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Abstract

Thrombotic microangiopathy (TMA) represents the clinical picture of thrombocytopenia and
hemolytic anemia in the setting of small blood vessel thrombosis, accompanied by varying
degrees of organ dysfunction. Well-known to both nephrologists and hematologists alike, among
the most-common and best-studied TMAS are hemolytic-uremic syndrome (HUS) and thrombotic
thrombocytopenic purpura (TTP). Despite sharing a strong clinical and historical relationship,
these disorders represent distinct clinical and pathophysiological entities. Here will be reviewed
recent progress into the pathogenesis of TTP and HUS, focusing on events taking place at the
endothelial surface.
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TTP and HUS as classical thrombotic microangiopathies

Since its first description by Eli Moschowitz in 1925, TTP has been considered to be a
systemic hematological disease.? Although the clinical picture can be quite variable, this
disorder typically presents abruptly with fever, thrombocytopenia, and microangiopathic
hemolytic anemia, along with varying degrees of cardiac, neurological, renal dysfunction.1-3
These clinical findings most likely occur secondary to the deposition of platelet-rich thrombi
in the vasculature of various organs, most notably the heart, brain, and kidneys. Historically
referred to as “hyaline thrombi” owing to their glassy-pink appearance following
hematoxylin and eosin staining, these lesions also underlie the TMA findings of
thrombocytopenia (secondary to platelet consumption in the thrombi), and microangiopathic
hemolytic anemia (thought to result from abnormally high levels of shear stress in the
microcirculation causing mechanical destruction of erythrocytes).1—3

Although the kidney is a common target organ in TTP, hypertension and acute renal failure
requiring dialysis are uncommon.# In a manner not soon forgotten by both physicians and
family members, TTP can progress rapidly with a shock-like clinical picture to coma and
death; with untreated mortality greater than 90%. Even with plasma exchange (the current
standard-of-care), mortality remains in the 10-20% range.>
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First described by von Gasser in 1955, the hemolytic-uremic syndrome (HUS) is considered
to be a renal disease with systemic complications. HUS is a leading cause of renal failure in
children, and an increasing worldwide public health concern.2:48 Mortality from childhood
HUS remains at approximately 5%, and can be significantly higher in older adults.”~® Acute
morbidity is also a serious concern with approximately 70% of patients requiring red blood
cell (RBC) transfusions, 50% requiring renal replacement therapy, and 25% demonstrating
neurological complications including stroke, seizures, and coma. Furthermore, up to 40% of
childhood HUS survivors will develop long-term renal dysfunction ranging from chronic
proteinuria and hypertension, to end stage renal disease requiring transplant.8:9

In a manner analogous to that which is thought to occur in TTP, thrombocytopenia and
microangiopathic hemolytic anemia likely result from deposition of thrombi throughout the
kidneys. Notably different however, HUS thromboses occur principally in the glomerular
microcirculation, while those in TTP that occur in the kidneys are found in small renal
arterioles.1:6 Additionally, HUS thrombi typically are more developed than those found in
TTP, containing platelets, VWF, fibrin, and inflammatory cells, while those found in TTP
typically comprise only platelets and VWF.6:10.11

Owning perhaps to these differences in thrombi composition, renal damage typically is more
severe in HUS than TTP, although systemic thromboses may not be as widespread.1:4.7
Nevertheless, neurological findings are common, and when present, can greatly complicate
the distinction from TTP. Despite the fact that HUS typically is considered to be a renal
disease, it should be kept in mind that on another level, it must also be a disorder of the
hemostatic system.

Although both diseases share a strong clinical relationship, much historical and recent
investigation into HUS and TTP have followed independent and seemingly unrelated
directions.1? It is important to stress that renal biopsy is uncommon in these disorders
because of the associated thrombocytopenia and risk of biopsy-associated bleeding
complications. TTP research has focused on regulation of the blood coagulation protein von
Willebrand factor (VWF), whereas much effort in HUS research has been concentrated on
understanding the mechanisms of injury to the renal endothelium. However, as will be
discussed below, accumulating evidence suggests that these TMA disorders may share more
of a common mechanistic link than originally thought, and that this link may center on the
interactions of various blood cells and plasma proteins with the endothelium.

TTP pathophysiology and the roles of VWF and ADAMTS13

The role of abnormal VWF homeostasis recently has become the most widely supported
hypothesis in TTP pathogenesis.12 VWF is an abundant plasma glycoprotein that plays a
critical role in hemostasis and thrombosis by providing the initial adhesive link between
circulating blood platelets and sites of vascular injury. Also importantly, VWF functions as a
carrier for coagulation Factor VIII in circulation, significantly increasing its half-life.

The crucial importance of VWF in maintaining hemostasis is illustrated clinically in patients
with Von Willebrand Disease (VWD). Although type 1 VWD is associated with modestly
decreased levels of circulating VWF with mild bruising and bleeding, type 3 VWD (severe
VWEF deficiency) clinically mimics hemophilia in severity.13.14

VWE is synthesized in endothelial cells and megakaryocytes where it is processed from an
initial propeptide monomer into considerably larger multimeric forms.15-18 In endothelial
cells, VWF multimers become especially large, and can exceed 20,000 kDa in size (>60
monomers in length). Endothelial cell VWF is released in both a constitutive and an
inducible manner.1® VWEF that is not released constitutively is stored in specialized
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organelles termed Weibel-Palade bodies.20-21 Upon endothelial cell stimulation or physical
vascular injury, the VWEF stored in Weibel-Palade bodies is released in its largest multimeric
form, which is termed ultra-large VWF (UL-VWF).19.22

Following release, newly-secreted VWF becomes transiently anchored to the endothelial
surface through an interaction involving (at least in part) integrin a3 and P-selectin on the
endothelial surface.2324 Endothelial-associated UL-VWEF subsequently is cleaved into
smaller multimers by the plasma metalloprotease ADAMTS13, and therefore typically is not
detected in normal human plasma.2>26 Endothelial-associated VWF can bind circulating
platelets and leukocytes, and therefore can be considered to be an effector of endothelial
activation.27.28

Identification of the crucial link between TTP pathogenesis and VWF was made in 1982
when Moake and colleagues demonstrated the presence of UL-VWEF in the plasma of
patients with an inherited familial form of TTP.2% Thus it was hypothesized that deficiency
of a VWF “depolymerase” was the underlying cause of TTP. This VWF “depolymerase”
was ultimately identified as the metalloprotease ADAMTS13, which cleaves VWF between
amino acid residues tyrosine 1605 and methionine 1606.3%-36 The activity of ADAMTS13
against VWF /n vitro is dependent on conformational changes of VWF brought about by
applied shear stress, or denaturants such as guanidine or urea.3%38 Thus it speculated that
cleavage of VWF by ADAMTS13 /n vivo may be dependent on a conformation change of
VWEF induced by factors such as fluid shear stress, in combination with binding to platelets,
the endothelium, or possibly other molecules.37-39 Deficiency of ADAMTS13 can be
genetic (the rare Upshaw-Schulman syndrome), or more commonly acquired, resulting from
autoimmune production of inhibitory anti-ADAMTS13 antibodies. 254041

Lack of endothelial-associated VWF cleavage by ADAMTS13 is now thought to be the
primary defect underlying TTP pathogenesis. However, it is clear from both human and
animal studies that deficiency of ADAMTS13 in-and-of-itself is not sufficient for TTP
pathogenesis, which likely requires additional genetic and environmental factors.40:42
Although the nature of the stimuli that can trigger TTP pathogenesis remains unknown,
systemic factors causing endothelial activation and release of VWF seem more plausible
than widespread physical vascular injury. Clinically, infections, pregnancy, malignancy,
collagen vascular disease, and various medications have all been associated with the onset of
TTP.12 As will be discussed below, recent studies with a murine model of TTP have
provided insight into possible infectious triggers of TTP, which interestingly, also uncovered
a potential link between TTP and HUS pathogenesis.

HUS pathophysiology and the roles of shigatoxin and complement

In contrast to TTP where much of the latest work has been directed to understanding the
roles of VWF and ADAMTS13, recent effort in HUS has been focused on the mechanisms
of damage to the renal endothelium. In the case of the more common diarrhea-associated
HUS (D+HUS), renal endothelial damage is thought to be mediated in large part by
verotoxins ([VTs], also referred to as shiga toxins [Stxs]), which are actually a family of
bacterial toxins elaborated by distinct strains of £. coliand S. dysenteriae (in North America
principally shigatoxigenic £. coli [STEC] strain O157:H7 is responsible for D+HUS
pathogenesis).8:943 Once ingested, STEC infection localizes to the gastrointestinal mucosa,
and is followed by release of VT and its subsequent translocation through the epithelium and
into the circulation.8243 By mechanisms and routes that remain unclear, VT then circulates
throughout the body, but may preferentially localize to the renal endothelium due to the high
concentration of its receptor, globotriaosylceramide, on these surfaces.8:943 Based primarily
on its actions in cell culture, VT is thought to exert its effects in renal endothelial cells by
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cleaving a specific N-glycosidic bond in the the 28S rRNA subunit, inhibiting the elongation
step of protein synthesis, resulting ultimately in death of the cell.8:9:43

Additionally however, it is becoming clear that that the mechanisms by which VT induces
the thrombotic state of HUS involve more than the direct toxic effects on protein synthesis
described above. For example, VT induces expression of pro-inflammatory genes in
endothelial cells and leukocytes, up-regulates expression of adhesion molecules, and can
directly activate platelets.*3-4> Additionally, following STEC infection, prothrombotic
coagulation abnormalities can be detected which precede clinical evidence of renal
damage.*® Thus, the end result of these, and likely other mechanisms, is a shift in the
hemostatic balance of the renal circulation towards thrombosis and inflammation, and the
subsequent development of renal injury and clinical HUS.

While ~90% of HUS cases result from infection with STEC and are therefore mediated by
VT, considerable insight into the pathogenesis of HUS has been gained from investigation
into the pathogenesis of diarrhea-negative, or “atypical” HUS (aHUS), which accounts for
~5% of HUS cases.*’ It is now clear that ~55% of patients with aHUS have a mutation in
one of several genes encoding proteins which regulate complement activity (complement
factor H, complement factor I, complement factor B, membrane cofactor protein, and
thrombomodulin).#7-4° These proteins function to control complement activation on self
plasma membranes, and therefore to limit complement-mediated damage to host tissues. A
decrease in complement regulatory activity therefore results in the loss of ability to suppress
complement activation throughout the body.

However, similar to D+HUS in which the renal endothelium seems to be the primary target
of globally-circulating VT (and for reasons that likewise are not well understood),
glomerular endothelial cells are especially sensitive to loss of complement regulation, and
microvascular damage in aHUS is restricted principally to the renal microcirculation.

Similar to VT-mediated endothelial damage and the subsequent development of TMA, the
mechanisms following complement activation that lead to TMA and aHUS also are not yet
well understood. However, among multiple actions, complement activation on the
glomerular endothelium likely recruits inflammatory cells, which results in endothelial
injury, platelet aggregation, activation of the coagulation cascade, and the subsequent
development of TMA and clinical HUS.#/

It has not escaped notice by a number of investigators that the nearly identical clinical
phenotypes of D+HUS and aHUS can caused by the seemingly disparate triggers of VT, and
complement activation, respectively. These observations suggest that VT and complement
activation share a common mechanism of action at some point during their function in the
pathogenesis of HUS, either before, during, or after interaction with glomerular endothelial
cells.

VWEF as a mediator of VT action

While it is now clear that ADAMTS13 deficiency and VWF play a major role in TTP
pathogenesis, the role of these molecules in HUS has remained more uncertain. Recently
however, several groups have demonstrated that potentially physiological concentrations of
VT can stimulate the release of UL-VWEF from cultured human umbilical vein endothelial
cells (HUVECS), and human glomerular microvascular endothelial cells (HGMECS),
revealing a possible additional mechanism of action for VT in mediating the pathogenesis of
HUS.59:51 |nterestingly, this effect occurred within several minutes of VT application,
suggesting that VT-induced VWEF release was occurring via rapid plasma membrane-

Semin Nephrol. Author manuscript; available in PMC 2013 June 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Motto

Page 5

mediated signaling events, rather than through the toxic effects of VT on protein synthesis
discussed above (which would be expected to take considerably longer).

As each VT molecule comprises a single enzymatically-active A subunit (thought to be
responsible for toxicity), surrounded by five identical B subunits (which mediate cell surface
binding), it was hypothesized that the isolated B subunits of VT could mediated VWF
secretion in the absence of the catalytic A subunit. Interestingly, this hypothesis turned out
to be correct, and that this effect requires binding and clustering of the VT receptor
globotriaosylceramide, and depends on plasma membrane cholesterol and caveolin-1.51
Thus these findings demonstrated the existence of a novel VT-induced lipid raft-dependent
signaling pathway in endothelial cells which may be responsible for some of the biological
effects attributed previously to the enzymatic A subunit of VT.

A pathogenic link between HUS and TTP?

The initial observations above that VT is able to rapidly stimulate release of VWF from
cultured endothelial cells suggested this toxin as a potential trigger of TTP in the setting of
ADAMTS13 deficiency. The availability of ADAMTS13-deficient mice allowed this
hypothesis to be addressed experimentally. Similar to humans with familial ADAMTS13
deficiency, these animals develop TTP spontaneously.52 Also similar to humans, additional
environmental triggers and genetic modifying factors are thought to contribute to disease
pathogenesis in this murine model of TTP.40.52

Thus, in a search for potential environmental triggers, VT was administered to ADAMTS13-
deficient mice intravenously. Interestingly, the ADAMTS13-deficient mice (but not their
ADAMTS13-sufficient littermates) developed findings identical to spontaneous TTP,
including: severe thrombocytopenia, hemolytic anemia with schistocytes and RBC
fragments visible on peripheral blood smear; VWF-rich and fibrin-poor thrombi in the
arterioles of multiple organs, including the heart, brain, and kidneys; and increased
mortality.>2:53 It should be noted that these findings were consistent with human TTP, rather
than HUS. This observation was subsequently extended to include the isolated B subunit of
VT, which similar to complete VT, also was found to able to induce findings consistent with
TTP in ADAMTS13-deficient mice.51 Based on this last observation, it can be concluded
that VT likely is triggering TTP in this system via endothelial cell activation and stimulation
of VWEF secretion, rather than through inhibition of protein synthesis and the other longer-
term effects of VT described above.

These experimental observations thus demonstrated the existence of a pathogenic link
between TTP and HUS, as a single agent (VT) is able to trigger both disorders. Additionally,
the ability of VT to induce the systemic findings of TTP demonstrates that his molecule can
indeed exert effects in different vascular beds throughout the body, as opposed to the
localized activity of VT in HUS.

It is interesting to speculate regarding the mechanisms by which VT can trigger both TTP
and HUS, and whether VT and similar stimuli play any role in TTP pathophysiology in
humans. Perhaps the simplest explanation would be that the ADAMTS13 status of the
animal determines the outcome of VT challenge. In the case of ADAMTS13 deficiency, VT
(or similar endothelial-activating stimuli [e.g. histamine, cytokines, other bacterial toxins
from otherwise sub-clinical infections]) would result in a systemic TTP-like picture.
Conversely, the situation of ADAMTS13 sufficiency would result in the potential for HUS,
which could conceivably require a higher and/or more sustained exposure to VT, along with
effects mediated by the A subunit of VT, in addition to VWF release stimulated by the B
subunit.
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Likewise, although it is clear that VWF plays a central role in TTP pathophysiology, its
potential role in the pathogenesis of HUS remains unclear. However, given that HUS also is
a disorder of the blood coagulation system, a role for VWF in HUS potentially downstream
of VT and/or complement activation should not be considered unwarranted.

Consistent with a potential role for VWF in HUS pathogenesis, a recent genetic association
study of polymorphisms demonstrated that the T145M variant of the platelet VWF receptor,
GPIb-alpha, was found with an increased frequency in HUS patients compared with controls
(23% vs. 9%, P<0.001).54 This GPlb-alpha polymorphism confers increased affinity of
platelets for VWF (and therefore the activated endothelial surface), and has been previously
associated with other thrombotic diseases.>®

Conclusions

Although considerable progress has been made regarding the pathogenesis of TTP and HUS
(only a fraction of which was reviewed here), many important issues remain. The
observations discussed above support the possibility that similar factors may trigger both
TTP and HUS, and that these two disorders may share some degree of subsequent
pathophysiology— and therefore the possibility of future therapeutic approaches as well.
The interactions of platelets, leukocytes, and multiple plasma proteins with the endothelial
surface clearly underlie the pathogenesis of both disorders. Further investigation into the
potential function of these factors, including VWF and ADAMTS13 in HUS pathogenesis
(and likewise complement regulation in TTP pathogenesis) likely will require additional
genetic approaches, and refinement of the current animal models of these diseases.
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Figure 1.
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Schematic representation of VWF. Domains of VWF are indicated by lettering. Known

functional elements are as labeled.
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Multimerization of VWF. Individual VWF monomers form dimers via disulfide bonds near
the C-termini of each molecule. Much larger multimers form via N-terminal disulfide bonds
between dimers. Multimers of VWF can comprise greater than 100 individual monomers,

and exceed 20,000 kDa in molecular weight.
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Figure 3.

The roles of ADAMTS13 and VWF in TTP pathogenesis. Panels A-C represent the normal
state of ADAMTS13 sufficiency, while panels D—F represent the pathological state of
ADAMTS13 deficiency. Black triangles represent ADAMTS13 in the circulation. VWF is
stored in the Weibel-Palade bodies of resting/unactivated endothelial cells (A and D).
Endothelial stimulation results in the rapid release of VWF, which remains adherent to the
endothelial surface (B and E). When present, ADAMTS13 rapidly binds to and cleaves
VWE (B), releasing it into the circulation (C). If ADAMTS13 is absent or non-functional,
platelets bind to endothelial-associated VWF (E), leading to the formation of platelet/\VWF
thrombi throughout the circulation (F).
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Mechanisms of pathogenesis in TTP and HUS. Question marks indicate either hypothetical

links between events, or poorly-understood mechanisms of action. Please see text for

detailed explanation.
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