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Abstract

Profound thrombocytopenia and microangiopathic hemolytic anemia characterize thrombotic
microangiopathy, which includes two major disorders: thrombotic thrombocytopenic purpura (TTP)
and hemolytic uremic syndrome (HUS). TTP has at least three types: congenital or familial,
idiopathic, and nonidiopathic. The congenital and idiopathic TTP syndromes are caused primarily
by deficiency of ADAMTS13, owing to mutations in the ADAMTS13 gene or autoantibodies that
inhibit ADAMTS13 activity. HUS is similar to TTP, but is associated with acute renal failure.
Diarrhea-associated HUS accounts for more than 90% of cases and is usually caused by infection
with Shiga-toxin-producing Escherichia coli (O157:H7). Diarrhea-negative HUS is associated with
complement dysregulation in up to 50% of cases, caused by mutations in complement factor H,
membrane cofactor protein, factor | or factor B, or by autoanti-bodies against factor H. The
incomplete penetrance of mutations in either ADAMTS13 or complement regulatory genes suggests
that precipitating events or triggers may be required to cause thrombotic microangiopathy in many
patients.
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INTRODUCTION

Thrombotic microangiopathy (TMA\) is characterized pathologically by occlusive
microvascular thrombosis and clinically by profound thrombocytopenia, microangiopathic
hemolytic anemia, and variable signs and symptoms of organ ischemia. TMA includes
primarily two syndromes, thrombotic thrombocytopenic purpura (TTP) and hemolytic uremic
syndrome (HUS), and each of these syndromes appears to be caused by several distinct
pathophysiologic mechanisms.

TTP was first described by Moschcowitz in 1924 (1), who reported of a 16-year-old girl
admitted into a hospital in New York city because of acute fever, severe anemia, heart failure,
and stroke. Unfortunately, the patient died within two weeks of illness. A limited autopsy
showed extensive hyaline thrombi in terminal arterioles and capillaries of the heart and kidney.
In a review of 271 cases, Amorosi & Ultmann (2) in 1966 established a diagnostic pentad for
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TTP: thrombocytopenia, microangiopathic hemolytic anemia, neurologic symptoms and signs,
various degrees of renal functional abnormalities, and fever without other explanation. In the
1970s, plasma infusion and plasma exchange were shown to be effective treatments for TTP,
and since that time the diagnostic criteria have evolved to be less stringent (2,3). Currently, a
patient presenting with thrombocytopenia and microangiopathic hemolytic anemia, with no
comorbidities that could explain these findings, is given a presumptive diagnosis of TTP, and
plasma exchange therapy is initiated as soon as possible (3,4) because the mortality of untreated
TTP is as high as 85% to 100% (5), whereas plasma exchange has reduced the mortality to
between 10% and 30%.

HUS is another type of TMA syndrome, reported first by Gasser et al. in 1955 (6), and
distinguished from TTP by the presence of acute renal failure in addition to the
thrombocytopenia and microangiopathic hemolytic anemia common to both syndromes. HUS
can be classified into two types: diarrhea-associated (D+) or typical HUS, and diarrhea-
negative (D-) or atypical HUS. D+HUS is associated with a prodromal diarrheal illness usually
caused by infection with Escherichia coli 0157 or another Shiga-toxin-producing strain of
bacteria. D+HUS constitutes approximately 95% of the HUS cases in children. It does occur
inadults, but is less common. D-HUS is relatively rare and very heterogeneous as to its etiology
and its age of onset and clinical presentations.

The clinical distinction between TTP and HUS does not always correlate perfectly with the
characteristic pathophysiologic mechanisms associated with these syndromes. For example,
some patients with TTP caused by ADAMTS13 deficiency do develop significant renal
insufficiency (4,7,8). Conversely, some patients with Shiga-toxin-associated D+HUS develop
neurologic symptoms (4,7,8). Furthermore, some patients diagnosed with HUS have been
reported to respond to plasma exchange therapy (4,7,8). For this reason, plasma exchange
therapy is usually offered to all adults who meet the criteria of thrombocytopenia and
microangiopathic hemolytic anemia, with or without neurologic symptoms or renal
dysfunction. In this review, such patients are discussed in the section on Thrombotic
Thrombocytopenic Purpura, which is roughly equivalent to the term TTP-HUS (3,4), or TMA
(9,10) as used by others. HUS refers to a distinct group of disorders, usually occurring in
children and associated with severe renal failure and typically caused by infection with Shiga-
toxin-producing E. coli (11,12), by complement dysregulation (13-15), or by other unknown
mechanisms. This review focuses on our current understanding of the molecular pathogenesis
of TTP and HUS, which may provide some guidance for the diagnosis and treatment of these
potentially fatal illnesses.

THROMBOTIC THROMBOCYTOPENIC PURPURA

TTP can be classified into at least three distinct entities: congenital TTP (also named Upshaw-
Schiilman syndrome), idiopathic TTP, and nonidiopathic TTP (8). Patients with congenital
TTP have severe deficiency of ADAMTS13, a plasma metalloprotease that cleaves von
Willebrand factor (VWF) (16-19). Idiopathic TTP is usually caused by acquired deficiency of
the same metalloprotease owing to autoantibodies that inhibit ADAMTS13 activity or induce
its clearance from the circulation (17,20,21). Nonidiopathic TTP is associated with conditions
or comorbidities, including hematopoietic progenitor cell transplantation (HPCT) (22-25),
certain drugs (25-27), malignancy (28,29), and pregnancy (30-32). These various conditions
may directly injure endothelial cells, resulting in the deposition of platelets and fibrin and the
formation of microvascular thrombi independent of VWF or ADAMTS13. Further
investigation of the molecular mechanisms that cause nonidiopathic TTP may eventually
provide some guidance for the diagnosis, classification, and treatment of this heterogeneous
group of patients.

Annu Rev Pathol. Author manuscript; available in PMC 2008 November 12.
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Incidence and Risk Factors

TTP is relatively rare, but its incidence appears to be rising, probably because of increased
awareness of the diagnosis and the availability of plasma exchange as an effective treatment.
In the United States, several thousand new cases of idiopathic TTP are diagnosed annually,
with an estimated incidence of 3 to 10 per one million residents per year (33,34). The incidence
of nonidiopathic TTP appears to be much higher, but difficult to determine accurately. For
instance, approximately 5% of patients with disseminated malignancy are reported to have
TTP (35). However, the signs of concurrent disseminated intravascular coagulation often are
present and may invalidate a diagnosis of TTP. Various malignancies including
adenocarcinomas, breast cancer, small cell lung cancer, squamous cell carcinomas, thymoma,
Hodgkin disease, and non-Hodgkin lymphoma have been shown to be associated with TTP.
The incidence of TTP following HPCT varies considerably, ranging from 0% to 74% with a
median incidence of 7.9% (36). The wide range of reported incidences probably reflects the
use of different diagnostic criteria as well as other confounding complications associated with
HPCT. In particular, underlying infection or sepsis after HPCT can mimic the hematologic
features of TTP (36). Human immunodeficiency virus (HIV) infection can be associated with
TTP (7,37). In a recent study, the prevalence of TMA in HIV-positive patients was 0.3%,
occurring mainly in patients with advanced HIV disease (38). Women who are pregnant or in
the postpartum period make up 12% to 31% of TTP patients in some series (32,39,40). The
estimated incidence of TTP in women with pregnancy is reported to be approximately 1 in
25,000 births (41), with about three-fourths of these patients present with symptoms in their
third trimester or peripartum. The decrease in plasma ADAMTS13 activity (42) and increase
in procoagulants such as VWF (42) and factor V111 in the second and third trimester may result
in a prothrombotic status in pregnant women.

Many drugs including quinine, mitomycin, cyclosporine, FK506, ticlopidine, and clopidogrel
may cause TTP. The estimated incidence of TTP in patients who take ticlopidine, a potent
antiplatelet agent used to maintain patency after coronary artery stenting, is approximately 1
in 1600 to 5000 patients (27,43). Clopidogrel, another related antiplatelet drug, has replaced
ticlopidine as the agent of choice to combine with aspirin for patients undergoing arterial
stenting. The incidence rate of TTP is lower with clopidogrel than with ticlopidine and is
estimated to be 1.2 to 27.8 per million (26,27,44-46).

Histopathology

Tissue biopsy is neither necessary nor sensitive for diagnosing TTP. If performed, the
characteristic pathological features for TTP include hyaline thrombi in terminal arterioles and
capillaries. The thrombotic lesions are accompanied by localized endothelial cell proliferation
and detachment. In patients who died of TTP, microthrombi may be found in all tissue organs,
most strikingly in the myocardium, with variable involvement of the kidney, pancreas, adrenal
glands, and brain (47). The pulmonary and hepatic vessels are usually spared (47).
Immunohistochemistry may show that the platelet thrombi are rich in VWF, but contain little
fibrinogen or fibrin deposition in the lesions (48,49). Immunoglobulins and complement
components are often found in the thrombi as well, which is consistent with the autoimmune
nature of acquired TTP in most cases. The organ involvement and immunohistochemical
feature of the microthrombi found in patients with TTP are quite different from those in patients
with HUS, which will be discussed further in the Histopathology of Hemolytic Uremic
Syndrome section.

von Willebrand Factor

VWE is synthesized in all vascular endothelial cells and megakaryocytes. A monomer of
proVWEF (275 kDa) is initially synthesized in the endoplasmic reticulum and forms dimers
there via disulfide bonds at the carboxyl terminus. After transport to the Golgi apparatus,
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proVWEF dimers form homopolymers or multimers through an additional disulfide bond near
the amino terminus of the mature subunit, and the propeptide is then cleaved from proVWF
by furin. The multimeric VWF is stored in the Weibel-Palade bodies of endothelial cells and
a-granules of platelets. A small fraction of VWF multimers is constitutively secreted from
endothelial cells. Upon stimulation, VWF is secreted from endothelial cells as unusually large
VWEF (UL-VWF) multimers that form string-like structures attached to the endothelial cell
surface, perhaps through interaction with P-selectin (50). Under fluid shear stress, the UL-
VWEF strings are cleaved by ADAMTS13 at the Tyr1605-Met1606 phond in the A2 domain (51)
to generate the range of VWF multimer sizes that normally circulate in the blood, from
approximately 500 kDa to 20 million Daltons (52). The proteolytic cleavage of VWF multimers
by plasma ADAMTS13 appears to be critical to preventing thrombosis in the microvasculature.

VWE stabilizes factor V111 in the circulation and mediates platelet adhesion to sites of vascular
injury. These hemostatic functions depend upon the ability of VWEF to bind circulating factor
VIII, subendothelial collagens, platelet glycoprotein Iba (GPlba), and integrin allbplll, but
the feedback inhibition of platelet adhesion depends upon cleavage by ADAMTS13 (Figure
1) (52). However, VWF in plasma adopts a compact conformation that does not bind tightly
to platelet GPlba and is not cleaved by ADAMTS13. Fluid shear stress (53), or binding to
certain surfaces, changes the conformation of VWEF so that it binds platelet GPIba tightly and
can be recognized by ADAMTS13. A similar modulating effect in vitro is achieved by
including antibiotic ristocetin or by denaturing reagents such as urea and guanidine-HCI (51,
54). In addition, certain mutations in the VWF protein increase the proteolysis of VWF and
reduce the size of VWF multimers, leading to the compromised hemostatic function in patients
with von Willebrand disease (52,55). Conversely, inability to cleave the newly released UL-
VWF multimers (18,21,56) owing to hereditary or acquired deficiency of plasma ADAMTS13
activity may induce spontaneous VWF-dependent platelet adhesion and aggregation (57),
leading to disseminated microvascular thrombosis as seen in patients with TTP.

ADAMTS13 Protease

Molecular cloning of ADAMTS13—Moake et al. (56) first proposed a link between TTP
and a defect in VWF proteolysis in 1982, on the basis of the occurrence of potentially
thrombogenic UL-VWF multimers in the plasma of patients with chronic relapsing TTP. In
1996, Tsai (51) and Furlan et al. (54) reported a metalloprotease that specifically cleaves VWF.
This plasma protease cleaved the Tyr1605-Met1606 hond in domain A2 when VWF multimers
were incubated in a buffer containing low-concentration guanidine-HCI (51) or urea (54). The
proteolytic activity required divalent cations such as Ba%*, Zn2*, Ca2*, or Co?* (51). In 2001
the protease was purified to homogeneity and its partial amino terminal sequence was
determined (58,59). This led to its identification as a new member of the ADAMTS (a disintegrin
and metalloprotease with thrombospondin-type repeats) family, designated ADAMTS13 (60—
62). Simultaneously, the ADAMTS13 gene was identified and cloned by a genome-wide linkage
analysis in families with congenital TTP (63). The ADAMTS13 gene is located on chromosome
9934, spanning 37 kb in length and containing 29 exons (62,63). Several alternatively spliced
mRNA variants have been characterized; their significance remains unknown (62,63).

The ADAMTS family of zinc metallo-proteases contains 19 members that share the common
structure of a hydrophobic signal sequence, a propeptide, a metallo-protease domain, a
thrombospondin type 1 (TSP1) repeat, a disintegrin-like domain, a cysteine-rich domain, and
a spacer domain (Figure 2 ) (62,63). The carboxyl terminus of ADAMTS13 contains seven
more TSP1 repeats and two CUB domains (Figure 2), which are named after motifs first
identified in complement components C1r and C1s, sea urchin protein UEGF (or fibropellin),
and bone morphogenetic protein (64).
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Biosynthesis of ADAMTS13—ADAMTSL13 is synthesized in the liver (60-63),
endothelial cells (65,66), and megakaryocytes or platelets (67,68) and secreted into plasma as
an active enzyme. The ADAMTS13 primary translation product consists of 1427 amino acid
residues. It is extensively glycosylated and has a mass of ~170-195 kDa. Mutations in the
ADAMTS13 gene (65) or inflammatory cytokines (69) may result in a reduced or an aberrant
secretion of ADAMTS13 protein into the circulation. Various truncated forms of ADAMTS13
are detectable in plasma (70), perhaps owing to alternative splicing of ADAMTS13 mRNA or
proteolysis of ADAMTS13 by serine proteases such as thrombin (71) and leukocyte elastase
(72). Human placenta and skeletal muscle synthesize a 2.4-kb ADAMTS13 mRNA (62).

In human and mouse liver, the ADAMTS13 mRNA and protein are localized to the hepatic
stellate cells (73,74) that lie between the hepatocytes and endothelial cells. ADAMTS13 mRNA
or activity is not detectable in mouse hepatocytes, sinusoidal endothelial cells, or Kuippfer cells
in vivo or in culture (73). Cell lines derived from normal hepatocytes (THLE-3) or
hepatocellular carcinoma (HuH-7) do not express detectable ADAMTS13 activity, but those
derived from hepatic stellate cells, such as human LX-2 cells (75), human hTERT-HSC, rat
primary hepatic stellate cells (73), and rat CFSC-3H and -8B (73), do express ADAMTS13,
supporting the conclusion that hepatic stellate cells produce ADAMTS13 in liver.

However, the contribution of hepatic stellate cells to plasma levels of ADAMTS13 remains to
be determined. Patients with severe cirrhosis, who show significant activation and proliferation
of hepatic stellate cells and liver fibrosis, have decreased or variable levels of plasma
ADAMTS13 activity (42). In a rat model, plasma ADAMTS13 activity is not significantly
increased after injection of carbon tetrachloride, even though this treatment causes hepatic
stellate cell activation, extensive liver fibrosis, and dramatic local increases of ADAMTS13
MRNA and protease activity (75). The data suggest that ADAMTS13 may function locally to
modulate hepatic fibrosis or cirrhosis, possibly by preventing microvascular thrombosis after
injury. Considering the large surface area of vascular endothelial beds, plasma ADAMTS13
might be derived mainly from endothelial cells even though each endothelial cell produces
little ADAMTS13 compared to hepatic stellate cells (65,66).

The ADAMTS13 synthesized in endothelial cells appears to be delivered directly to the apical
domain of polarized cells (i.e., toward the lumen of the vessels) (65). Deletion of the CUB
domains, unique to ADAMTSL13, abolishes the polarized (apical) secretion of ADAMTS13 in
transfected Madin-Darby canine kidney cells (65), suggesting that the CUB domains may
interact with intracellular sorting receptors that direct apical targeting. In addition, the CUB
domains appear to associate with detergent-resistant glycosphingolipid and cholesterol-
enriched membrane microdomains, termed rafts, which correlates with the apical secretion of
ADAMTS13 in polarized cells (65). The role of the other carboxyl-terminal domains of
ADAMTS13 in its biosynthesis and secretion is yet to be determined.

Proteolytic cleavage of von Willebrand factor by ADAMTS13—The catalytic domain
(metalloprotease) of ADAMTS13 contains a conserved active site motif
(H2Z2EXXHXXGXXHD?23) with three His residues that coordinate the essential Zn2* ion,
and conserved residues Glu83, Aspl73, Cys?81 and Asp?84 that are predicted to coordinate a
structural Ca2* ion (62). The presence of binding sites for both Ca?* and Zn2* is consistent
with data showing that enzymatic activity is inhibited by chelation of either cation (76,77).
ADAMTS13 activity in citrate-anticoagulated plasma was enhanced approximately twofold
by zinc ions, approximately threefold by calcium ions, and approximately sixfold by both ions
(78), suggesting a cooperative activation of ADAMTS13 by divalent cations. At optimal zinc
and calcium concentrations, ADAMTS13 cleaves VWF with a Kyapp of 3.7 + 1.4 ug ml~1
(~15 nM for VWEF subunits) (78). ADAMTS13 cleaves FRETS-VWF73 with a Kyapp of 3.3
+ 1.1 uM, consistent with an ~200-fold decrease in affinity compared with VWF (78),
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suggesting that the substrate recognition depends upon structural features or exosites on
multimeric VWF that are missing from FRETS-VWF73.

Consistent with this hypothesis, we found that the metalloprotease domain alone is not
sufficient to cleave multimeric VWF (76,77,79) or smaller substrates such as GST-VWF73-H
(79,80), which contains 73 amino acid residues from the central A2 domain of VWF, flanked
by a glutathione S-transferase (GST) at the amino terminus and a 6xHis tag at the carboxyl
terminus (81,82). The addition of one or several more proximal carboxyl-terminal domains to
the metalloprotease domain of ADAMTS13 gradually restores its proteolytic activity toward
VWEF (79,80). The spacer domain was recently shown to bind a complementary site that
includes residues Glul660-Arg1668 at the carboxyl terminus of the A2 domain of VWEF (80).
Deleting the spacer domain from ADAMTS13 or deleting the carboxyl-terminal end of the A2
domain reduced the rate of cleavage by ~20-fold (80). In addition, the carboxyl-terminal
cleavage product of VWF73 inhibited proteolytic cleavage of VWF multimers or of model
peptide substrates, but only when the ADAMTS13 enzyme contained the spacer domain (80,
83). The disintegrin, TSP1, and Cys-rich domains between the metalloprotease and the spacer
domain are also critical for substrate recognition and cleavage because the mutants lacking one
or more of these domains do not cleave multimeric VWF (79). The addition of the remaining
TSP1 domains (TSP1 2-8) and two CUB domains does not further increase the rate of
proteolytic cleavage of VWF (76,77) or GST-VWF73 (79,80), suggesting that these more distal
carboxyl-terminal domains may be dispensable for substrate recognition, at least under static
conditions.

Substrate recognition under fluid shear stress appears to be more complex. For example,
ADAMTS13 truncated after the spacer domain was reported to be hyperactive in cleaving UL-
VWE strings on endothelial cell surfaces in a flow chamber assay (84), which suggests the
distal TSP1 2-8 and CUB domains may inhibit the cleavage of UL-VWF. However, mutations
in these distal domains of ADAMTS13 are reported in congenital TTP (85,86), and
autoantibodies directed against them occur in acquired idiopathic TTP (87). Furthermore,
synthetic peptides or recombinant fragments derived from one of the TSP1 2-8 repeats (88)
and the CUB domains block the cleavage of the UL-VWF multimers bound to endothelial cell
surfaces (89). More recently, Zhang et al. (90) have shown, using a simple vortex-induced flow
assay, that the ADAMTS13 variant truncated after the spacer domain exhibited significantly
impaired proteolytic activity toward plasma-derived VWEF. Together, these data support a
hypothesis that the middle TSP1 repeats and distal CUB domains may be critical for productive
recognition of VWF under flow shear stress.

ADAMTS13-von Willebrand factor binding—ADAMTS13 does not bind VWF
detectably in solution in the absence of fluid shear stress or denaturing agents such as urea or
guanidine hydrochloride. However, ADAMTS13 does bind VWF that is adsorbed onto the
surface of a plastic microtiter plate (91), indicating that surface binding alters the structure of
the ADAMTS13 binding site on VWF. The estimated K4 for ADAMTS13 binding to
immobilized VWF is approximately 14 nM, comparable to the K, of 16 nM determined
independently for the cleavage of VWF pretreated with guanidine-HCI (91). Deletion of the
middle and distal carboxyl-terminal domains of ADAMTS13 has little effect: The truncated
enzyme binds immobilized VWF with a Ky of ~24 nM. Further deletion of the spacer domain
markedly impairs binding to VWF (91), suggesting that the spacer domain contributes
substantially to the ADAMTS13-VWF interaction. The metalloprotease domain alone at the
concentration tested (~220 nM) does not bind VWF detectably (91).

The binding between ADAMTS13 and VWF under flow has recently been determined by
surface plasmon resonance on a Bl-Acore system (90). The data show that full-length
ADAMTS13 binds flowing VWF with high affinity (Kp = 50 nM). A removal of the CUB
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domain (construct delCUB) results in a fivefold reduction in affinity (Kp = 274 nM), but further
removal of the TSP1 28 repeats (construct MDTCS, which contains metalloprotease domain,
disintegrin, first TSP1 repeat, Cys-rich, and spacer domains) significantly impairs the binding
to flowing VWF. Moreover, the isolated CUB domains are neither sufficient to bind VWF
detectably nor capable of inhibiting proteolytic cleavage of VWF by ADAMTS13 under flow.
Addition of the TSP1 5-8 (construct T5-8CUB) or TSP1 2-8 repeats (construct T2-8CUB)
to the CUB domains restores the binding affinity toward VWF and the inhibitory effect on
cleavage of VWF by ADAMTS13 under flow. These data demonstrate directly and
quantitatively that the cooperative activity between the middle carboxyl-terminal TSP1 repeats
and the distal carboxyl-terminal CUB domains may be crucial for the recognition and cleavage
of VWF under flow.

The domains of VWF that interact with ADAMTS13 remain to be determined. Binding studies
using surface plasmon resonance have suggested that the A1, A2, and A3 domains of VWF all
bind ADAMTS13 under flow conditions (92). More detailed studies have been conducted on
the interaction between ADAMTS13 and VWF73, a minimal fragment from the central A2
domain (Asp16°9-Argl668) of VWF that is recognized by ADAMTS13. Full-length
ADAMTS13 and the variant truncated after the spacer domain bind VWF73 with values for
Kq of ~4.5 nM and ~7.8 nM, respectively (79). In addition, each of the proximal carboxyl-
terminal domains appears to bind VWF independently and may act together to produce high-
affinity binding. For instance, the isolated disintegrin domain, first TSP1 repeat, Cys-rich
domain, or spacer domain binds VWF73 with K values of ~489 nM, ~136 nM, ~121 nM, and
~108 nM, respectively (79). When these domains are expressed as a single fragment, it binds
VWEF73 with a much higher affinity, with a K4 value of 13 nM (79), suggesting the proximal
carboxyl-terminal domains of ADAMTS13 bind cooperatively to the central A2 domain of
VWEF. In these studies, ADAMTS13 binds VWF73 ~3-5 times more tightly than multimeric
VWEF (79,91), suggesting that domains surrounding the central A2 domain of VWF can inhibit
the interaction of ADAMTS13 with VWF multimers. It is interesting that the K4 values of 4—
14 nM for binding VWF73 are substantially lower than the K, values of 1.7 uM for cleaving
VWF73 (80) or 0.25 uM for cleaving a similar VWF78 construct (83), determined by different
methods. The cause of this discrepancy is not known at the present time.

Regulation of ADAMTS13—VWEF is not cleaved in solution without flow shear stress
owing to structural inaccessibility of the binding or cleavage site on the VWF molecule by
ADAMTS13. Modeling of the A2 domain of VWF suggests that the Tyr695-Met1606 hond
lies buried within the core B-sheet of the native structure (93), and that fluid shear stress (53,
94) and denaturing reagents (51,54) unfold the A2 domain and expose this bond to
ADAMTS13. In addition, the cleavage of VWF may be modulated by the other structural
elements of VWF (95), heparin sulfate, platelet GP1ba, sodium chloride (96), and inflammatory
cytokines (97). For example, a recombinant VWF construct comprising A2—A3 domains is
cleaved ~10-fold faster than a similar substrate comprising A1-A3 domains (95), suggesting
that the A1 domain may block the access of ADAMTS13 to the cleavage site. In addition, this
blockage can be relieved by certain ligands that bind to A1 domain, such as platelet GPIba or
heparin (95).

Other factors in the milieu may influence ADAMTS13 and VWEF interactions, such as ionic
strength (96) and hemolysis (98). The cleavage of VWEF in the absence of sodium chloride at
pH 8.0 occurs with apparent keai/km 0f 3.4 x 104 M~1s71, but this value decreases approximately
10-fold in the presence of 0.15 M sodium chloride (96). The potency of the inhibitory effect
varies with different anions and decreases in the order CIO™4 > CI™ > F~ (96). The inflammatory
cytokine interleukin-6, but not interleukin-8 or tumor necrosis factor a (TNFa), inhibits the
cleavage of UL-VWF multimers under flow (97). The findings suggest a potential linkage
between inflammation and thrombosis, although the concentration of interleukin-6 required
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for inhibiting ADAMTS13 activity is relatively high compared with the levels that have been
documented in vivo.

Thrombin, factor Xa, leukocyte elastase, and plasmin can cleave and inactivate ADAMTS13,
and therefore might regulate ADAMTS13 activity at the site of thrombus formation.
ADAMTS13 is proteolytically cleaved during blood coagulation in human plasma in vitro
(71), and thrombin (0.9-90 nM) degrades ADAMTS13 in a time- and concentration-dependent
fashion (71). This cleavage is prevented when thrombin binds soluble thrombomodulin but not
heparin, suggesting the involvement of thrombin exosite | but not exosite Il in ADAMTS13
recognition. Plasmin cleaves ADAMTS13 more rapidly than thrombin or factor Xa (71),
indicating that plasmin might enhance VWF-dependent platelet adhesion by degrading
ADAMTS13 at sites of tissue repair. Leukocyte elastase activity is increased in the plasma of
patients with disseminated intravascular coagulation owing to severe sepsis, suggesting that
cleavage of ADAMTS13 by leukocyte elastase might contribute to the relatively severe
deficiency of ADAMTS13 activity reported in some of these patients (72).

Mutations of the ADAMTS13 gene—More than 50 mutations on the ADAMTS13 gene
have been described in patients with congenital or familial TTP and severe deficiency of plasma
ADAMTS13 activity (Figure 3) (63,85,99-107). The majority are missense mutations (~50%),
followed by splice site, nonsense, and frameshift mutations (Figure 3) (63,85,99-107). The
mutations are distributed throughout the ADAMTS13 gene without an apparent cluster or hot
spot. Homozygous mutations have been found in some families, but compound heterozygous
mutations are more common (63,85,99-107). Sixteen missense mutations involving cysteine
residues have been identified (Figure 3), indicating the importance of proper formation of
disulfide structure for the function of ADAMTS13 protease.

Approximately one-half of the patients with familial TTP experience their first acute episodes
of disease during childhood, but the remaining are present in adulthood (106,108). It is not
often clear why some patients have prolonged intervals without symptoms, but acute
thrombotic microangiopathy may first occur during pregnancy, infection, or other stressful
conditions that could confer an increased risk of microvascular thrombosis (106,108).

Most of the missense mutations that have been investigated appear to cause ADAMTS13
deficiency by impairing protein secretion (Figure 3) (102,106,109). The mutant P475S is an
exception, which is secreted normally by transfected cells, but shows low proteolytic activity
toward VWF (99). Interestingly, approximately 9.6% of Japanese may be heterozygous for
this mutation, which may be responsible for reduced protease activity (99). It is rare in
Caucasians (0.5%) (110) and in Chinese (1.7%) (111). Similarly, the ADAMTS13 protease
with the nonsense mutation Q449X is also secreted normally in transfected cells, but has very
low proteolytic activity (99), consistent with reports that the spacer domain is necessary for
ADAMTS13 activity (76,77,80).

Another recombinant missense mutation, Q448E, which is secreted normally and retains full
activity in transfected cells, has been reported as a single nucleotide polymorphism (SNP)
(63,99). Many other SNPs have also been reported (Figure 3), but none has yet shown a clear
association with TTP (109) or with other conditions such as coronary artery disease, where
ADAMTS13 activity may be slightly decreased (112). Interestingly, some SNPs in the
ADAMTS13 gene can interact to modulate the secretion or specific activity of ADAMTS13 in
patients with certain missense mutations, depending upon the sequence context. For example,
the congenital TTP mutations P618A and R1336W and the A732V/P618 combination strongly
reduce ADAMTS13 specific activity and secretion. The common polymorphisms R7W and
Q448E have no effect on the ADAMTS13 expression by themselves, but rescue the secretion
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defect of mutation A732V/P618A and exacerbate the detrimental effect of mutation R1336W
(113).

Several mutations that cause premature termination have been shown to impair secretion or
reduce ADAMTS13 proteolytic activity. For example, the 4143-4144insA frameshift mutation
deletes the second CUB domain and impairs ADAMTS13 secretion (65,85), without
significantly affecting its specific activity (85). A number of ADAMTS13 gene mutations have
been identified at splice sites, which disrupt the conventional GT-AG consensus splice
sequences and prevent the production of normally spliced transcripts (63,102). Whether
alternatively spliced transcripts contribute to ADAMTS13 heterogeneity in human plasma
(59) is not known.

Expression studies in vitro indicate that ADAMTS13 mutations can have heterogeneous effects
on biosynthesis, secretion, and protease activity. Most congenital TTP patients harbor
compound heterozygous mutations. The parents of hereditary TTP patients (asymptomatic
carriers) usually have approximately a 50% level of ADAMTS13 activity, although
asymptomatic carriers who are compound heterozygous with one P475S allele can have very
low levels of ADAMTS13 activity in vitro (less than 10% of normal) (114). As expected, most
of the described homozygous mutations such as R692C (63), Q449X (99), 414 + 1G > A splice
(102), L232Q (102,104), and 1783delTT (102,115) occur in consanguineous pedigrees.

Autoantibodies against ADAMTS13—Autoantibody inhibitors were initially reported in
65% to 96% of patients with idiopathic TTP and severe ADAMTS13 deficiency (< 5% to 10%
of normal human plasma) (20,21). Some subsequent studies have found a lower prevalence of
inhibitors of 31% and 44% (7,116,117), perhaps because the patient populations were less
highly selected. By an enzyme-linked immunosorbent assay, 1gG antibody is detected in almost
all patients with idiopathic TTP and severe ADAMTS13 deficiency (86). Additional
immunoglobulin isotypes such as IgM were also detected in 11% of patients (118,119).
Although noninhibitory 1gG autoantibodies to ADAMTS13 have been found in rare patients
with non-idiopathic TTP, inhibitory IgG is otherwise detected almost exclusively in patients
with idiopathic TTP (7,21,116-118). TTP associated with ticlopidine and (less commonly)
clopidogrel represent interesting exceptions consistent with a drug-induced autoimmune
disorder. ADAMTS13 inhibitors were detected in six of seven patients with ticlopidine-
associated TTP (43,120), and in two patients with clopidogrel-induced TTP (44). The detection
of high-titer anti-ADAMTS13 autoantibodies in patients with acquired TTP is correlated with
relapsing disease and poor prognosis (117).

The ADAMTS13 epitopes recognized by autoantibodies have been mapped for a total of 35
TTP patients, and so far all plasmas contain at least some antibodies directed against the Cys-
rich/spacer domain (76,87,121). Fine mapping by mutagenesis suggests that the amino acid
residues Thr372-Asn®79 and Val®57-Gly866 comprise a common core region in the spacer
domain that is recognized by anti-ADAMTS13 antibodies (121). Autoantibodies reactive with
other domains of ADAMTS13 have been detected in some patient plasma samples, including
antibodies against the CUB domains in approximately 64%, against the first TSP1 repeat (or
a larger fragment containing the metalloprotease, disintegrin, and the TSP1 repeat) in 56%,
against TSP1 repeats 2—-8 in 28%, and against the ADAMTS13 propeptide in 20% (87).

Screening of the phage display libraries of individuals of acquired TTP has shown that most
anti-ADAMTS13 autoantibodies have a heavy chain encoded by VH1-69 paired with a VL3
family lambda light chain (122,123). The remaining autoantibodies often have a heavy chain
from the VH1, VH3, or VH4 families, usually paired with kappa light chains (123). When
cloned and prepared as monoclonal antibodies, many of these autoantibodies inhibit
ADAMTS13 activity in vitro and in vivo in mice (123).
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Other Potential Mechanisms in Idiopathic Thrombotic Thrombocytopenic Purpura

The thrombophilic factor V Leiden mutation is reported in one study to be associated with
acquired TTP among patients with normal ADAMTS13 levels, with an odds ratio of 17:1
(124). This association was not confirmed in a subsequent study (125). Other genetic risk
factors for arterial and venous thrombosis do not appear to be associated with TTP (124). One
study has reported that the HLA class 11 antigen DR53 protects against the development of
TTP and confers a relative risk of 0.09 compared with the absence of DR53 (126). Other
mechanisms have been proposed to contribute to the pathogenesis of TTP, but their roles have
not been conclusively established. These include endothelial cell activation (127) and cell death
(128,129), caused by antibodies against endothelial cells or against GP 1V (CD36) on the
platelet and endothelial cell surface (130,131). The activation and death of microvascular
endothelial cells are associated with markedly increased plasma microparticles rich in tissue
factor and procoagulant phospholipids (128,129,132). These events could result in further
endothelial activation, blood coagulation, platelet aggregation, and microvascular thrombosis.

HEMOLYTIC UREMIC SYNDROME

HUS is classified into D+HUS and D-HUS. D+HUS accounts for more than 90% of cases and
is caused by an enteric infection with Shiga-toxin-producing organisms, most frequently E.
coli O157:H7 (133,134). D-HUS is less common and quite heterogeneous: Some cases are
familial, some have a recurring course, some have a neonatal onset, and some are triggered by
infection with neuraminidase-producing microbes (135). Many causes of D-HUS do not have
effective treatments, and the overall mortality rate is approaching 26% (136). Recent studies
have suggested that a subset of D-HUS patients (30% to 50%) can be attributed to dysregulation
of the alternative complement pathway.

Incidence and Risk Factors

D+HUS occurs most commonly in children, but affects all ages. E. coli 0157:H7 accounts for
at least 60% of D+HUS associated with Shiga-toxin-producing bacterial infection (137). The
annual incidence of human infection with E. coli 0157 has been reported to be at least 8 per
100,000 people in North America (134). The percentage of cases with bloody diarrhea that
progresses to HUS ranged from 3% to 7% in a series of sporadic cases (138), to between 20%
and 30% in some outbreaks (11,133). HUS usually occurs 4 to 6 days after the onset of diarrhea.
Antibiotic treatment may increase the incidence of HUS in children (139).

Five to ten percent of patients with HUS patients have so-called D-HUS, without antecedent
diarrhea or an identifiable gastrointestinal infection with Shiga-toxin-producing organisms. D-
HUS has a relatively poor prognosis, with a death rate of up to 25% in the acute phase and
50% of survivors requiring at least temporary dialysis therapy (107). Depending upon the
underlying cause, D-HUS may occur in adults or in very young children.

Histopathology

HUS preferentially involves the kidneys. The vascular lesions typically spare the myocardium
and occur infrequently in the pancreas, brain, and adrenal glands (47). The thrombi of D+HUS
appear to be composed predominantly of fibrin, with few platelets and little VWF (47,140,
141). These pathological changes are quite distinct from those seen in idiopathic TTP, in which
platelets and VWF are major constituents of the lesions (47,48). Endothelial cell damage is a
hallmark of D+HUS in children, and endothelial cell swelling may be so extreme as to occlude
the capillary lumen (127,142). Dramatic destruction of the renal cortex may occur, and
glomeruli show a range of changes that varies according to the age of the process and whether
arterial changes are present. Glomerular thrombosis is characteristic, with an enlarged
appearance that suggests capillary congestion rather than ischemia. Extension of thrombosis
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into the afferent arteriole is common. Mesangial changes appear to be uncommon. The tubules
are often atrophic, may show necrosis, and frequently contain hyaline casts and red blood cells
(142).

Fewer cases of D-HUS have been studied histologically, so information about this
heterogeneous disorder is relatively incomplete and generalization is difficult. However, the
lesions appear to be distinct from those of D+HUS or idiopathic TTP, with substantial
mesangial involvement and less glomerular thrombosis in D-HUS (142,143). The extent of
arteriolar involvement has been reported to correlate with an adverse outcome.

Escherichia coli Infection and Shiga Toxin

As described above, E. coli O157:H7 accounts for at least 60% of Shiga-toxin-producing
bacteria associated with D+HUS in children (137) and occasionally with adults by ingestion
of contaminated food or water. Most food-borne outbreaks have been traced to foods derived
from cattle, especially ground meat and raw milk. Unpasteurized fruits and juices account for
a growing number of recognized outbreaks. Water-borne outbreaks of E. coli 0157 infection
have occurred as a result of drinking and swimming in unchlorinated water. Person to person
transmission has occurred in day-care and chronic-care facilities.

E. coli 0157 produces Shiga toxins, including Shiga toxin 1 (Stx1) and Shiga toxin 2 (Stx2).
The Shiga toxins are composed of one A subunit (~33 kDa) and five B subunits (~7.7 kDa).
The B subunits mediate Shiga toxin binding to the membrane glycosphingolipid globotriaosyl
ceramide (144) on microvascular endothelial cells in the brain and kidney, and on monocytes
and platelets. The A subunit is subsequently internalized and inhibits protein synthesis by
removing a specific adenine base from the 28S ribosomal RNA subunit, leading to cell death.
Stx1 also stimulates the release of TNFa, interleukin-1, interleukin-6, and interleukin-10 from
monocytes and epithelial cells of renal glomeruli and tubules. These cytokines can increase
the expression of globotriaosyl ceramide on renal endothelial cells and increase the binding of
Shiga toxins. The Shiga toxins can also induce endothelial cells to secrete UL-VWF multimers
(144), impair ADAMTS13 cleavage of UL-VWF multimers (145), and increase the expression
of vitronectin (avp 3 integrin) receptors, P-selectin, and platelet endothelial-cell adhesion
molecule 1. These events may directly or indirectly damage endothelial cells, which may
potentiate renal microvascular thrombosis by promoting the activation of the blood coagulation
cascade.

Complement Dysregulation

Complement is a central immune surveillance system in humans. This complex system is
designed to recognize antigen-antibody complexes and combat invading microbes. The human
complement system can be activated through three different pathways: the classical and lectin
pathways and the alternative pathway that converges to generate either classical or alternative
C3 convertase enzymes (C3b) and to activate factor B enzyme by factor D (giving rise to the
Ba and Bb fragments). The dissociation of the Ba fragment from the complex leaves the Bb
fragment attached to C3b to form in the presence of Mg?* the active C3 convertase enzyme
C3bBb. Factor B is essential for the opsonization and cell-killing functions of the alternative
pathway. Factor H and membrane cofactor protein (MCP) serve as cofactors to the C3b-
inactivating enzyme complement factor | convertase.

Defects in complement regulation can lead to cellular damage and death, which in turn can
activate the blood coagulation cascade and cause thrombosis. Low serum concentrations of
complement C3 and factor B have been described in patients with D-HUS, which is consistent
with the activation of the complement system. Approximately 50% of patients with D-HUS/
atypical HUS have mutations in one of the complement regulatory proteins factor H (107,
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146,147), factor | (148,149), MCP (149-151), or factor B (152-154). A few patients have also
been described with autoantibodies against factor H. The patients with MCP mutation had a
better prognosis than patients with factor H mutations or no mutation. In patients with MCP
mutation, plasma treatment did not impact the outcome significantly. Remission was achieved
in approximately 90% of both plasma-treated and plasma-untreated acute episodes (148).

The outcome of kidney transplantation appears to correlate with cause of complement
dysregulation. Disease has not recurred in transplanted kidneys for patients with MCP
mutations, presumably because the new kidney has protective levels of endogenous MCP. In
contrast, kidney transplantation alone does not correct the deficiency of plasma factors made
in the liver, and the outcome was poor in patients with factor H or factor | mutations owing to
disease recurrence (146,148,150,155). However, a combined liver and kidney transplantation
may lead to a favorable long-term outcome for recurrent HUS associated with a factor H
mutation (156).

Complement factor H—Factor H, a 150-kDa plasma protein, is predominantly synthesized
in the liver. Small amounts are also produced or localized in endothelial cells, platelets, and
fibroblasts. The plasma concentration of factor H is approximately 0.5 mg ml~1. Factor H is
composed of 20 homologous units of approximately 60 amino acids, named short consensus
repeats (SCRs). Factor H regulates the alternative pathway of complement by functioning as
a cofactor for factor I-mediated proteolytic inactivation of C3b through interaction with SCR1-
4, SCR6-10, and SCR16-20 (Figure 4). Factor H also competes with factor B for C3b binding
and accelerates the decay of the C3 convertase (C3bBb) into its components. The terminal
SCR20 domain contains polyanionic or heparin binding sites that may enable factor H to bind
endothelial cells and protect them against complement attack.

Thompson & Winterborn (157) first suggested an association between factor H and D-HUS
and subsequently confirmed it by demonstrating linkage to the factor H locus on chromosome
1932 and identifying factor H mutations in families with D-HUS. Approximately 10% to 30%
of patients who have either familial or sporadic D-HUS may have factor H deficiency caused
by mutations in the factor H gene (155,158,159). The mutations are found throughout the gene,
but tend to cluster near the carboxyl terminus of factor H (SCR20), an area important for both
binding to anionic molecules and to complement C3b (Figure 4). Approximately 94% of the
reported cases are heterozygous and may have normal, reduced, or even increased serum levels
of factor H, depending upon the location of the factor H mutation. In a few cases, factor H
mutations are identified on both alleles, which may result in extremely reduced serum levels
of both complement C3 and factor H in these cases (less than 5% to 10% of normal).
Homozygous or compound heterozygous deficiency of factor H is estimated to occur in
approximately 1 in 400,000 Caucasian residents in the United States (160).

Autoantibodies against factor H—Acquired factor H deficiency due to immunoglobulin
G (IgG) autoantibodies against factor H has been described in 3 out of 48 children (6%) with
sporadic D-HUS (161). The plasma factor H activity was decreased, whereas the plasma level
of factor H antigen was normal and no factor H gene mutation was identified. The 1gG
antibodies were proposed to inhibit the binding of factor H to the C3 convertase complex,
compromising the decay-accelerating activity of factor H in vivo (161). No such anti-factor H
IgG was detected in a large series of plasma samples from healthy controls and patients with
various autoimmune disorders, suggesting that anti-factor H antibodies are specific to a
particular form of D-HUS. The finding of the acquired factor H deficiency caused by 1gG
autoantibodies against factor H may provide a rationale for designing new diagnostic tests and
for considering plasma exchange or immunosuppressive therapy in some cases.
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Complement membrane cofactor protein—MCP (CD46), an integral membrane
protein, is expressed on all human cells with the exception of erythrocytes. Four isoforms of
MCP are expressed owing to alternative splicing. The extracellular region of MCP is composed
of four SCR domains and a repeat region rich in serine, threonine, and proline residues (Figure
5). Like factor H, MCP inhibits complement activation by regulating C3b deposition on target
cells. More than 25 mutations have been identified in patients with D-HUS, accounting for
10% and 13% of cases in two large series (Figure 5) (148,162). Small in-frame deletions,
frameshifts with premature terminations, and missense mutations have been observed, and the
penetrance of MCP mutations appears to be approximately 54% (148). Most mutations (93%)
cluster in the four extracellular SCR domains required for C3b binding and cofactor activity
(148). Many mutants of MCP (75%) have reduced cell surface expression with MCP levels
between 0% and 50% of normal as determined by fluorescence-activated cell sorting analysis
of peripheral blood mononuclear cells or transfected Chinese hamster ovarian cells (162—
164), suggesting a quantitative deficiency of MCP in a majority of cases. Two mutations
(S206P and F208C) do not reduce protein expression, but cause reduced C3b binding and
cofactor activity (148,164). One mutation (E145Q) increases surface expression of MCP
protein by threefold, but the mutant MCP has reduced C4b cofactor activity. Thus, quantitative
or qualitative MCP defects may compromise the regulation of complement activation on cell
surfaces, allowing endothelial injury and renal microvascular thrombosis in patients with D-
HUS.

Complement factor I—Factor I, an 88-kDa plasma GP, is predominantly synthesized in the
liver, and its plasma concentration is 35 ug ml~L. The gene encoding factor I is located on
chromosome 4q25 and spans 63 kb. Factor | is heterodimeric and consists of a noncatalytic
heavy chain, linked by a disulfide bond to a catalytic light chain. The heavy chain contains a
factor I module (found only in complement factor I, C6, and C7), a CD5 domain, and two low-
density lipoprotein receptor repeats. The light chain contains a serine protease domain in which
residues H362, D411, and S507 form the catalytic triad (Figure 5). Factor | cleaves the a-chains
of C3b and C4b in the presence of one of its cofactors: factor H, C4 binding protein (C4BP),
and MCP, or complement receptor 1 (CR1). These cofactors have slightly different functions:
factor H promotes cleavage of C3b; C4BP promotes cleavage of C4b; MCP and CR1 promote
cleavage of both C3b and C4b. By inactivating the C3b and the C4b, factor | prevents the
formation of the C3 and C5 convertases and inhibits both the alternative and the classical
complement pathways.

In 1970, Alper et al. (165) described the first case of factor | deficiency. Since then, at least 31
cases have been reported. These patients have all had virtually complete deficiency of factor
I, owing presumably to mutations in both factor | alleles. The clinical manifestations are present
from early childhood and include increased susceptibility to recurrent infection with
encapsulated microorganisms such as Neisseria meningitides and Streptococcus
pneumoniae. Heterozygous nonsense, missense, and frameshift mutations in factor | gene were
recently reported in between 3% and 12% of patients with D-HUS (166-169). Incomplete
penetrance is common. Most of the mutations (more than 70%) are found in the protease
domain, which may result in reduced serum levels of factor | protein (Figure 6) (148,150,
151). Most of the heavy chain mutations observed in D-HUS reduce factor I activity for the
degradation of C3b and C4b, but at least one (G261D) does not (148-151).

Complement factor B—Recently, heterozygous gain-of-function missense mutations in
factor B have been described in three patients with D-HUS (152). Two patients have the
mutation F286L and one has the mutation K323E; both mutations are within the von Willebrand
type A domain of factor B (Figure 7).
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Complement factor B is a zymogen that carries the catalytic sites of the complement alternative
pathway convertase C3bBb. Upon interaction with C3b, factor B is cleaved by factor D into
two fragments, Ba and Bb. Ba is released, whereas Bb remains bound to C3b, forming the
C3bBb alternative pathway C3 convertase, an active serine protease that cleaves additional C3
into C3b. The Bb fragment of factor B comprises two protein domains (Figure 7): a VWF-A
domain and a serine protease domain (170). The factor B VWF-A domain interacts with
C3bBb, and the D-HUS mutations F286L and K323E alter residues at the C3bBb interface, in
close proximity to residue Asp2’®, which is part of a Mg?* binding site. Functional analysis
showed that each of the D-HUS-associated mutations causes increased alternative complement
pathway activation. Factor B (F286L) binds C3b to form an active, rapidly cycling C3
convertase and to enhance the generation of additional C3b. Factor B (K323E) binds C3b to
form a C3bBb enzyme resistant to inactivation by decay-accelerating factor and factor H. In
either case, increased complement activation presumably injures renal endothelial cells,
promotes the attachment of neutrophils and macrophages, and causes microvascular
thrombosis.

SUMMARY POINTS

1. Profound thrombocytopenia, hemolytic anemia, and fragmentation of red blood cells,
without an obvious cause (e.g., autoimmune hemolysis, cancer, sepsis, malignant
hypertension, organ transplantation, cyclosporine, antecedent bloody diarrhea), are
sufficient to diagnose TMA and initiate empiric plasma exchange therapy.

2. TTPand HUS usually are pathologically distinct diseases: Thrombi rich in VWF and
platelets occur in TTP, and fibrin-rich hyaline thrombi occur in D+HUS, suggesting
(at least) two distinct pathways that cause microvascular thrombosis. Congenital TTP
and acquired idiopathic TTP are usually caused by deficiency of plasma ADAMTS13
activity. HUS is usually caused either by infection with Shiga-toxin-producing E.
coli (D+HUS) or by complement dysregulation owing to mutations in the genes
encoding factor H, MCP, factor I, and factor B (D-HUS).

3. For patients diagnosed with TTP, the identification of autoantibodies against
ADAMTS13 can help predict relapse and prognosis; for patients with D-HUS, the
identification of mutations in factor H, MCP, and factor I is critical for predicting the
response to liver or kidney transplantation.

FUTURE ISSUES

1. On the basis of current clinical or laboratory criteria, the differentiation of TTP and
HUS is not always possible, so that empiric treatment with plasma exchange should
be strongly considered if the distinction is uncertain.

2. Better criteria for diagnosis are needed.

3. The underlying pathogenesis of nonidiopathic TTP remains elusive, in part because
it is heterogeneous and independent of ADAMTS13 deficiency.

4. Formost children or adults with D-HUS, the underlying etiology is yet to be identified
because mutations in genes encoding complements factor H, MCP, factor |, and factor
B account for only 30% to 50% of cases.
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Figure 1.

Structure-function relationships of von Willebrand factor. Binding sites are indicated for
collagen, factor VIII, platelet glycoprotein Iba (GPIbe), and integrin allbf 111. The cleavage
site (Tyrl605-Met1606) for ADAMTS13 is located at the central A2 domain of von Willebrand
factor. The locations of intersubunit disulfide bonds (S-S) are shown.
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Figure 2.

The structure of ADAMTS13. The structural domains are indicated: signal peptide (S),
propeptide (P), metalloprotease (M), disintegrin domain (Dis), first thrombospondin type 1
(TSP1) repeat, cysteine-rich domain (Cys-R), spacer domain (Spa), and two CUB domains (C1
and C2). The metalloprotease domain is the catalytic center that cleaves von Willebrand factor
(VWEF). The proximal carboxyl-terminal domains from Dis to Spa interact with the A2 domain
of VWF. More distal carboxyl-terminal domains (TSP1 2-8) interact with VWF under fluid
shear stress.
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Figure 3.

Location of the mutations found in patients with congenital thrombotic thrombocytopenic
purpura. The point mutations that cause single amino acid substitutions and premature stop
codons (X) are shown above the domain structure of ADAMTS13. The mutations that result
in alternative splicing of ADAMTS13 mRNA or frameshifts are listed under the domain
structure of ADAMTS13. Those mutants expressed as recombinant proteins in cell culture (*)
cause defects in ADAMTS13 secretion (black) or catalytic activity (red ). S, signal peptide; P,
propeptide; M, metalloprotease; Dis, disintegrin domain; 1, the first thrombospondin type 1
(TSP1) repeat; Cys-R, cysteine-rich domain; Spa, spacer domain; 2 through 8, the second to
eighth TSP1 repeats; C1 and C2, the CUB domains 1 and 2.
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Figure 4.

Structure-function relationship of factor H and mutations found in patients with diarrhea-
negative hemolytic uremic syndrome (D-HUS). The plasma protein factor H is composed of
20 consecutive short consensus repeat domains. The complement C3b and the heparin binding
domains are indicated. Most of the mutations associated with D-HUS or familial HUS are
clustered in the twentieth short consensus repeat domain.
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1 A304V

The domain structure and mutations in membrane cofactor protein associated with diarrhea-
negative hemolytic uremic syndrome (D-HUS). Membrane cofactor protein is an integral
membrane protein composed of four short consensus repeat domains numbered 1 through 4,
and O-glycosylated segments B and C rich in serine, threonine, and proline. Mutations
associated with D-HUS or with familial HUS are indicated. An asterisk (*) indicates mutations
that cause reduced levels of secretion.
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Figure 6.

Domain structure and mutations of factor | associated with diarrhea-negative hemolytic uremic
syndrome. The heavy and light chains of factor | are linked by a disulfide bond (S-S). Most of
the mutations in factor | are clustered in the serine protease domain. The mutations associated
with reduced serum levels of factor | are marked with an asterisk (*).
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Figure 7.

The domain structure of complement factor B and mutations associated with diarrhea-negative
hemolytic uremic syndrome. The schematic diagram of the factor B domain composition and
the residues that participate in the Mg2* binding are shown in panel a. The residues altered in
patients with diarrhea-negative hemolytic uremic syndrome are shown in panel b.
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