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Abstract: The identification, characterization, and clinical observa-

tion of ADAMTS13 (a disintegrin and metalloprotease with throm-

bospondin-1–like domains) have provided important insights into 

the pathogenesis of thrombotic thrombocytopenic purpura (TTP). 

ADAMTS13 is a plasma enzyme essential for postsecretion proteolytic 

processing of von Willebrand factor (VWF). Absence of ADAMTS13 is 

associated with the occurrence of abnormally large multimers of VWF 

and is also associated with the occurrence of TTP. Initial assump-

tions that absent ADAMTS13 was itself the etiology of TTP have been 

tempered by subsequent observations that ADAMTS13 activity can 

be severely deficient without clinical abnormalities and that patients 

can have characteristic clinical features of TTP without severe 

ADAMTS13 deficiency. A current interpretation of these observations 

is that ADAMTS13 deficiency is a major risk factor for the devel-

opment of TTP, but it is neither always necessary nor sufficient to 

cause TTP. This interpretation is consistent with other vascular and 

thrombotic disorders in which multiple risk factors and associated 

conditions contribute to the etiology of acute events.

ADAMTS13, von Willebrand Factor, and Platelet 
Adhesion

Th e identifi cation, characterization, and clinical observation of 
ADAMTS13 (a disintegrin and metalloprotease with thrombospon-
din-1–like domains) in the past 8 years1-8 have provided important 
insights into the pathogenesis of thrombotic thrombocytopenic pur-
pura (TTP).9 ADAMTS13 is a plasma enzyme that cleaves von Wil-
lebrand factor (VWF) following VWF secretion by endothelial cells. 
Endothelial cells are the site of VWF synthesis and most VWF is 
secreted into the subendothelial matrix, where it combines with col-
lagen and provides the surface for platelet adhesion following blood 
vessel damage. VWF secreted into plasma does not interact with 
platelets unless there is platelet activation. In plasma, VWF circulates 
as multimers of various sizes, with larger multimers being more reac-
tive with platelets when vessel damage and platelet activation occur. 
Even with normal proteolytic processing by ADAMTS13, VWF 
is the largest plasma protein, with strings of multimers achieving 
a molecular weight of up to 20,000,000 daltons. VWF multimers 
with linear dimensions of over 2 µm, the diameter of a normal plate-
let, have been visualized by electron microscopy.10 In the absence of 
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normal proteolytic processing of VWF by ADAMTS13, 
even larger VWF molecules occur that may adhere to cir-
culating platelets and cause spontaneous aggregation.9

ADAMTS13 Deficiency and the Etiology 
of TTP

Th e recent observations regarding ADAMTS13 and 
TTP were anticipated 23 years ago by Moake and oth-
ers when they observed abnormally large multimers of 
VWF in patients with chronic relapsing TTP.11 Some of 
the patients in this original report11 had acquired TTP; 
at least 1 woman had congenital TTP, a syndrome fi rst 
described by Schulman and colleagues in 196012 and 
Upshaw in 1978.13 Moake and others recognized the 
relevance of these observations, since the abnormally 
large plasma multimers of VWF had a greater ability to 
interact with circulating platelets than normal sized VWF 
multimers and could contribute to the formation of intra-
vascular platelet thrombi. Although these abnormal VWF 
multimers were larger than normal plasma VWF, they 
were similar in size to the VWF multimers synthesized 
by endothelial cells and stored in their secretory granules. 
Th erefore Moake and others hypothesized that in TTP a 
plasma enzyme responsible for proteolytic modifi cation of 
secreted VWF was absent.11 Although evidence supporting 
the hypothesis of postsecretion proteolytic modifi cation 
of VWF was later suggested in 1990 by Dent and others,14

it was not until 1996 that Furlan et al1 and Tsai2 isolated 
a VWF-cleaving protease from plasma. Subsequent devel-
opments in the ADAMTS13-VWF-TTP story occurred 
rapidly. Th e VWF-cleaving protease activity was found to 
be absent in patients with both acquired and congenital 
TTP3,4 and patients with acquired TTP were found to 
have activity in their sera that neutralized the protease 
activity.5,6 When the protease was isolated, it was found to 
be a member of a metalloprotease family of enzymes and 
characterized as ADAMTS13.7,8,15 Patients with congeni-
tal TTP were found to have mutations in the ADAMTS13
gene.8,16-19 Th is rapid development of new molecular and 
clinical knowledge led to the compelling hypothesis that 
absent ADAMTS13 activity was the etiology of TTP. 

Th is hypothesis gained further support because it 
provided an explanation for the eff ectiveness of plasma 
therapy in treating TTP. Prior to the systematic use 
of plasma therapy, the mortality rate for patients with 
TTP was 90%.20 Initial reports in the 1970s described 
remissions from TTP with whole blood–exchange trans-
fusions,21 plasma infusions,22 and plasma exchange.23 

Th en, in 1991, Rock and the Canadian Apheresis Study 
Group published a landmark randomized clinical trial 
documenting the effi  cacy of plasma exchange treatment 
compared to plasma infusion.24 In this study, 40 (78%) of 

the 51 patients randomized to plasma exchange therapy 
survived.24 Th ese observations suggested that patients 
with acquired TTP, presumed to be caused by autoanti-
body inhibition of ADAMTS13 activity, require apheresis 
to remove the autoantibody and a large volume of plasma 
infused during plasma exchange to provide ADAMTS13 
activity in excess of in vivo autoantibody neutralization.9

In contrast, patients with congenital TTP could be man-
aged simply by intermittent plasma infusions to replace 
missing ADAMTS13 activity.13,25 With these observations 
and inferences it appeared that we now understood the 
cause of TTP and the mechanism of eff ective treatment. 

Limitations of the ADAMTS13 
Deficiency Hypothesis

Th e limitations of this hypothesis soon became apparent. 
Several patients with congenital absence of ADAMTS13 
but no evidence of TTP have been described.26 Other 
patients with congenital absence of ADAMTS13 do 
not manifest overt TTP until adulthood.11,26,27 Many 
patients with congenital absence of ADAMTS13 have 
long intervals between acute episodes of TTP, which 
may be triggered by pregnancy or acute infl ammatory 
conditions.13 Patients have been described who have 
recovered from acquired TTP and had stable hematologic 
remissions for months or years in spite of undetectable 
ADAMTS13 activity.28-30

Initial reports suggested that ADAMTS13 defi ciency 
distinguished TTP from hemolytic uremic syndrome 
(HUS), since patients described as having HUS did 
not have severe ADAMTS13 defi ciency.5,31 However, 
interpretation of these studies is uncertain because they 
do not present quantitative, reproducible clinical criteria 
to defi ne patients as having either TTP or HUS. Dis-
tinguishing of TTP from HUS is diffi  cult because these 
syndromes have similar pathologic features (thrombotic 
microangiopathy32,33) and identical defi ning clinical 
characteristics (thrombocytopenia and microangiopathic 
hemolytic anemia). Although it is commonly stated that 
TTP is characterized by predominant neurologic abnor-
malities and HUS is characterized by predominant renal 
failure, in clinical practice they are not distinct. Children 
with typical HUS, preceded by bloody diarrhea caused by 
enterohemorrhagic species of Escherichia coli such as Escherichia coli such as Escherichia coli E. coli
0157:H7, do have predominant renal failure, but 15–25% 
of children with typical HUS also have severe neurologic 
abnormalities.34-36 TTP and HUS are not distinct syn-
dromes in adult patients; many have both severe neuro-
logic abnormalities and acute renal failure, or neither.37

Furthermore, many patients with severe ADAMTS13 
defi ciency have no neurologic abnormalities and some 
patients with severe ADAMTS13 defi ciency have acute 
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renal failure.37,38 Although acute renal failure only rarely 
occurs in patients with severe ADAMTS13 defi ciency, 
patients without severe ADAMTS13 defi ciency have the 
same frequency of severe neurologic abnormalities and the 
same severity of thrombocytopenia and hemolytic anemia 
as those with severe ADAMTS13 defi ciency.37 Th us, the 
inability to distinguish the clinical syndromes described as 
TTP and HUS in adults and the similar clinical features 
of adult patients with or without severe ADAMTS13 
defi ciency support the use of the comprehensive term 
TTP–HUS to describe the adult syndromes.37,39,40

Additional observations that the correlation between 
severe ADAMTS13 defi ciency and the occurrence of TTP 
is not perfect is that the frequency of severe ADAMTS13 
defi ciency is extremely variable in case series of adults with 
TTP (or, as described in some case series, TTP–HUS) 
(Table 1).28,31,37,41,42 In these case series, the percent-
age of patients with TTP who had severe ADAMTS13 
defi ciency ranged from 12% to 80%. Most patients with 
severe ADAMTS13 defi ciency were described as having 
idiopathic TTP. In 2 of these case series, patients with 
idiopathic TTP were distinguished from patients who 
had a prior stem cell transplant procedure, in whom 
TTP was associated with pregnancy, in whom there was 
a potential drug-associated etiology, in whom there was a 
prodrome of bloody diarrhea, or who had an additional 
diagnosis (such as systemic lupus erythematosus) or were 
subsequently discovered to have an alternative etiology 
(such as sepsis or disseminated malignancy). But even in 
this restricted category of patients, the frequency of severe 
ADAMTS13 defi ciency ranged from 30%37 to 80%.28 

Th ese observations emphasize the diversity of syndromes 
described as TTP or TTP–HUS.

Only undetectable or severely defi cient ADAMTS13 
activity (<5% of normal) is considered to be specifi c for 
TTP.43 But many patients in whom the diagnosis of TTP 
is considered have moderate defi ciencies, 5–25% of nor-
mal. In some patients with TTP, a severe defi ciency of 
ADAMTS13 may be masked by prior transfusions, since 
the half-life of ADAMTS13 in plasma is 2–3 days.25,44 In 
addition, patients with acute multisystem disorders that 
may mimic TTP–HUS can have reductions in defi cien-
cies of ADAMTS13 activity (Table 2). In patients with 
severe sepsis or acute fl ares of systemic lupus erythemato-
sus, levels of ADAMTS13 activity may be perilously close 
to the levels described as specifi c for TTP (ie, <5%).43 It 
may be that any acute illness resulting in increased levels 
of plasma VWF will be associated with a correspondingly 
decreased levels of ADAMTS13 activity.45,46

Th e hypothesis that severe ADAMTS13 defi ciency is 
the etiology of TTP has been tested in an experimental 
mouse model. ADAMTS13-defi cient mice were gener-
ated by gene targeting to remove exons 1–6, which encode 

Table 1. Frequency of Severe ADAMTS13 Deficiency 
Among Patients with TTP

Case Series
Total 

Patients

Patients with 
Severe ADAMTS13 

Defi ciency*

Veyradier et al31 63 44 (70%)

Mori et al41 18 12 (67%)

Raife et al42 107 50 (47%)

Zheng et al28

All patients 37 16 (43%)

Patients with 
idiopathic TTP 20 16 (80%)

Vesely et al37

All patients 185 22 (12%)

Patients with 
idiopathic TTP 167 20 (30%)

* Severe ADAMTS13 deficiency is usually defined as <5% of normal activity.

TTP = thrombotic thrombocytopenic purpura.

Table 2. ADAMTS13 Activity in Patients with Acute 
Multisystem Disorders that May Mimic TTP

Disorder ADAMTS13 Activity 

Sepsis37,40 6–100%

Systemic lupus 
erythematosus37,40 7–100%

HELLP syndrome67* 12–48%

* An acronym for an obstetric complication manifested by hemolysis, elevated 
liver function tests, and low platelet counts.

TTP = thrombotic thrombocytopenic purpura.

most of the protease domain of ADAMTS13.47 Although 
the resulting homozygous ADAMTS13-null mice had 
no specifi c VWF-cleaving protease activity, hematologic 
parameters were normal and there was no evidence for 
thrombocytopenia or microangiopathic hemolytic ane-
mia. However, the ADAMTS13-defi cient mice had an 
increased thrombotic tendency and were more susceptible 
to death from infusion of verotoxin-2, a bacterial toxin 
involved in the pathogenesis of typical childhood HUS. 
Verotoxin-2 infusion caused more frequent thrombocy-
topenia and greater mortality in the ADAMTS13-null 
mice than in the control mice. Peripheral blood from the 
ADAMTS13-null mice demonstrated microangiopathic 
changes following verotoxin-2 infusion. Th ese observa-
tions support the concept that severe ADAMTS13 defi -
ciency may not always be suffi  cient to cause overt TTP.
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Risk Factors for the Development of 
TTP–HUS

Although severe ADAMTS13 defi ciency may not always 
be suffi  cient to cause TTP, clinical observations and exper-
imental data suggest that severe ADAMTS13 defi ciency 
is the major risk factor for development of TTP–HUS
(Table 3). In addition to severe ADAMTS13 defi ciency, 
multiple other risk factors are associated with TTP. In all 
reported case series of TTP–HUS among adults, there 
are more women than men.27 Th is is distinct from the 
equal occurrence of girls and boys among children with 
typical diarrhea-positive HUS.34,36 Moreover, pregnancy 
is clearly an additional risk factor for the development of 
TTP. Th ere are reports of 15 women from 9 families with 
congenital ADAMTS13 defi ciency who had their fi rst 
episode of TTP coincident with their fi rst pregnancy.11,26,27

Pregnancy as a trigger for TTP in women with congenital 
ADAMTS13 defi ciency was emphasized in the report by 
Furlan and Lämmle of 2 families, each with 3 siblings 
who had undetectable ADAMTS13 activity.26 In each of 
these 2 families, 2 sisters had their fi rst episodes of TTP 
during their fi rst pregnancies while a brother continued 
to remain asymptomatic.26 Acute episodes of TTP may 
occur in all pregnancies in women with congenital TTP, 
unless intensive plasma infusion prophylaxis is provided.48

In all case series that describe pregnancy, 79 (13%) of 601 
women were diagnosed during pregnancy.27 However 
pregnancy should not be overemphasized as a risk factor 
in women who have recovered from acquired TTP as 
typically subsequent pregnancies are not complicated by 
recurrent TTP.48

Black race is another risk factor for the development 
of TTP. An increased relative frequency of blacks among 
patients with TTP has been suggested in multiple case 
series28,37,49-51 and confi rmed by data from the Oklahoma 
TTP–HUS Registry, which documented an incidence 
rate ratio of black patients versus non-black patients, 

standardized for age and sex, of 3.07 (95% confi dence 
interval, 2.16-4.37).52 When this analysis was restricted to 
patients with severe ADAMTS13 defi ciency, the standard-
ized incidence rate ratio of black patients to non-black 
patients was even greater: 9.29 (95% confi dence interval, 
4.33–19.93).52

Other risk factors for TTP–HUS include obesity,37

bacterial infections,53 cardiac surgery,54 and acute infl am-
matory conditions such as pancreatitis.55  

Relation of ADAMTS13 Deficiency to Other 
Risk Factors for TTP–HUS

Although current observations suggest that severe 
ADAMTS13 defi ciency is not the sole etiology for TTP–
HUS, it may be related to other apparent risk factors and 
help provide an understanding for interactions among 
these risk factors.

An increased risk for acute episodes of TTP during 
pregnancy may be related to the increased plasma concen-
tration of VWF that occurs during pregnancy,56 which is 
associated with a corresponding decrease of ADAMTS13.57

Th e higher frequency of TTP–HUS among women, 
especially during pregnancy, could also be related to the 
ability of estrogen to potentiate platelet activation and 
aggregation.58 Any condition causing an increased plasma 
concentration of VWF, an acute-phase reacting plasma 
protein,59 can potentially cause a corresponding decrease 
of ADAMTS13.45,46 Although this inverse relation of 
substrate and enzyme may be an in vitro artifact of the 
ADAMTS13 assay, it may also refl ect in vivo consumption 
of ADAMTS13. Th erefore, increased plasma concentra-
tions of VWF and correspondingly decreased plasma con-
centrations of ADAMTS13 may also be involved in the 
acute infl ammatory conditions that appear to be associ-
ated with the development of TTP–HUS.53-55 Th ese acute 
infl ammatory conditions may be similar to conditions 
in cell culture studies that have demonstrated the secre-
tion of abnormally large multimers of VWF stimulated 
in a dose-dependent manner by interleukin-8 and tumor 
necrosis factor-alpha.60 Th ese experimental data suggest 
that infl ammatory cytokines may cause the accumulation 
of abnormally large VWF multimers in plasma and on the 
surface of endothelial cells and provide a potential link 
between infl ammation and thrombosis in the etiology of 
acute episodes of TTP–HUS.60,61

Th e risk factors of female sex and black race are simi-
lar to risk factors for other autoimmune disorders, such as 
systemic lupus erythematosus.62 In addition, the increased 
incidence among blacks may be related to their higher 
levels of VWF,63 which may increase their risk for VWF-
mediated platelet thrombus formation in the absence 
of ADAMTS13.  

Table 3. Risk Factors and Conditions Associated with 
Occurrence of Acute Episodes of TTP–HUS

Major Risk Factor
ADAMTS13 defi ciency

Minor Risk Factors
Age 20–60 years
Black race
Female sex
Pregnancy
Obesity
Acute illness (such as cardiac surgery, pancreatitis)

TTP–HUS = thrombotic thrombocytopenic purpura–hemolytic uremic syndrome.
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The Clinical Course of TTP–HUS Related to 
Severe ADAMTS13 Deficiency

Th e confi rmation that acquired TTP can be caused by 
autoantibodies has provided important information 
for patient management. Relapses of TTP occur almost 
exclusively among patients with severe ADAMTS13 defi -
ciency,38 in whom an autoimmune etiology is assumed. 
Not only is the risk for relapse associated with severe 
ADAMTS13 defi ciency, the demonstration of severe 
ADAMTS13 defi ciency associated with a high titer of 
inhibitory activity may predict a more prolonged and 
complicated course with multiple exacerbations when 
plasma exchange treatments are diminished.28 In these 
patients, immunosuppressive treatment in addition to 
plasma exchange may be required. Although early case 
series reporting on patients treated with steroids64 showed 
no better outcomes than case series in which none of the 
patients were treated with steroids,24 the patients have 
been too heterogeneous to accurately interpret the results. 
In patients who have relapsed TTP, or who have a pro-
longed clinical course with multiple exacerbations when 
plasma exchange is diminished, glucocorticoid therapy is 
appropriate, and even more intensive immunosuppressive 
treatment with rituximab, cyclophosphamide, or cyclo-
sporine may be necessary.28,65,66

Conclusions

Th e discovery of ADAMTS13, the documentation of 
its role in the physiologic processing of VWF, and the 
demonstration of its involvement in the pathogenesis 
of TTP have been important advances. However, severe 
ADAMTS13 defi ciency does not detect all patients who 
may be appropriately diagnosed with TTP and who may 
respond to plasma exchange treatment. Further clinical 
observations will provide better insight into the interac-
tions of the multiple risk factors and associated conditions 
that can combine to cause the explosive and potentially 
fatal syndromes of TTP and HUS.
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