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ABSTRACT

Background Thrombotic thrombocytopenic pur-
pura is a potentially fatal disease characterized by
widespread platelet thrombi in the microcirculation.
In the normal circulation, von Willebrand factor is
cleaved by a plasma protease. We explored the hy-
pothesis that a deficiency of this protease predispos-
es patients with thrombotic thrombocytopenic pur-
pura to platelet thrombosis.

Methods We studied the activity of von Willebrand
factor—cleaving protease and sought inhibitors of this
protease in plasma from patients with acute throm-
botic thrombocytopenic purpura, patients with other
diseases, and normal control subjects. We also in-
vestigated the effect of shear stress on the ristocetin
cofactor activity of purified von Willebrand factor in
the cryosupernatant fraction of the plasma samples.

Results Thirty-nine samples of plasma from 37
patients with acute thrombotic thrombocytopenic pur-
pura had severe deficiency of von Willebrand factor—
cleaving protease. No deficiency was detected in 16
samples of plasma from patients with thrombotic
thrombocytopenic purpura in remission or in 74
plasma samples from normal subjects, randomly se-
lected hospitalized patients or outpatients, or pa-
tients with hemolysis, thrombocytopenia, or throm-
bosis from other causes. Inhibitory activity against
the protease was detected in 26 of the 39 plasma
samples (67 percent) obtained during the acute phase
of the disease. The inhibitors were IgG antibodies.
Shear stress increased the ristocetin cofactor activity
of von Willebrand factor in the cryosupernatant of
plasma samples obtained during the acute phase,
but decreased the activity in cryosupernatant of plas-
ma from normal subjects.

Conclusions Inhibitory antibodies against von Wil-
lebrand factor—cleaving protease occur in patients
with acute thrombotic thrombocytopenic purpura. A
deficiency of this protease is likely to have a critical
role in the pathogenesis of platelet thrombosis in
this disease. (N Engl J Med 1998;339:1585-94.)
©1998, Massachusetts Medical Society.

HROMBOTIC thrombocytopenic purpu-

ra is characterized by widespread platelet

thrombi in arterioles and capillaries.-2 De-

spite therapeutic advances,? the age-adjust-
ed mortality associated with the disease nearly tri-
pled from 1971 to 1991.4 Among those who survive
the acute phase, relapse is not uncommon.5 Infec-
tion with the human immunodeficiency virus (HIV)
and other retroviruses may contribute to the in-
creased frequency of the disease.

Both endothelial-cell injury”® and intravascular
platelet aggregation® have been implicated in the
pathogenesis of thrombotic thrombocytopenic pur-
pura. Immunohistologic studies have demonstrated
abundant von Willebrand factor in the thrombotic
lesions.!® Abnormal multimers of von Willebrand
factor, initially described in patients with chronic re-
lapsing thrombotic thrombocytopenic purpura,!!
are also common in the acute phase.l2 However, the
type of abnormality varies; many patients have fewer
large multimers than normal, whereas others have
normal levels of large multimers or even unusually
large forms.

Von Willebrand factor is secreted from endothelial
cells as an extra large polymer of a polypeptide
joined by disulfide bonds!? and cleaved in the cir-
culation at the peptide bond between tyrosine at po-
sition 842 and methionine at position 8434 by a
200-kd plasma metalloproteinase.!>!16 Cleavage by
the enzyme decreases the size of von Willebrand fac-
tor to dimers of 176-kd and 140-kd fragments.!517
The enzyme, which is present in the cryosupernatant
fraction of the plasma, requires a calcium or zinc cat-
ion for its activity.!® It is inhibited by tetracyclines
but resistant to batimastat, a synthetic matrix metal-
loproteinase—specific inhibitor.!8

In plasma the protease has little effect on von
Willebrand factor unless the factor is unfolded by
high levels of shear stress or other means.1” This sug-
gests that in patients with thrombotic thrombocyto-
penic purpura, the multimers of von Willebrand fac-
tor ought to be relatively small, because the abnormal
shear stress caused by platelet thrombi in the micro-
circulation should enhance proteolysis of von Wille-
brand factor. However, in some patients with acute
thrombotic thrombocytopenic purpura, the size of
the multimers is normal or very large. These find-
ings point to a defect in the proteolysis of von
Willebrand factor. Such a defect was suspected!! and
recently described!? in patients with the chronic re-
lapsing form of thrombotic thrombocytopenic pur-
pura. In this study, we investigated the activity of
von Willebrand factor—cleaving protease in patients
with acute episodes of thrombotic thrombocytope-
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nic purpura and the mechanisms by which a defi-
ciency of the protease might lead to platelet throm-
bosis.

METHODS

Subjects

The diagnosis of acute thrombotic thrombocytopenic purpura
was based on the standard criteria® of thrombocytopenia (a plate-
let count of less than 100X103 per cubic millimeter), microangio-
pathic hemolytic anemia (as indicated by erythrocyte fragmenta-
tion on peripheral-blood smears) with a negative Coombs’ test,
and the absence of identifiable causes of these abnormalities, such
as disseminated intravascular coagulation, cancer, or preeclampsia.
None of the patients had a serum creatinine concentration of
more than 4 mg per deciliter (354 umol per liter) or required re-
nal dialysis. Thirty patients were treated at our institutions, and
seven were referred from other hospitals. Six patients were known
to have had prior episodes of the disease or additional episodes
after the collection of plasma samples. Two of the patients had
HIV infection, one had a history of systemic lupus erythemato-
sus, and one had rheumatoid factor and antibodies to DNA.

Blood samples were collected in tubes containing citrate anti-
coagulant before or after the institution of plasma-exchange ther-
apy or during remission when platelet counts were normal and
stable. We also examined plasma samples from 35 normal subjects
or outpatients or hospitalized patients without thrombotic throm-
bocytopenic purpura; 21 patients with miscellaneous autoim-
mune or blood disorders, including disseminated intravascular
coagulopathy (1 patient), autoimmune thrombocytopenia (2 pa-
tients), drug-induced thrombocytopenia (2 patients), the HELLP
syndrome (hemolysis, elevated liver enzymes, and low platelet
count in association with preeclampsia, 1 patient), deep-vein throm-
bosis (1 patient), lupus anticoagulant with thrombosis (1 patient),
myeloproliferative disorders (4 patients), sickle cell anemia (5 pa-
tients), hemophilia A (1 patient), and von Willebrand’s disease
(3 patients); and 18 patients with heparin-induced thrombocyto-
penia. Sixteen of the 18 plasma samples from patients with hepa-
rin-induced thrombocytopenia were kindly provided by Dr. G.P.
Visentin of the Blood Center of Southeastern Wisconsin in Mil-
waukee. The heparin-induced serotonin-release assay was positive
in all 17 of the plasma samples that were tested. Eight of the
patients with heparin-induced thrombocytopenia had thrombotic
complications. The investigation protocol was approved by the in-
stitutional review boards of the participating centers.

Control plasma consisted of pooled normal plasma used in the
clinical coagulation laboratory. Plasma was separated from whole
blood by a two-stage centrifugation!s and stored at —70°C. Cry-
osupernatant fractions were obtained by centrifugation at 4°C
from plasma samples thawed on ice.!’s Aliquots of plasma from
two patients were also studied before being frozen, after high-
speed centrifugation at 30,000X4 for 60 minutes and after pas-
sage through 0.2-um filters.

Preparation of von Willebrand Factor

Von Willebrand factor was purified from pooled normal plasma
by precipitation with glycine salts and gel filtration.!” The frac-
tions eluted from the chromatographic column that contained
the largest multimers at a concentration of 150 to 250 ug per
milliliter were exposed to guanidine (1.5 mol per liter) and used
as the substrate for the protease assay.

Multimers of von Willebrand factor were analyzed by sodium
dodecyl sulfate—agarose-gel electrophoresis as previously de-
scribed.’8 The size of the multimers was represented by the dis-
tance from the starting point of electrophoresis to the peak of
multimer distribution, as determined by densitometry, divided by
the peak distance of control von Willebrand factor (the normal-
ized peak distance).’® An increase in the normalized peak distance
indicated a decrease in the size of the multimers. Concentrations
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of von Willebrand factor were determined by an enzyme-linked
immunosorbent assay as described previously.20

Assay of Protease Activity

The assay of von Willebrand factor—cleaving protease activity
in plasma was based on the generation, from purified von Wille-
brand factor, of dimers of 176-kd and 140-kd fragments, which
appeared as 350-kd and 200-kd bands, respectively, on sodium
dodecyl sulfate—polyacrylamide-gel electrophoresis.!' Plasma sam-
ples were diluted 1:3 with a TRIS saline buffer containing 50 mmol
of TRIS per liter and 50 mmol of sodium chloride per liter (pH
8.0) in the presence or absence of 5 mmol of EDTA per liter. Von
Willebrand factor was added to the test samples at a dilution of
1:10. After a 60-minute incubation at 37°C, the reaction was ter-
minated by the addition of a 1:5 dilution of a buffer containing
0.125 mmol of TRIS per liter (pH 6.8), 20 g of sodium dodecyl
sulfate per liter, 5 percent glycerol (vol/vol), and 5 mmol of
EDTA per liter.!8 The optical intensity of von Willebrand factor
fragments, after immunoblotting and autoradiography, was deter-
mined by scanning densitometry.’8 The difference between the
intensity of the 350-kd band in the reaction mixture without
EDTA and that in the mixture with EDTA represented the amount
generated by the protease in the test sample. The 350-kd band
generated by serially diluted samples of control plasma, expressed
as a percentage of that generated in an undiluted sample of con-
trol plasma, showed a linear correlation with the plasma concen-
tration. Therefore, the optical intensity of the 350-kd band gen-
erated in the assay was used to represent the protease activity in
the test sample.

Sixty-seven of the plasma samples from control subjects and pa-
tients with thrombotic thrombocytopenic purpura were obtained
at the University of Miami and were randomly distributed in a
blinded fashion to the laboratory where the assay was performed.
Many of the plasma samples had been frozen at —70°C. Analysis
of stored samples of control plasma showed that freezing for at
least 20 years did not adversely affect the protease activity.

Preparation of IgG

IgG was isolated from plasma with staphylococcal protein A—
agarose columns equilibrated in a bufter of 50 mmol of TRIS per
liter (pH 8.0) and 0.5 mol of sodium chloride per liter. IgG was
cluted with a buffer of 0.1 mol of glycine per liter (pH 2.8) and
0.5 mol of sodium chloride per liter (pH 2.8). The eluates, which
were immediately neutralized by a 1:10 dilution of TRIS (1 mol
per liter, pH 8.0), were dialyzed extensively against the TRIS
saline buffer before being concentrated on polyethylene glycol
20,000. Protein concentrations were determined by a Coomassie
brilliant blue dye-binding assay.!s Bovine immune globulin was
used as the reference.

Detection of Inhibitor by Mixing Studies

For the mixing studies, plasma samples were incubated at 56°C
for 60 minutes to inactivate the protease. Control plasma was
then incubated at 37°C for 30 minutes with an equal volume of
the test plasma or IgG. The protease activity in the mixture was
expressed as a percentage of that in control plasma incubated with
heated control plasma or control IgG.

In IgG-neutralization studies, IgG antibody was incubated
with various concentrations of rabbit IgG antibodies against hu-
man IgG Fab region or Fc region or IgM mu chain (Sigma
Chemical, St. Louis) before its inhibitory activity was determined
by mixing studies.

Mixing studies were also performed with various dilutions of
some plasma samples from patients with acute thrombotic throm-
bocytopenic purpura. Ten microliters of control plasma was
mixed with 30 ul of undiluted or serially diluted plasma samples
from the patients. The von Willebrand factor—cleaving protease
activity in 10 ul of control plasma incubated with 30 ul of un-
diluted or serially diluted heated control plasma was used as the
reference.
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Effect of Shear Stress on von Willebrand Factor

Purified von Willebrand factor that contained large multimers
was dissolved to a final concentration of 5 to 10 ug per milliliter
in the cryosupernatant fraction of control plasma or plasma sam-
ples from patients with thrombotic thrombocytopenic purpura.
Aliquots of von Willebrand factor were forced at controlled flow
rates through stainless-steel tubing (length, 610 cm; internal ra-
dius, 0.0254 cm) at room temperature with a syringe pump.17 In
this device, the aliquots were exposed to the highest rate of shear
stress of 6404 per second for 15 seconds. The ristocetin cofactor
activity in the aliquots was determined in triplicate within 60
minutes after the procedure as previously described.!® The values
were compared with those of control aliquots that had not been
exposed to shear stress with the use of Student’s t-test.

RESULTS
Protease Activity

We studied 39 plasma samples obtained from 37
patients during acute episodes of thrombotic throm-
bocytopenic purpura (Fig. 1A). Two of the patients
were studied during two acute episodes, at least
two years apart. Thirty-eight samples had no detect-
able von Willebrand factor—cleaving protease activity,
whereas one sample had a level that was 3 percent of
the control value. The protease activity of 23 sam-
ples obtained after plasma-exchange therapy was in-
stituted ranged from 0 to 70 percent (mean [£SD],
16£20 percent). As compared with the protease ac-
tivity of plasma samples from subjects without
thrombotic thrombocytopenic purpura (Fig. 1B),
22 of these samples had lower-than-normal activity.
Samples with protease activity that was more than
57 percent of the value measured in control plasma
samples were considered normal.

Plasma samples from subjects without thrombotic
thrombocytopenic purpura were also studied (Fig.
1B). Protease activity ranged from 68 to 126 per-
cent of the value in control samples (mean, 102+15
percent) in 35 samples from normal subjects or out-
patients or hospitalized patients without thrombotic
thrombocytopenic purpura, from 45 to 145 percent
(mean, 101+25 percent) in 21 samples from pa-
tients with miscellaneous autoimmune or blood dis-
orders, and from 48 to 160 percent (mean, 106*+33
percent) in 18 samples from patients with heparin-
induced thrombocytopenia. These values did not
differ significantly from those measured in 18 plasma
samples obtained from patients with thrombotic
thrombocytopenic purpura in remission (range, 48
to 150 percent; mean, 9128 percent) (Fig. 1A).

Seven patients with thrombotic thrombocytope-
nic purpura were studied during both an acute epi-
sode and remission (Fig. 1C). In each case, the pro-
tease activity rose to a normal or a nearly normal
level at remission. Figure 1D shows the absence of
protease activity in plasma samples from two pa-
tients. Twenty-six of 39 plasma samples (67 percent)
from patients with acute thrombotic thrombocyto-
penic purpura had poorly defined bands at 300 kd

(as shown in Fig. 1D for Patient 2) that were not
seen in subjects without thrombotic thrombocyto-
penic purpura. These bands were not derived from
the added von Willebrand factor, since they were
present in the unadulterated plasma.

Multimer analysis showed that after incubation
with the cryosupernatant of control plasma, von Wil-
lebrand factor was cleaved to smaller forms, whereas
it remained unchanged after incubation with plasma
samples from patients with thrombotic thrombocy-
topenic purpura (data not shown).

In one patient, plasma samples were obtained from
the time of an acute episode until remission and an-
alyzed. Plasma samples obtained on days 1, 2, 5, and
22 had protease activity that was 0, 30, 65, and 95
percent of the control value, respectively, with corre-
sponding platelet counts of 2X10¢, 2X10¢, 45X10¢,
and 212X10¢ per cubic millimeter. The extraneous
300-kd bands were present on day 1 but disappeared
in subsequent samples. High-speed centrifugation
or filtration to remove platelet microparticles from
the plasma samples did not affect the protease activ-
ity, nor did storage at —70°C.

Inhibitors of the Protease

Mixing studies were performed to detect inhibi-
tors of von Willebrand factor—cleaving protease (Fig.
2A). The protease activity in mixtures of control
plasma and plasma samples from 21 subjects with
miscellaneous autoimmune or blood disorders ranged
from 70 to 125 percent of the value in control sam-
ples (mean, 98+14 percent). Of the 39 samples ob-
tained from patients during acute episodes of throm-
botic thrombocytopenic purpura, 26 (67 percent)
reduced the level of protease activity in control plas-
ma by more than 3 SD. No inhibitory activity was
detected in 16 samples obtained during a remission
of the disease; the protease activity ranged from 71
to 152 percent (mean, 103*19 percent). Proteolysis
in control plasma was inhibited by incubation with
a plasma sample from a patient with thrombotic
thrombocytopenic purpura (lanes 1 and 2 in Fig.
2B) but not by incubation with heated control plas-
ma (lanes 3 and 4 in Fig. 2B).

The plasma samples from patients with thrombot-
ic thrombocytopenic purpura that reduced the level
of protease activity in control plasma by less than
3 SD but more than 2 SD were further investigated
(Fig. 2C). When these plasma samples were present
in an equal volume with control plasma, the pro-
tease activity was 59 percent of that in the control
mixture. When the samples were present at a ratio of
3 to 1, the activity was 22 percent of that in the con-
trol mixture.

The inhibitory activity in plasma samples from pa-
tients with thrombotic thrombocytopenic purpura
was not affected by dialysis, was stable at 56°C, and
was resistant to serine or cysteine protease inhibitors
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such as isoflurophate, phenylmethylsulfonyl fluoride,
aprotinin, leupeptin, iodoacetamide, and N-ethyl-
maleimide. However, it was abolished by passage
through a protein A—agarose column, suggesting
that the inhibition was mediated by IgG.

The IgG antibody isolated from 12 samples of
plasma from patients with acute thrombotic throm-
bocytopenic purpura and 11 samples from patients
after plasma-exchange therapy was instituted was
compared with the inhibitory activity of the pa-
tients” plasma. The IgG was isolated in a quantitative
manner: 1 ml of plasma was loaded onto 1 ml of
protein—A agarose beads, and IgG antibody was
eluted with 4 ml of glycine buffer and concentrated
to a final volume of 0.5 ml. The concentrations of
the IgG antibody in the samples ranged from 8.6 to
39.0 mg per milliliter. The protease activity in the
mixture of control plasma and the IgG from the pa-
tients was plotted against the protease activity in the
mixture of control plasma and the plasma from
which the IgG antibody had been isolated (Fig. 3).
The positive correlation (correlation coefficient, 0.91)
indicated that the inhibitory activity of plasma sam-
ples from the patients with thrombotic thrombocy-
topenic purpura was mediated by the IgG.

Figure 4A depicts the concentration-dependent in-
hibition of protease activity by IgG antibody isolated
from one of these plasma samples. At a concentra-
tion of 2 mg per milliliter, the IgG antibody inhib-
ited the protease activity in control plasma by 50 per-
cent. Control IgG exhibited no inhibitory activity.

To confirm that the inhibition involved an anti-
gen—antibody interaction, we treated the patient’s
IgG with rabbit IgG antibodies against human IgG

Figure 1. Von Willebrand Factor-Cleaving Protease Activity in
Plasma Samples from 37 Patients with Thrombotic Thrombo-
cytopenic Purpura and 74 Control Subjects.

The protease activity in each sample was reflected by the in-
tensity of the 350-kd band generated from purified von Wille-
brand factor and expressed as a percentage of the activity in
control plasma. Panel A shows the protease activity of 39 plas-
ma samples obtained during acute episodes of thrombotic
thrombocytopenic purpura (TTP) before plasma-exchange
therapy, 23 samples obtained after therapy, and 16 samples ob-
tained during remission. Diamonds represent five samples,
and circles one sample. Panel B shows the protease activity of
plasma samples obtained from 35 randomly selected subjects
without thrombotic thrombocytopenic purpura, 21 patients
with miscellaneous autoimmune or blood disorders, and 18 pa-
tients with heparin-induced thrombocytopenia. Panel C shows
the protease activity of plasma samples obtained from seven
patients with thrombotic thrombocytopenic purpura during
both an acute episode and remission. Panel D shows a com-
posite immunoblot of 200-kd, 350-kd, and larger fragments
generated from purified von Willebrand factor in control plas-
ma (lanes 1 and 2) but not in plasma samples from two patients
with acute thrombotic thrombocytopenic purpura (lanes 3, 4, 5,
and 6). Each sample was assayed in duplicate. EDTA was ab-
sent from the buffer in lanes 1, 3, and 5 and present in lanes 2,
4, and 6.

Fab region or Fc region before the assay (Fig. 4B).
Only the antibody against the Fab region abolished
the inhibitory activity of the patient’s IgG antibody,
and this was true in all six IgG preparations that
were tested. In separate experiments, the inhibitory
activity of the IgG antibody from the patient’s plas-
ma was not affected by the rabbit antibody against
human IgM mu chain.

Effects of Shear Stress on von Willebrand Factor

Von Willebrand factor was dissolved in the cryosu-
pernatant of control plasma or a plasma sample from
a patient with thrombotic thrombocytopenic purpu-
ra, and ristocetin cofactor activity was studied before
and after shear stress (Fig. 5). The size and proteol-
ysis of multimers of von Willebrand factor were also
investigated. Cryosupernatants that were depleted of
large and intermediate-sized multimers had no risto-
cetin cofactor activity, and exposure to shear stress
did not change the concentration of von Willebrand
factor (data not shown). Shear stress at a rate of 6404
per second decreased the size of the multimers and
increased the number of cleaved fragments of von
Willebrand factor only in control plasma (Fig. 5A
and 5B). Only the von Willebrand factor in the cry-
osupernatant of control plasma had an increase in
both the normalized peak distance (Fig. 5C) and von
Willebrand factor proteolytic fragments (Fig. 5D)
that was dependent on the level of shear stress.

Figure 6 demonstrates that high levels of shear
stress increased the ristocetin cofactor activity of the
von Willebrand factor in the cryosupernatant of plas-
ma from a patient with thrombotic thrombocytope-
nic purpura and decreased the activity in the cryosu-
pernatant of control plasma. For example, a shear rate
of 4307 per second decreased the ristocetin cofactor
activity of the von Willebrand factor in the control
cryosupernatant by 15 percentage points (P<<0.03)
and increased the activity in the cryosupernatant
from the patient by 22 percentage points (P<<0.05).

DISCUSSION

We found a severe deficiency of von Willebrand
factor—cleaving protease activity in plasma samples
from 37 patients during 39 episodes of acute throm-
botic thrombocytopenic purpura. By contrast, sam-
ples obtained during remission had normal protease
activity. In one patient who was studied serially from
the time of an acute episode to remission, protease
activity gradually became normal.

The protease deficiency was specific for thrombotic
thrombocytopenic purpura. It was not detected in pa-
tients with thrombocytopenia, thrombosis, or hemol-
ysis from other causes, suggesting that the deficiency
did not result from hemolysis, thrombocytopenia,
platelet activation, or thrombosis. Nonetheless, we
have not ruled out the possibility that other diseases
may be associated with a deficiency of this protease.
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Figure 2. Detection of an Inhibitor of von Willebrand Factor—
Cleaving Protease.

In Panel A, von Willebrand factor—cleaving protease activity
was measured in a mixture of control plasma and an equal vol-
ume of a plasma sample from 21 patients with miscellaneous
autoimmune or blood disorders, 37 patients with acute throm-
botic thrombocytopenic purpura (39 samples), and 16 patients
with thrombotic thrombocytopenic purpura in remission. Panel
B shows the results of autoradiography. Von Willebrand factor
was cleaved in control plasma incubated with heated control
plasma (lanes 3 and 4), whereas there was minimal cleavage in
control plasma incubated with a plasma sample from a patient
with thrombotic thrombocytopenic purpura (TTP) (lanes 1 and
2). EDTA was absent from the buffer in lanes 1 and 3 and
present in lanes 2 and 4. In Panel C, protease activity was
measured in 3:1 mixtures of various dilutions of a plasma sam-
ple from a patient with thrombotic thrombocytopenic purpura
and control plasma.
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Figure 3. Inhibitory Activity of IgG from 12 Patients with Acute
Thrombotic Thrombocytopenic Purpura (TTP) and from 11 Pa-
tients after Plasma-Exchange Therapy Was Instituted as a Func-
tion of the Inhibitory Activity of Plasma Samples from Which
IgG Was Isolated.

IgG antibody was isolated from plasma samples from the pa-
tients and mixed with control plasma, and protease activity
was plotted against the protease activity measured in the mix-
ture of control plasma and the patients’ plasma samples.

Plasma from normal subjects contained trace
amounts of 350-kd and 200-kd fragments of von
Willebrand factor, whereas plasma from patients with
thrombotic thrombocytopenic purpura did not al-
ways have these fragments. When present, such frag-
ments may have been produced before the protease
activity was suppressed by inhibitors. Many plasma
samples from patients with acute thrombotic throm-
bocytopenic purpura also had 300-kd bands. These
bands differed from the 350-kd band produced by
the protease or that produced by plasmin.!” Whether
cysteine proteases or platelet microparticles, which
have been detected in plasma from patients with
thrombotic thrombocytopenic purpura,?-22 generat-
ed these bands in vivo and what role, if any, they have
in the disease remain to be determined.

We found that plasma from most of our patients
contained inhibitors of von Willebrand factor—cleav-
ing protease. In each of the samples that we studied,
the inhibition was mediated by IgG antibodies. These
antibodies were probably directed against the pro-
tease, but they may also have been directed against
unknown protease cofactors. Since the incubation of
plasma from patients with thrombotic thrombocyto-
penic purpura with purified von Willebrand factor
before the addition of control plasma resulted in less
inhibition than did incubation of the plasma with
control plasma followed by the addition of von Wil-
lebrand factor (data not shown), it is unlikely that
the inhibitors were directed against the cleavage sites
of the von Willebrand factor substrate.

Four patients with the chronic relapsing form of
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Figure 4. Inhibition of von Willebrand Factor-Cleaving Protease
Activity by an IgG Antibody Isolated from Plasma from a Pa-
tient with Thrombotic Thrombocytopenic Purpura (TTP) (Panel
A) and Neutralization of the Inhibitory Activity by the Antibody
against Human Fab Region (Panel B).

In Panel A, the protease activity of control plasma and IgG an-
tibody isolated from the patient was plotted against the final
IgG concentration in the mixture (log scale). The protease ac-
tivity of the mixture of control plasma and control IgG is also
shown. In Panel B, the protease activity of a mixture of control
plasma, IgG antibody isolated from the patient, and IgG anti-
bodies to the Fab region (anti-Fab) or the Fc region (anti-Fc)
was plotted against the ratio of anti-Fab or anti-Fc to IgG in the
mixture (log scale).

thrombotic thrombocytopenic purpura were report-
ed to have reduced levels of von Willebrand factor—
cleaving protease activity.!? In none of these patients
was an inhibitor of the protease detected. However,
as reported by Furlan et al.23 elsewhere in this issue
of the Journal, inhibitors of this protease activity have
been detected in patients with acute thrombotic
thrombocytopenic purpura.

A link between thrombotic thrombocytopenic pur-
pura and abnormal immune reactions has been sug-
gested. 2426 Treatment with glucocorticoids or im-
munoadsorption with staphylococcal protein A may
induce a remission of the disease,?” but even in the
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Figure 5. Effects of Shear Stress on the Proteolysis of Purified von Willebrand Factor Multimers.

Purified von Willebrand factor was dissolved in the cryosupernatant of control plasma or a plasma sample from a patient with
thrombotic thrombocytopenic purpura (TTP). Panel A shows the sizes of the von Willebrand factor multimers on agarose-gel elec-
trophoresis in the cryosupernatants in the presence and absence of shear stress. Panel B shows the frequency of the cleaved 350-
kd and 200-kd fragments on polyacrylamide-gel electrophoresis and immunoblotting in the presence and absence of shear stress.
Shear stress at a rate of 6404 per second decreased the size of the multimers and increased the numbers of cleaved fragments only
in control cryosupernatant. The von Willebrand factor in the cryosupernatant of control plasma had an increase in the normalized
peak distance (Panel C) and the amount of 350-kd fragments (Panel D) that was dependent on the rate of shear stress. A normalized
peak distance of more than 1 indicates that the size of the multimers was decreased as compared with that measured in the absence
of shear stress. The amount of 350-kd fragments was expressed as a percentage of the amount in the absence of shear stress.

absence of immunosuppression thrombotic throm-
bocytopenic purpura does not recur in most patients
who are successfully treated with plasmapheresis.
The transient nature of acute thrombotic thrombo-
cytopenic purpura raises the possibility that the an-
tibodies to the protease represent a deranged re-
sponse to certain triggering events.

How does a deficiency of von Willebrand factor—

1592 November 26, 1998

cleaving protease lead to platelet thrombosis in
thrombotic thrombocytopenic purpura? Shear stress
unfolds von Willebrand factor?® and enhances its
proteolysis by protease in normal plasma.!>!7 Shear
stress may also expose the platelet-binding sites of
von Willebrand factor. Our finding that the increase
in ristocetin cofactor activity was dependent on the
level of shear stress supports this possibility. Thus, in
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Figure 6. Effect of Shear Stress on Ristocetin Cofactor Activity
of Purified von Willebrand Factor.

Shear stress decreased the ristocetin cofactor activity of von
Willebrand factor in the cryosupernatant of control plasma, but
increased it in the cryosupernatant of plasma from a patient
with thrombotic thrombocytopenic purpura (TTP). The ristoce-
tin cofactor activity is expressed as a percentage of the activity
in the absence of shear stress.

the absence of the protease, large, unfolded multi-
mers may be more likely to bind platelets. This may
explain why in patients with thrombotic thrombocy-
topenic purpura the numbers of large multimers are
frequently decreased!? and the binding of von Wil-
lebrand factor to platelets is increased.? In our cap-
illary-tube device, von Willebrand factor was sheared
at a rate of 4307 per second for 22 seconds. This
brief exposure, and perhaps differences in tempera-
ture and other unknown factors, may explain why in
a recent study the shear stress required to increase
ristocetin cofactor activity in vitro (77 dyn per
square centimeter) was higher than that encoun-
tered in normal circulation (60 dyn per square cen-
timeter).30

The presence of inhibitory antibodies to von Wil-
lebrand factor—cleaving protease may explain why in
our study thrombotic thrombocytopenic purpura re-
sponded to plasma infusion or plasma exchange. Pre-
sumably, patients with low titers of inhibitor would
have a response to simple plasma infusion, whereas
patients with high titers would require plasmaphere-
sis to remove the inhibitory antibodies and supply
normal protease. Plasmapheresis without plasma in-
fusion is relatively ineffective in patients with throm-
botic thrombocytopenic purpura,? perhaps because it
does not increase the protease activity quickly.

We ave indebted to Drs. G.P. Visentin, H. Billett, and V. Chan-
drasyekavan for supplying plasma samples and to Drs. Ronald L.
Naygel and Ira 1. Sussman for their generous support of the study and
critical comments.
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