ADAMTS13 defect
wasinherited. Theseresults arein agreement with previous reports?2425
and support the view that the deficiency of ADAMTSI3 activity in
thrombotic microangiopathies may be acquired as a result of an
autoimmune mechanism or may beinherited.

The discovery of deficient ADAMTS13 activity in TTP has
been rapidly integrated into the prevailing model of the pathophysi-
ology of VWF-mediated thrombotic microangiopathies. According
to this model, congenital or autoimmune dysfunction of
ADAMTSI13 prevents the normal proteolysis of large VWF
multimers asthey are secreted from injured endothelial cells.* This
ultimately causes the development of circulating UL VWF multim-
ers, which, in conditions of high shear stress, are capable of
supporting platelet aggregation more efficiently than normal
multimers.*? This condition would predispose patients to micro-
vascular thrombosis at sites of endothelial cell injury. However,
direct proof of thiswas never provided.

Results of our analysis of the relationship between VWF multimeric
pattern and ADAMTS13 activity in TTPand HUS patientschalenge the
above hypothesis. On one hand, confirming previoudly reported data, 343
we found UL multimers in 2 patients with recurrent TTP with norma
ADAMTSI3 activity. On the other hand, many patientswith either TTP
or HUS, with complete or severe deficiency of the ADAMTS13 activity,
did not have UL multimersin their circulation. In addition, patientswith
deficiency of ADAMTS13 activity showed increased VWF fragmenta-
tion during the acute phase, as indirectly documented by a lower
HMW:LMW multimer ratio, than a remisson. The same results were
reported by Veyradier et a3 who found no correlation between
ADAMTSIS3 ectivity levels and UL multimersin their large series. As
previoudy reported,® we aso found that the normal 189-, 176-, and
140-kd fragments were present in the blood of all patients with deficient
ADAMTSI3 activity, and the percentage of the native intact VWF
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subunit was even lower than in hedthy subjects, a least in the acute
phase (datanot shown). Theseresultsindicate that bes desADAMTSLS,
other protease(s) are present in the blood of patientswith TTPand HUS
that cleave VWFto the normal fragments and support the possibility that
deficiency of the ADAMTSLS3 activity is not the only determinant of
VWF abnormdities in these diseases. Consstent with the present
findings, previous studies from our and other groups have documented
that in sporadic,® recurrent, 35384 and familia TTP and HUS® and in
the acute phase of HUS resistant to plasma therapy,34° rather than the
presence of UL VWF multimers, thereisalossof such multimersand an
increase of LMW forms that indicate enhanced proteolytic fragmenta-
tion of the molecule.

In summary, this large study has attempted to clarify the
complex and controversia issue of the pathogenesis of TTP and
HUS. Wefound that low values of ADAMTS13 activity may not be
specific for TTP, at least in recurrent and familial forms. In
addition, deficient ADAMTSL13 activity isnot the only determinant
of the presence of ultralarge VWF multimers in some phases of the
clinical disease of these patients. Whether there is a correlation
between ADAMTS13 activity and responseto treatment isacrucial
issue that requires a specially designed prospective study.

Investigation into the etiology and genetics of TTP and HUS
represents a rapidly advancing field that is outpacing the previous
disease nomenclature. Thus, instead of using the terms TTP and
HUS, it should be now more appropriate and clinicaly relevant to
classify patients with thrombotic microangiopathies on the basis of
the underlying specific defect and to consider patients with
ADAMTS13 deficiency as a separate subset.
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