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ABSTRACT

Hemolytic uremic syndrome (HUS) usually occurs after in-
fection with Shiga toxin-producing bacteria. Thrombotic throm-
bocytopenic purpura, a disorder with similar clinical manifesta-
tions, is associated with deficient activity of a circulating
metalloprotease that cleaves von Willebrand factor at the
Tyr842-Met843 peptide bond in a shear stress-dependent man-
ner. We analyzed von Willebrand factor-cleaving metallopro-
tease activity and the status of von Willebrand factor in 16
children who developed HUS after Escherichia coli O157:H7
infection and in 29 infected children who did not develop this
complication. Von Willebrand factor-cleaving metalloprotease
activity was normal in all subjects, but von Willebrand factor size
was decreased in the plasma of each of 16 patients with HUS.
The decrease in circulating von Willebrand factor size correlated
with the severity of thrombocytopenia and was proportional to an
increase in von Willebrand factor proteolytic fragments in

HUS, characterized by acute renal failure, hemolysis with
schistocytes on blood smears, and thrombocytopenia, is ac-
companied by thrombotic microangiopathy of the kidneys and
of other organs (1). The syndrome covers a diverse spectrum of
microangiopathic disorders (2—4), but most cases occur after
infection with Shiga toxin-producing bacteria, such as Esche-
richia coli O157:H7 (5) or Shigella dysenteriae serotype 1 (6).

TTP, a disorder with some clinical, laboratory, and his-
topathologic similarities to HUS, has been associated with
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plasma. Immunohistochemical studies of the kidneys in four
additional patients who died of HUS demonstrated glomerular
thrombi in three patients, and arterial and arteriolar thrombi in
one patient. The glomerular thrombi contained fibrin but little or
no von Willebrand factor. A decrease in large von Willebrand
factor multimers, presumably caused by enhanced proteolysis
from abnormal shear stress in the microcirculation, is common in
HUS. (Pediatr Res 49: 653-659, 2001)

Abbreviations:
HUS, hemolytic uremic syndrome
Met, methionine
stx, Shiga toxin gene
TTP, thrombotic thrombocytopenic purpura
Tyr, tyrosine

abnormal homeostasis of von Willebrand factor, a protein
that is secreted from endothelial cells as a disulfide-linked
polymer of a polypeptide with 2050 amino acid residues.
Circulating von Willebrand factor is normally cleaved be-
tween Tyr842 and Met843 (7) in a shear stress-dependent
manner (8) by a plasma metalloprotease (9, 10), generating
a series of multimers. Without this metalloprotease activity,
von Willebrand factor, when unfolded by shear stress (11),
has increased platelet-aggregating activity (12). It is postu-
lated that this increased activity facilitates the formation of
arteriolar and capillary platelet thrombi in TTP. Indeed,
acquired TTP has been associated with deficient von Wil-
lebrand factor-cleaving metalloprotease activity caused by
inhibitory antibodies (12, 13).
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Aberrations in von Willebrand factor multimers have been
described in HUS (14-17), but these reports did not adequately
characterize the cause of the thrombotic microangiopathy in
the subjects studied. One study reports that HUS is not asso-
ciated with deficient von Willebrand factor-cleaving metallo-
protease activity (13). However, this study also did not indicate
the cause of the HUS in the subjects. To explore further the
role of von Willebrand factor in the pathogenesis of HUS, we
investigated von Willebrand factor and its cleaving metallo-
protease activity in children with documented £. coli O157:H7
infection, with and without microangiopathic sequelae.

METHODS

Subjects. Children infected with E. coli O157:H7 were
enrolled via a laboratory-based identification system in Wash-
ington, Oregon, Idaho, and Wyoming (18).

Infected children were considered to have HUS if they had
hemolytic anemia (hematocrit < 0.30 with evidence of mi-
croangiopathic changes on peripheral smears), thrombocytope-
nia (platelet count < 150 X 10%/L), and renal insufficiency
(creatinine > upper limit of normal for age). Infected children
were considered to have uncomplicated illness if they did not
develop HUS. Children with confirmed E. coli O157:H7 in-
fection and HUS who had not been enrolled in the study during
the prodromal stage were also enrolled as subjects. Control
plasma samples were obtained from children aged < 10 y
without inflammatory, hematologic, infectious, or nephrologic
disorders, and who were undergoing elective surgery, usually
to repair inguinal hernias.

Parental informed consent was obtained for each subject.
Informed assent was obtained from patients and controls, if
appropriate for age and mental status. Institutional review
board approval was obtained at each participating hospital.

The first day of diarrhea was considered to be the first day of
illness. The duration of thrombocytopenia is considered to be
the interval between the first day of HUS, and the first of two
consecutive days in which the platelet count rose without
platelet transfusions.

Toxin genotyping of E. coli 0157:H7 strains. DNA from
each isolate was digested (BamHlI), electrophoretically sepa-
rated, transferred to a nylon membrane (Micron Separations,
Westboro, MA, U.S.A.), and probed under stringent conditions
(19) with the inserts of pJN37-19 and pNN111-19 to identify
stx] and stx2, respectively (20). DNA samples from E. coli
0103:H2 (21) and E. coli O157:H7 strain 86-24 (22) were
included as positive controls for stx/ and stx2, respectively. E.
coli HB101 (19) served as the negative control.

Plasma. Blood from subjects obtained by phlebotomy (1.8
mL) was anticoagulated by adding 0.2 mL of sodium citrate
(0.105 M), placed on ice, and centrifuged within 1 h. Plasma
was divided into aliquots, and frozen at —70°C.

Analysis of von Willebrand factor-cleaving metallopro-
tease activity and von Willebrand factor proteolysis. Von
Willebrand factor antigen concentration and von Willebrand
factor multimers were determined by enzyme immunoassay
and SDS agarose gel electrophoresis (12). The fraction of large
multimers, defined as those bands greater in size than the four
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smallest bands, was determined by scanning densitometry and
expressed as a percentage of the large multimer fraction in
pooled normal control plasma on the same gel.

Dimers of the 176-kD and the 140-kD fragments in plasma
samples were separated by SDS-PAGE under nonreducing
conditions, and visualized by immunoblotting using a poly-
clonal anti-von Willebrand factor antibody and an '**I-labeled
donkey anti-rabbit IgG antibody, followed by autoradiography
(12). These dimers appeared as 350-kD and 200-kD bands on
the nonreducing gels, and were quantified by scanning densi-
tometry and expressed as a percentage of the OD of the
corresponding species in pooled normal control plasma.

The assay of von Willebrand factor-cleaving metallopro-
tease activity was based on the generation, from exogenous
von Willebrand factor substrate, of dimers of the 176-kD and
the 140-kD fragments (12). Normal control plasma obtained
from the clinical coagulation laboratory was used as a refer-
ence and assumed to contain 100% of the metalloprotease
activity.

Histochemical and immunochemical studies. Postmortem
renal sections from four children who died of HUS were
examined for thrombi by hematoxylin and eosin staining. E.
coli O157:H7 was isolated from the stools of three of these
children, and a Shiga toxin-producing E. coli was isolated from
the stool of the fourth child whose HUS was preceded by
hemorrhagic colitis, but serotype information on this isolate
was not available. The lesions were examined for platelets,
fibrin, or both, following the procedure of Carstairs (23).
Fibrin, platelets, and erythrocytes stain pink, blue-gray, and
yellow, respectively. Von Willebrand factor was detected by
probing with a rabbit polyclonal anti-von Willebrand factor
antibody. Bound antibody was detected with a biotinylated
goat anti-rabbit IgG, peroxidase-conjugated streptavidin, and
3,3'-diaminobenzidine according to the manufacturer’s instruc-
tions (Dako Corp, Carpinteria, CA, U.S.A.).

Statistics. Data in a group were expressed as mean * SD.
Differences between groups were analyzed by ANOVA, or
paired ¢ test when appropriate. The correlation coefficient
between two variables was determined by using the Pearson
product-moment method (24).

RESULTS

Clinical features. Thirty-seven patients were enrolled and
investigated at the colitis stage of E. coli O157:H7 infection.
Eight of these patients subsequently developed HUS. Eight
additional cases were studied only at the HUS stage, because
plasma samples at the colitis stage were not available. Ten of
the 16 HUS patients required dialysis; none of the patients
received plasma infusion or exchange. All patients survived.
Case features are summarized in Table 1.

Von Willebrand factor-cleaving metalloprotease activity.
The metalloprotease activities in one HUS, one TTP, and one
normal control plasma sample are demonstrated in Figure 14.
Each sample was tested with and without EDTA, as indicated.
In normal and in HUS plasma, samples without EDTA, com-
pared with those with EDTA, generated 350-kD and 200-kD
proteolytic fragments from the von Willebrand factor substrate.
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Table 1. Clinical and laboratory features

Hemorrhagic colitis HUS
Number of cases 29 16
Gender (male/female) 10/19 8/8
Age (y)
Mean * SD 5.0 = 2.6 44 +24
(range) (0.6-9.9) (1.6-9.8)
Shiga toxin genotype
1+2 20 10
2 9 6
Dialysis - 10
Day of illness of blood sample Pre-HUS HUS
(n=28) (n = 16)
Mean = SD 6+ 2 4+1 8§*+3
(range) (3-10) (3-6) (4-16)
Platelet count (X 10°/L) at time of VWF assay
Mean *= SD 298 * 89 269 + 83 59 £ 25
(range) (119-533) (135-387) (12-94)
Duration of subsequent thrombocytopenia (d) if HUS
Mean = SD - 7*2
(range) (4-8)

vWE, von Willebrand factor.

In contrast, few (<10%) proteolytic fragments were generated
in the TTP plasma, demonstrating the severely deficient plasma
metalloprotease activity in TTP.

In the 16 HUS plasma samples, metalloprotease activity
(mean = SD) was 97 * 11% (range, 83 to 122%), whereas it
was 97 £ 14% (range, 75 to 137%) in the 37 plasma samples
obtained at the colitis stage. The distribution of the metallo-
protease activities in these patients and in seven normal chil-
dren (113 = 21%; range, 92 to 152%) is shown in Figure 1B.
In the 29 cases of uncomplicated hemorrhagic colitis, the
metalloprotease activity was 96 = 15%; of the eight patients
who subsequently developed HUS, the metalloprotease activity
was 98 = 9%. These values are not significantly different from
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Fig. 1. Normal levels of von Willebrand factor cleaving metalloprotease
activity in £. coli O157: H7 infection. 4, immunoblot of SDS-PAGE depicting
the generation of 350-kD and 200-kD fragments from von Willebrand factor
substrate in the absence of EDTA in control (metalloprotease activity = 100%)
and HUS (metalloprotease activity = 88%) samples. There is minimal gener-
ation of these fragments by a TTP plasma sample (metalloprotease activity <
10%). The 350-kD and 200-kD fragments in the EDTA lanes represented
endogenous fragments in the plasma samples and the von Willebrand factor
substrate. B, levels of von Willebrand factor (vIWF) cleaving metalloprotease
activity in seven normal, 37 colitis, and 16 HUS plasma samples. The data of
the eight patients who were studied at both colitis and HUS stages are
represented by 4.

each other and are within the range observed in 57 normal adult
individuals without TTP (103 = 12%) in a separate study (25).
Thus, no deficiency in von Willebrand factor-cleaving metal-
loprotease activity was detected in children infected with E.
coli O157:H7, with or without HUS, unlike the deficiency
observed in TTP.

Von Willebrand factor multimers. The von Willebrand
factor multimers analyzed by SDS agarose gel electrophoresis
in one patient who developed HUS are illustrated in Figure 24.
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Fig. 2. Decrease of large von Willebrand factor multimers in HUS caused
by E. coli O157: H7 infection. 4, autoradiograph of an SDS agarose gel
depicting a loss of large multimers and an increase of small multimers in
an HUS plasma sample compared with the control and colitis plasma
samples. In the gel analysis, smaller multimers moved faster toward the
bottom of the gel. For reference, the location of IgM is indicated on the left.
The colitis sample, obtained from the same patient, contained the entire
size spectrum of multimers. On densitometric analysis, the fraction of large
multimers (those larger than the four smallest bands) was determined to be
slightly decreased to 89%. B, levels of the large multimer fraction in seven
normal children, 37 colitis, 16 HUS, and 14 normal adult plasma samples.
The large multimer fraction decreased to < 91%, or 3 SD below the mean,
of the controls, in all 16 HUS and in six colitis samples. In each of the eight
patients (~) who were studied at both stages, the fraction of large multim-
ers decreased at the stage of HUS.
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During the colitis stage, the multimer distribution did not differ
visually from that of control plasma, but, by densitometry, the
large multimer fraction was decreased to 89%. When HUS
ensued, the large multimer fraction in this patient further
decreased to 62%.

The fractions of the large multimers in each of the samples
studied are depicted in Figure 2B. Of the 37 patients in the
colitis stage of infection, the large multimer fraction was 96 =
8%, compared with 100 £ 3% in the seven control children
and 101 = 3% in 14 normal adults. No difference in the large
multimer fraction was detected between the 29 patients who
had uncomplicated infection (96 = 8%) and the eight patients
who subsequently developed HUS (98 = 6%, p > 0.45). In six
of the 37 samples obtained at the colitis stage (including one
from a patient who subsequently developed HUS), the large
multimer fraction was < 91%, i.e. >3 SDs below the mean of
the controls. Of the 16 patients investigated at the onset of
HUS, the large multimer fraction was 79 * 10%. This value
was significantly decreased, compared with the control and
with the colitis samples (p < 0.001). In the eight patients who
were studied in both colitis and HUS stages, the onset of HUS
was associated with a decrease in the large multimer fraction
from 98 *= 6% to 77 = 12% (p < 0.001). To determine
whether the decrease of von Willebrand factor multimer size
was related to the thrombotic process, the values of the large
multimer fraction were plotted against the corresponding plate-
let counts (Fig. 3). The graph demonstrates a correlation
between a decrease in platelet counts and a decrease in the
fractions of large multimers (p < 0.001). However, as the
graph demonstrates, the relation between these two variables
was complex, and in a linear regression analysis, the coefficient
of correlation was 0.56.

Among the patients investigated at the colitis stage of infec-
tion, the fraction of large von Willebrand factor multimer was
96 = 8% in the 24 children whose infecting isolates contained
stxl and stx2, and was 98 * 7% in the 13 children whose
isolates contained s#x2 but not stx/ (p > 0.4). Among the
patients investigated at the beginning of HUS, the large von
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Fig. 3. A decrease in the platelet counts was associated with a decrease in the
large multimers. The fractions of large multimers are plotted against the
platelet counts for patients with colitis (e) and patients with HUS (4). For the
entire group, a decrease in the platelet count correlated with a decrease in the
fraction of the large multimers (» < 0.001). The lines depict the regression for
samples with platelet counts above or below 200 X 10°/L. In some patients in
both groups, a dramatic decrement in the large multimer fraction was noted.
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Willebrand factor multimer fraction was 80 = 12% in the 10
children whose infecting isolates contained stx/ and stx2 and
was 78 £ 8% in the six children whose isolates contained stx2
but not stx! (p > 0.5).

Von Willebrand factor proteolysis. To determine whether
enhanced cleavage contributes to the decrease of large von
Willebrand factor multimers, we analyzed the concentration of
proteolytic fragments in the plasma samples by SDS PAGE
and immunoblotting.

Plasma from one representative patient is demonstrated in
Figure 44. Compared with samples obtained during the colitis
stage of infection (lane 2), the 350-kD and 200-kD species are
clearly increased at the HUS stage (lane 3).

Thirty-six samples obtained at the colitis stage and 16
samples obtained at the HUS stage were available for proteol-
ysis analysis (plasma from one colitis patient had insufficient
volume for proteolysis analysis). The results of the 350-kD
band density are depicted in Figure 4B. The 350-kD band
density increased from 147 = 65% of control among the colitis
samples to 495 = 193% among the HUS samples (p < 0.001).
Similarly, the 200-kD band density increased from 133 = 68%
of control among the colitis samples to 471 = 225% among the
HUS samples (p < 0.001; individual data not shown). In the
eight patients who were investigated at both stages, the 350-kD
band density increased from 176 £ 65% at colitis to 492 =
189% at HUS (p < 0.001). In these eight patients, the 200-kD
band also increased from 174 = 63% at colitis to 374 = 110%
at HUS (p < 0.001; individual data not shown).

To determine whether the observed increase in the fragments
was solely attributable to an increase in von Willebrand factor
antigen concentrations, the von Willebrand factor antigen lev-
els in the two groups of plasma samples were determined by
enzyme immunoassay (Fig. 54). The von Willebrand factor
antigen concentration increased from 137 £ 37% of the control
value in the 37 samples obtained at the colitis stage to 230 =
74% (p < 0.001) in the 16 samples obtained at the HUS stage.
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Fig. 4. Increased von Willebrand factor proteolysis in association with HUS
caused by E. coli O157:H7 infection. 4, immunoblot of SDS PAGE depicting
the 350-kD and 200-kD von Willebrand factor fragments in a control plasma
sample and in the colitis and HUS plasma samples of a patient studied at both
stages. B, distribution of the OD of the 350-kD band in 37 colitis and 16 HUS
plasma samples. As a group, the 350-kD band OD was higher in the HUS
samples than in colitis samples (»p < 0.001). In each of the eight individuals
studied at both stages (2 ), the onset of HUS was associated with an increased
350-kD band OD (p < 0.001). Analysis of the 200-kD band produced similar
results (data not shown).
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In the eight patients investigated at both stages, the von
Willebrand factor antigen level increased from 184 * 65% to
234 £ 62% (p = 0.0424). However, an increase was not
observed in two patients and was <30% in two additional
patients. In each of these eight patients, the ratio of the 350-kD
band density at the HUS stage to the density of the same band
at the colitis stage (313 = 84%) was higher than the ratio of
von Willebrand factor antigen levels (148 = 62%, p < 0.002;
Fig. 5B).

The ratios of the 350-kD and 200-kD bands to von Wille-
brand factor antigen (222 = 73% and 217 £ 129%, respec-
tively) were higher for the 16 HUS samples than for the 36
colitis samples (109 = 44% and 101 = 58%, p < 0.001 and p
< 0.004, respectively). These data show that von Willebrand
factor fragments in the HUS samples remained elevated after
adjustment for von Willebrand factor concentrations.

To demonstrate further that cleavage contributed to the
decrease of large von Willebrand factor multimers, we plotted
the 350-kD band density against the fraction of large multimers
for all the samples (Fig. 64). The coefficient of correlation
between these two variables was —0.552 (p < 0.001). The
coefficient of correlation between the 200-kD band density and
the fraction of large multimers for all the samples was —0.628
(p < 0.001; individual data not shown). To account for the
increase of the von Willebrand factor antigen level in associ-
ation with the onset of HUS, the 350-kD band density was
divided by the von Willebrand factor antigen concentration. As
shown in Figure 6B, the correlation between the 350-kD band
density/von Willebrand factor antigen ratio and the fraction of
large multimers remained highly significant (coefficient of
correlation, —0.466; p < 0.001). A similar correlation
(—0.506; p < 0.001) was also observed between 200-kD band
density/von Willebrand factor antigen ratio and the fraction of
large multimers (individual data not shown).

Taken together, these data indicate that the increase in the
concentration of proteolytic fragments is out of proportion to
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Fig. 5. Increase of von Willebrand factor (v//F) antigen (4g) concentration
and proteolysis at the onset of E. coli O157:H7-associated HUS. 4, von
Willebrand factor antigen concentrations in the 36 colitis and 16 HUS plasma
samples. The eight patients who were studied at both stages are represented by
(2). B, for the eight patients studied at both stages, the ratios of the 350-kD
band OD at HUS to the 350-kD band OD at colitis are plotted against the ratios
of vWF Ag concentration at HUS to its concentration at the colitis stage. Data
points above the line of unity indicate that onset of HUS was associated with
a greater increase in the 350-kD band OD than in the vVWF Ag concentration.
Analysis of the 200-kD band produced similar results (data not shown).
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Fig. 6. A decrease in the large von Willebrand factor multimers was associ-
ated with an increase in von Willebrand factor proteolytic fragments. 4, plot of
the 350-kD band density against the fraction of large multimers for 36 colitis
samples (4) and 16 HUS (2) samples. The regression line indicates that a
decrease of the large multimers correlates with an increase in the 350-kD band
density (p < 0.001). B, 350-kD band OD/von Willebrand factor (vI¥F) antigen
(Ag) ratio also inversely correlated with the fraction of large multimers (p <
0.001). Analysis of the 200-kD band density produced similar results (data not
shown).

the increase in the plasma concentration of von Willebrand
factor antigen, which can be elevated as an acute phase
reactant.

Immunochemical findings of the thrombotic lesions. To
determine whether fibrin and von Willebrand factor were
present in the thrombotic lesions of HUS, we examined post-
mortem renal sections from four children who died of HUS
after hemorrhagic colitis caused by Shiga toxin-producing E.
coli. As controls, renal tissue from a patient with disseminating
intravascular coagulation and brain tissue from a patient with
TTP were also studied. As illustrated in Figure 7, thrombi in
the patient with disseminating intravascular coagulation and
the patient with HUS contained fibrin (pink) but not von
Willebrand factor. In contrast, the lesions of TTP stained
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Fig. 7. Analysis of the glomerular microthrombi (arrows) in postmortem
sections from a child who died from E. coli O157:H7-associated HUS. The
thrombi contain fibrin (pink) but not von Willebrand factor (vIWF). The
glomerular endothelial cells were weakly positive for von Willebrand factor
(brown). In comparison, postmortem renal sections from a patient with dis-
seminating intravascular coagulation (D/C) demonstrate microthrombi with
fibrin, and postmortem brain sections from a patient with TTP contained
platelets (blue-gray) and von Willebrand factor. H&E, hematoxylin and eosin
stain; P&F, platelet and fibrin stain of Carstairs (23).
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positive for platelets (blue-gray) but negative for fibrin. In
TTP, von Willebrand factor was identified within the micro-
thrombus (brown).

The postmortem kidney sections of three of the four patients
with HUS demonstrated abundant glomerular microthrombi
that stained positive for fibrin. In these patients, von Wille-
brand factor was present within endothelial cells (a normal
finding) but not in the thrombi. In one patient, thrombi were
detected in the arterioles and small arteries but not in the
glomeruli. The thrombi in this patient stained positive for
fibrin; some of the lesions also contained von Willebrand
factor.

DISCUSSION

We have demonstrated that in well-characterized HUS
caused by E. coli O157:H7, there is no deficiency of circulating
von Willebrand factor-cleaving metalloprotease activity. We
further demonstrate that fibrin, and not von Willebrand factor,
is abundant in glomerular thrombi of E. coli O157:H7-
associated HUS. In each of the HUS cases, the size of von
Willebrand factor, as represented by the large multimer frac-
tion, was decreased, and in none of these cases were ultralarge
multimers detected. The change in von Willebrand factor
multimers is specific for HUS because patients with renal
failure from other causes have normal circulating von Wille-
brand factor multimers (26).

Conflicting data exist in the literature regarding von Wille-
brand factor size in childhood HUS. Moake ef al. (14) reported
a relative decrease in large multimers in each of seven patients
with HUS, but subsequently Moake (15) reported that 24 of 51
patients with HUS had a relative decrease in large multimers,
and three had unusually large multimers. Rose et al. (16)
reported that an increase of large multimers was observed in
each of the 13 patients with diarrhea-associated HUS. Man-
nucci et al. (17) noted the presence of unusually large multim-
ers in four patients with HUS, but the proteolytic fragments
were also increased.

Disorders termed as HUS comprise a heterogeneous group
with different pathogenetic mechanisms (2—4). In previous
studies of von Willebrand factor abnormalities in HUS, the
cause of the HUS and the stage of illness that the patients were
in were not always provided, and the criteria for distinguishing
between HUS and TTP were incompletely defined. Therefore,
different subsets of HUS might have been included, including
some patients who might have had TTP. Because of these
reasons, it is difficult to compare our findings with those in the
literature. Furthermore, because the size distribution of von
Willebrand factor multimers is not analyzed in a quantitative
manner, subtle changes might have been overlooked. In fact,
our interpretation of the multimer patterns published by Rose et
al. (16) suggests that small multimers are increased. In future
studies, it will be instructive to include results of microbiologic
studies of the stools and a determination of the von Willebrand
factor-cleaving metalloprotease activity as part of the case
definition and  characterization of  thrombotic
microangiopathies.
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The correlation between the fractions of large multimers and
the platelet counts in our patients suggests that the decrease of
large von Willebrand factor multimers and the process of
thrombocytopenia are related. Large von Willebrand factor
multimers may participate in, and be consumed during, the
evolution of thrombosis as HUS develops. Alternatively or
additionally, large von Willebrand factor molecules may be
unfolded (11) by abnormal shear stress in the microvascular
circulation and become more susceptible to proteolysis (8).
The latter scenario is supported by the increase of the von
Willebrand factor proteolytic fragments that we have detected
in infected patients at the onset of HUS. In most cases, the
magnitude of the increase of proteolytic fragments, as repre-
sented by the 350-kD and 200-kD species, is higher than that
expected from the increase in von Willebrand factor antigen
concentration and is directly correlated with a decrease in the
fraction of large multimers.

The reason for the presence of von Willebrand factor in the
arterial and arteriolar, but not in the glomerular, thrombi,
remains speculative. Thrombotic lesions in different parts of
the vasculature probably increase the shear rate of von Wille-
brand factor differently. The resulting von Willebrand factor
proteolysis will be variable. Based on the heterogeneous
thrombus components, we further speculate that although von
Willebrand factor metalloprotease is not deficient in HUS, in
some cases von Willebrand factor may be involved in the
thrombotic process, leading to a consumption of large von
Willebrand factor multimer. This process may explain why the
decrease of large multimers is sometimes more than what
would have been expected from the severity of thrombocyto-
penia (Fig. 3) and, in occasional cases, the decrease is not
associated with a clear increase in von Willebrand factor
proteolytic fragments (Fig. 6).

Our immunohistochemical findings are consistent with those
of Asada et al. (27), who detected abundant von Willebrand
factor but little or no fibrin in the thrombi of TTP, and those of
Habib (1), who detected prominent fibrin in the thrombi of
HUS.

Our data also shed light on the vascular response to E. coli
O157:H7 infection, even in the absence of HUS. For example,
we detect a decrease in the size of von Willebrand factor
multimers in a subset of patients with hemorrhagic colitis
whose illness resolves without progression to overt HUS.
These data suggest that the colitis may, at least in some
patients, be accompanied by microvascular thrombosis, and
that this process resolves without evolving into HUS. Indeed,
capillary platelet-fibrin thrombi have been detected in the
colonic mucosa of classic HUS (28-31) and in chimpanzees
infused with Shiga toxins (32).

Finally, our data have practical implications. In TTP, the
deficiency of the circulating von Willebrand factor metallopro-
tease now provides a rational basis for the use of plasma
exchange or plasma infusion to treat this disorder. However,
the normal von Willebrand factor-cleaving metalloprotease
activity in children with E. coli O157:H7-associated HUS
lends no support to the use of these modalities in the treatment
of this disorder. In fact, two clinical trials of plasma therapy in
pediatric cases of HUS fail to detect definitive benefits of
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plasma therapy on survival, course of hematologic changes, or
long-term recovery of renal functions (33, 34).

In conclusion, our data do not support an etiologic role for
von Willebrand factor metalloprotease deficiency in the for-
mation of renal microthrombi in HUS and provide evidence in
support of a distinction in pathophysiology between E. coli
0157:H7-associated HUS and TTP (2—4). Furthermore, E. coli
0157:H7-associated HUS is accompanied by increased prote-
olysis of von Willebrand factor. A decrease in von Willebrand
factor large multimers should diminish the platelet-aggregating
activity of this molecule, so enhanced proteolysis of circulating
von Willebrand factor multimers may explain in part the
absence of von Willebrand factor in the glomerular thrombi of
HUS.
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