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C H  A P T E R

   HEMOLYTIC UREMIC SYNDROME AND 
THOMBOTIC THROMBOCYTOPENIC 
PURPURA 
The term thrombotic microangiopathy (TMA) de  nes a 
lesion of arteriolar and capillary vessel wall thickening with 
intraluminal platelet thrombosis and a partial or complete 
obstruction of the vessel lumina. Laboratory features of 
thrombocytopenia and microangiopathic hemolytic anemia 
are almost invariably present in patients with TMA lesions 
and re  ect the consumption and disruption of platelets and 
erythrocytes in the microvasculature. Depending on  whether
renal or brain lesions prevail, two pathologically indistin-
guishable but somehow clinically different entities have 
been described: hemolytic uremic syndrome (HUS) and the 
thrombotic thrombocytopenic purpura (TTP).  Because HUS 
can involve extrarenal manifestations and TTP can some-
times involve severe renal disease, the two can be dif  cult 
to  distinguish on clinical grounds only. 1 Newly identi  ed 
pathophysiologic mechanisms, however, have allowed for 
the differentiation of the two syndromes on a molecular basis 
(Table 55.1). Independent of the initial cause, all  different 
forms of HUS and TTP share a similar trend of circulating 
blood to form thrombi in the microvasculature because of pri-
mary endothelial damage, as in Shiga toxin–associated HUS; 
uncontrolled complement activation, as in atypical HUS; or 
abnormal cleavage of von Willebrand factor, as inTTP. 

 Clinical Features 
 Hemolytic Uremic Syndrome 
The term HUS was introduced in 1955 by Gasser and co-
workers2 in their description of an acute fatal syndrome 
in children characterized by hemolytic anemia, thrombo-
cytopenia, and severe renal failure. HUS occurs most fre-
quently in children under the age of 5 years (incidence, 5 to 
6 children/100,000/year compared to an overall incidence 
of 0.5 to 1/100,000/year. Most cases (over 90% of those in 
children) are associated with infection by Shigalike toxin 
(Stx), producing  Escherichia coli (Stx-HUS). 3 In 90% of  cases,

Stx-HUS is preceded by diarrhea, which is often bloody. 
Usually patients are afebrile.  Streptococcus pneumoniae causes 
a distinctive form of HUS, accounting for 40% of cases not 
associated with Stx-producing bacteria. 4

Approximately 10% of HUS cases are classi  ed as 
atypical, caused neither by Stx-producing bacteria nor by 
Streptococcus.5 Atypical HUS occurs at any age, can be fa-
milial or sporadic, and has a poor outcome; 50% progress 
to end-stage renal disease (ESRD) and 25% may die in the 
acute phase. 4,6 Neurologic symptoms and fever can occur 
in 30% of patients. Pulmonary, cardiac, and gastrointestinal 
manifestations can also occur. 4,6

 Thrombotic Thrombocytopenic Purpura 
TTP was   rst described in 1925 by Moschcowitz 7 in a 
16-year-old female patient with a fulminant febrile attack, 
hemolytic anemia, bleeding, renal failure, and neurologic 
involvement. Pathologic changes were characterized by 
widespread hyaline thrombosis of small vessels. It is a rare 
disease, with an incidence of approximately 2 to 4 cases per 
1 million persons per year. 8,9 It is more common in women 
(female to male ratio, 3:2 to 5:2) and in whites (white to 
black ratio, 3:1). Although the peak incidence is in the third 
and fourth decades of life, TTP can affect any age group. 9–11

Thrombotic thrombocytopenic purpura classically presents 
with the  pentad of thrombocytopenia, microangiopathic 
hemolytic anemia, fever, and neurologic and renal dysfunc-
tion.7 Thrombocytopenia is essential for the diagnosis; most 
patients present with values below 60,000 per microliter. 9,11

Purpura is minor and can be absent. Retinal hemorrhages 
can be present; however, bleeding is rare.  Neurologic symp-
toms can be seen in over 90% of patients during the entire 
course of the disease. Central nervous system involvement 
mainly represents thrombo-occlusive disease of the grey 
matter, but can also include headache, cranial nerve palsies, 
confusion, stupor, and coma. These features are transient but 
recurrent. Up to half of patients who  present with neurologic 
involvement may be left with sequelae. Renal insuf  ciency 
may occur. One group has reported 25% of patients with cre-
atinine clearance of less than 40 mL per minute. Low-grade
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disruption of platelets and erythrocytes in the microvascu-
lature. 5,11,12  Hemoglobin levels are low (less than 10 g per 
deciliter in more than 90% of patients). Reticulocyte counts 
are uniformly elevated. The peripheral smear reveals an in-
creased schistocyte number (Fig. 55.1), with polychromasia, 
and often, nucleated red blood cells. The latter may represent 
not only a compensatory response, but also may  represent 
damage to the bone marrow–blood barrier resulting from 
intramedullary vascular occlusion. Detection of fragmented 

fever is present in  one-quarter of patients at the diagnosis, 
but can often be seen as a consequence of plasma exchange. 
Less common manifestations include acute abdomen, pan-
creatitis, and sudden death. 11  

 Laboratory Findings 
 Laboratory features of thrombocytopenia and microan-
giopathic hemolytic anemia are almost invariably present 
in patients with TMA lesions and re  ect consumption and 

Classi  cation of Hemolytic Uremic Syndrome (HUS) and Thrombotic Thrombocytopenic 
 Purpura (TTP) According to Clinical Presentation and Underlying Etiology

TA B L E

Clinical Presentation  Etiology

Hemolytic Uremic Syndrome
 - Stx-associated Infections by Stx-producing bacteria
 - Neuraminidase

  associated
Infections by Streptococcus pneumoniae

 - Atypical Familial  Mutations: CFH, 40%–45%; CFI, 5%–10%; 
C3, 8%–10%; MCP, 7%–15%; THBD, 9%; CFB, 
1%–2%

Sporadic Idiopathic   Mutations: CFH, 15%–20%; CFI, 3%–6%; C3, 4%–6%; 
MCP, 6%–10%; THBD, 2%; CFB, 2 cases

Anti-CFH antibodies: 6%–10%
- Pregnancy-associated Mutations: CFH, 20%; CFI, 15%
- HELLP syndrome Mutations: CFH, 10%; CFI, 20%; MCP, 10%
- Drugs   Mutations: rare CFH mutations, the large majority 

unknown
- Transplantation 

(de novo aHUS)
Mutations: CFH, 15%; CFI, 16%

- HIV  Unknowna

- Malignancy  Unknowna

Thrombotic Thrombocytopenic Purpura
 - Congenital  Homozygous or compound heterozygous mutations in 

ADAMTS13 gene
 - Idiopathic Anti-ADAMTS13 autoantibodies
 - Secondary - Ticlopidine 

clopidogrel
 Anti-ADAMTS13 autoantibodies (ticlopidine, 

80%–90%, clopidogrel, 30%)
- HSC transplantation  Unknown, rarely low ADAMTS13 levels
- Malignancies  Unknown, rarely low ADAMTS13 levels
- HIV  HIV virus, rarely low ADAMTS13 levels
SLE, APL, and other 

autoimmune 
 disease

Depends on the speci  c primary diseases

aNo published data on frequency of complement gene mutations or anti-CFH autoantibodies.
Stx, Shiga toxin; CFH, complement factor H; CFI, complement factor I; HELLP, hemolytic anemia, elevated liver enzymes, and low platelet count; MCP, 
membrane cofactor protein; THBD, thrombomodulin; aHUS, atypical hemolytic uremic syndrome; HSC, hematopoietic stem cell transplantation; SLE, 
systemic lupus  erythematosus; APL, antiphospholipid syndrome.
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erythrocytes is crucial to con  rm the microangiopathic na-
ture of the hemolytic anemia, provided that heart valvular 
disease and other anatomic artery abnormalities that may 
cause erythrocyte fragmentation are excluded. Other indi-
cators of intravascular hemolysis include elevated lactate 
 dehydrogenase (LDH), increased indirect bilirubin, and low 
haptoglobin levels. 5,11,12  The Coombs test is negative. Mod-
erate leukocytosis may accompany the hemolytic anemia. 
Thrombocytopenia is uniformly present in HUS and TTP. 
 It may be severe, but is usually less so in patients with pre-
dominant renal involvement. 13  The presence of giant platelets 
in the peripheral smear or reduced platelet survival time (or 
both) is consistent with peripheral consumption. In children 
with Stx-HUS, the duration of thrombocytopenia is variable 
and does not correlate with the course of renal disease. 14  
Bone marrow biopsy specimens usually show erythroid 
hyperplasia and an increased number of  megakaryocytes. 
 Prothrombin time (PT), partial thromboplastin time (PTT), 
the   brinogen level, and coagulation factors are normal, thus 
differentiating HUS and TTP from disseminated intravascular 
coagulation (DIC). Mild   brinolysis with minimal elevation 
in   brin degradation products, however, may be observed. 

 Evidence of renal involvement is present in all patients 
with HUS (by de  nition) and in about 25% of patients 
with TTP. 1,12,15  Microscopic hematuria and subnephrotic 
 proteinuria are the most consistent   ndings. In a retrospec-
tive study of 216 patients with a clinical picture of TTP, 
 hematuria was detected in 78% and proteinuria in 75% of 
cases. 15  Sterile pyuria and casts were present in 31% and 
24% of cases, respectively. Gross hematuria was rare. 15  

 Pathology 
 The diagnostic histologic lesions of TMA consist of widening 
of the subendothelial space and microvascular thrombosis. 
Electron microscopy best identi  es the characteristic lesions 

FIGURE 55.1 A peripheral blood smear 
from a patient with  thrombotic micro-
angiopathy. The presence of  fragmented 
red blood cells that may  acquire the 
appearance of a helmet (fragmented 
erythrocytes with the shape of a helmet 
are identi  ed by the black arrows) is 
pathognomonic for microangiopathic 
hemolysis in patients with no evidence 
of heart valvular  disease.

FIGURE 55.2 The detachment of an endothelial cell from the 
underlying glomerular basement membrane in a case of hemo-
lytic–uremic syndrome. A red blood cell is in close contact with the 
glomerular basement membrane. Electron-lucent “  uffy” material 
and a few strands of   brin (arrows) are present in the subendothe-
lial space ( 7,000). (Courtesy of Drs. C. L. Pirani and V. D’Agati.)
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of swelling and detachment of the endothelial cells from the 
basement membrane and the accumulation of   uffy material 
in the subendothelium (Figs. 55.2 and 55.3), intraluminal 
platelet thrombi, and a partial or complete obstruction of 
the vessel lumina (Fig. 55.4). 16–18  These lesions are similar 
to those seen in other renal diseases such as scleroderma, 
malignant nephrosclerosis, chronic transplant rejection, and 
calcineurin inhibitor nephrotoxicity. In HUS, microthrombi 
are present primarily in the kidneys, whereas in TTP they 
mainly involve the brain, where thrombi may repeatedly 
form and resolve, producing intermittent neurologic de  -
cits. In pediatric patients, particularly in those younger than 
2 years of age, and in those with HUS secondary to gastro-
intestinal infection with Stx-producing strains of  E. coli , the 
glomerular injury is predominant. 16  

 Thrombi and in  ltration by leukocytes are common in 
the early phases of the disease and usually resolve after 2 to 
3 weeks. Patchy cortical necrosis may be present in severe 
cases; crescent formation is uncommon. In idiopathic and 
familial forms and in adults, the injury mostly involves ar-
teries and arterioles with thrombosis and intimal thickening 
(Figs. 55.5 and 55.6), and secondary glomerular ischemia 
and retraction of the glomerular tuft (Fig. 55.7). The prog-
nosis is good in patients with predominant glomerular in-
volvement, but it is more severe in those with predominant 
preglomerular injury. Focal segmental glomerulosclerosis 
may be a long-term sequela of acute cases of HUS and is 
usually seen in children with long-lasting hypertension and 
progressive chronic renal function deterioration. 16–18  

 The typical pathologic changes of TTP are the throm-
bi that occlude capillaries and arterioles in many organs 

*

*

FIGURE 55.3 Electron-lucent “  uffy” material (arrow) with some 
electron-dense deposits (asterisks) are located between the 
cytoplasm of an endothelial cell and the glomerular basement 
membrane in a segment of glomerular capillary from a patient 
with hemolytic–uremic syndrome ( 12,000). (Courtesy of 
Drs. C. L. Pirani and V. D’Agati.)

FIGURE 55.4 Swelling of the glomerular endo-
thelial cells and occlusion of almost all capillary 
lumens packed with red blood cells (arrows) in a 
case of hemolytic–uremic syndrome (Trichrome, 
 250).
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and tissues (Fig. 55.8). These thrombi consist of   brin 
and platelets, and their distribution is widespread. They 
are most commonly detected in the kidneys, the pancreas, 
the heart, the adrenals, and the brain. Compared to HUS, 
pathologic changes of TTP are more extensively distrib-
uted, probably re  ecting the more systemic nature of the 
disease. 16–18  

 Mechanisms, Clinical Course, and Therapy 
According to Different Forms of Thrombotic 
Microangiopathy 
 Hemolytic Uremic Syndrome 
 Shiga Toxin–Associated Hemolytic Uremic Syndrome 
 Mechanisms. Stx-HUS, the most frequent form of TMA, 
may follow infection by certain strains of  E. coli or Shigella 
 dysenteriae,  which produce powerful exotoxins (Stx). 3,19  The 
term Shiga toxin was initially used to describe the  exotoxin 
produced by  S. dysenteriae  type 1. Then, some strains of 
 E. coli  (mostly the serotype 0157:H7, but also other serotypes 

FIGURE 55.5 Thrombotic and necrotic changes in a small 
 artery from an adult patient with hemolytic–uremic syndrome. 
 (Trichrome,  375.)

FIGURE 55.6 Occlusion of an interlobular artery with intimal 
swelling and myointimal proliferation in a case of adult hemolytic–
uremic syndrome. (Trichrome,  375.)

FIGURE 55.7 Ischemic glomerular lesions characterized by 
thickening and wrinkling of glomerular capillary walls and atro-
phy of the glomerular tuft in a case of adult hemolytic–uremic 
syndrome. (Silver,  250.)

FIGURE 55.8 Marked endothelial and myointimal cell prolifera-
tion with occlusion of the lumen of an interlobular artery in a case 
of thrombotic thrombocytopenic purpura (Trichrome,  375.)
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such as O111:H8, O103:H2, O123, O26, and the O104:H4 
strain isolated in the recent German outbreak) 20,21 isolated 
from human cases with diarrhea were found to produce a 
toxin similar to the one of S. dysenteriae. After food contami-
nated by Stx-producing  E. coli or  S. dysenteriae is ingested, 
the toxin is released into the gut and may cause watery or, 
most often, bloody diarrhea because of a direct effect on the 
intestinal mucosa. Stx-producing  E. coli closely adhere to the 
epithelial cells of the gastrointestinal mucosa causing the de-
struction of the brush border villi. 22 Stxs are picked up by 
polarized gastrointestinal cells via transcellular pathways and 
translocate into the circulation, 23 probably facilitated by the 
transmigration of neutrophils, 24 which increase paracellular 
permeability. Circulating human blood cells, such as erythro-
cytes,25  platelets, 26,27 and monocytes, 28 express Stx receptors 
on their surface and have been suggested to serve as Stx car-
riers from the intestine to the kidney and other target organs. 

The disease is caused by two distinct exotoxins, Stx-1 and 
Stx-2, which are almost identical to the toxin produced by 
S. dysenteriae type 1. 29 Both Stx-1 and Stx-2 are 70-kDa AB5 
holotoxins comprising a single A subunit of 32 kDa and   ve 
7.7-kDa B subunits. Interestingly, an AB5 toxin comprising 
a single 35-kDa A subunit and a pentamer of 13-kDa B sub-
units have been isolated from a highly virulent  E. coli strain 
(O113:H21) responsible for an outbreak of HUS, which may 
represent the prototype of a new class of toxins, accounting 
for HUS associated with strains of E. coli that do not produce 
Stxs.30 Despite their similar sequences, Stx-1 and Stx-2 cause 
different degrees and types of tissue damage, as documented 
by the higher pathogenicity of strains of E. coli that produce 
only Stx-2 than of those that produce Stx-1 alone. 31–33 In a 
study in children who became infected by Stx  E. coli, E. coli
strains producing Stx-2 were most commonly associated with 
HUS, whereas most strains isolated from children with diar-
rhea alone or from those who remained asymptomatic only 
produced Stx-1. 34 This is also true in mice and in baboons. 35

Stx-1 and Stx-2 bind to different epitopes on the 
Gb3 molecules and they also differ in binding af  nity and 
kinetics.36 Surface plasmon resonance analysis showed that 
Stx-1 easily binds to and detaches from Gb3, in contrast to 
Stx-2, which binds slowly but also dissociates very slowly, 
thus leaving time enough for the cell’s incorporation. 36 After 
binding to endothelial cell receptors, the toxin is  internalized 
in the cytosol by endocytosis 37 within 2 hours 38 and inhibits 
protein synthesis within 30 minutes (Fig. 55.9). The number 
of high-af  nity receptors is a major determinant of suscep-
tibility of cells to Stx. 39 Therefore, cell viability and protein 
synthesis of endothelial cells of the kidney were reduced by 
50% upon exposure to 1 pM Stx, unlike endothelial cells 
of the umbilical vein that were viable up to greater than 
1 nM exposure to the toxin. These   ndings are consistent 
with basal levels of Stx receptors 50 times higher in the re-
nal endothelium than in the umbilical cord endothelium. 40

During internalization, the alpha subunit of the toxin dis-
sociates from the beta subunits. Approximately 10% of the 
alpha subunit protein is removed in a trypsinlike process, 

resulting in a maximally active 27-kDa subunit enzyme. It is 
well established that this fragment is a direct inhibitor of 
protein synthesis and is responsible for the cytotoxic action 
of the toxin. Stx selectively inactivates 60S ribosomal sub-
units by removing one nucleotide in the 28S ribosomal RNA 
in a nucleotide-speci  c manner (Fig. 55.9). 40

For many years it was assumed that the only relevant 
biologic activity of Stx was the block of protein synthesis 
and destruction of endothelial cells. However, the treatment 
of endothelial cells with sublethal doses of Stx—exerting 
minimal in  uence on protein synthesis—leads to increased 
mRNA levels and protein expression of chemokines, such as 
interleukin (IL)-8 and monocyte chemoattractant protein-1 
(MCP-1) and cell adhesion molecules, a process preceded 
by nuclear factor-kappa B (NF- κB) activation. 41 Adhesion 
molecules seem to play a critical role in mediating the bind-
ing of in  ammatory cells to endothelium. Indeed, Stx-2 
treatment enhanced the number of leukocytes adhering and 
migrating across a monolayer of human endothelial cells. 42

Moreover, preventing IL-8 and MCP-1 overexpression by 
adenovirus-mediated NF- κB blocking, inhibited adhesion 
and the transmigration of leukocytes. 41

Therefore, it can be inferred that Stx, by altering 
endothelial cell adhesion properties and metabolism, fa-
vor leukocyte-dependent in  ammation and induce the 
loss of thromboresistance in endothelial cells, leading to 
microvascular thrombosis. Evidence for such a sequence of 
events has been obtained in experiments of whole blood   ow-
ing on human microvascular endothelial cells  preexposed to 
Stx-1 at high shear stress. 43 In these circumstances, early 
platelet activation and adhesion occurs, followed by the 
formation of organized endothelial P-selectin and platelet-
endothelial cell adhesion molecule (PECAM)-1–dependent 
thrombi. This offers a likely pathophysiologic pathway for 
microvascular thrombosis in HUS. 

Evidence is also emerging that complement activation 
at the renal endothelial level may contribute to microangio-
pathic lesions in Stx-HUS. High plasma levels of complement 
activation products Bb and C5b-9 were recently  measured in 
17 children with Stx-HUS, indicating complement activation 
via an alternative pathway. 44 Another study reported that 
Stx2 binds to the plasma complement regulatory protein, 
factor H, and may activate complement in the   uid phase in 
vitro. 45 In a recent study, Stx-induced complement activation 
via P-selectin was identi  ed as a key mechanism of micro-
vascular thrombosis in Stx-HUS. Stx induced the expression 
of P-selectin on a cultured human microvascular endothelial 
cell surface, and P-selectin bound and activated C3 via the 
alternative pathway, leading to thrombus formation under 
  ow. 46 In a murine model of HUS obtained by the coinjec-
tion of Stx2 and LPS and characterized by thrombocytopenia 
and renal dysfunction, the upregulation of glomerular en-
dothelial P-selectin was associated with C3 and   brin(ogen) 
deposits and platelet clumps. Treatment with anti–P-selectin 
Ab limited glomerular C3 accumulation. Factor B de  cient 
mice after Stx2/LPS exhibited less thrombocytopenia and 
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were protected against glomerular abnormalities and renal 
function impairment, indicating the involvement of comple-
ment activation, via the alternative pathway, in the glomeru-
lar thrombotic process in HUS mice. 46  

 Diagnosis. Diagnosis rests on the detection of  E. coli  O157:H7 
and other Stx-producing bacteria in sorbitol- MacConkey 
stool cultures. Unlike most other  E coli , serotype O157:H7 
and other Stx-producing bacteria do not ferment sorbitol 
rapidly and thus form colorless colonies on sorbitol con-
taining MacConkey agar (SMAC). Suspect colonies can be 
assayed for the O157 antigen with commercially available 
 antiserum or latex agglutination kits. Newer protocols that 
use SMAC that contains ce  xime tellurite, other selective 
culture media, immunomagnetic separation, and enzyme-
linked immunosorbent assays to detect O157 lipopolysac-
charide or Shiga toxins can further enhance detection. 19  In 
regions where sorbitol-fermenting strains have been identi-
  ed, 19  the use of tests that identify Shiga toxins or the genes 
encoding them (by PCR) is helpful for diagnosis. 

 Over the last 2 decades  E. coli  0157:H7 and, although 
less frequently, other Stx-producing  E. coli  strains, have been 
responsible for multiple outbreaks throughout the world, be-
coming a public health problem in both  developed and devel-

oping countries. 19  Contaminated undercooked ground beef, 
meat patties, raw vegetables, fruit, milk, and  recreational or 
drinking water have all been implicated in the transmission 
of  E. coli . A widespread outbreak  associated with  spinach 
in North America had dramatically higher than typical rates 
of both hospitalization (52%) and HUS (16%), due to the 
emergence of a new variant of the 0157:H7 serotype that has 
acquired several gene mutations that likely  contributed to 
more severe disease. 47  From May through June 2011, a very 
large outbreak of HUS occurred in  Germany and was caused 
by an unusual Shiga toxin– producing E. coli (STEC) strain 
O104:H4 through the ingestion of contaminated sprouts. 48  

 Secondary person-to-person contact is an important way 
of spread in institutional centers, particularly day care cen-
ters and nursing homes. Infected patients should be excluded 
from day care centers until two consecutive stool cultures are 
negative for Stx-producing  E. coli  in order to prevent further 
transmission. However, the most important preventive mea-
sure in child care centers is supervised hand washing. 

 Clinical course. Following exposure to Stx  E. coli , 38% to 
61% of individuals develop hemorrhagic colitis and 3% 
to 9% (in sporadic infections) to 20% (in epidemic forms) 
progress to overt HUS. 19,49  Stx  E. coli  hemorrhagic colitis not 
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FIGURE 55.9 The binding and mecha-
nism of action of Shigalike toxin. The B 
subunits of Shiga toxin molecules attach 
to galactose (Gal ) disaccharides of globo-
triaosylceramide (Gb3) receptors on the 
membrane of monocytes, polymorphonu-
clear cells, platelets, glomerular endothe-
lial cells, and tubular epithelial cells. The 
toxin is internalized via retrograde trans-
port through the Golgi complex. Then 
the A and B subunits dissociate, and the A 
subunit is translocated to the cytosol. The 
A subunit blocks peptide chain elonga-
tion by eliminating one adenine from the 
28S ribosomal RNA.
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complicated by HUS is self-limiting and is not associated 
with an increased long-term risk of high blood pressure or 
renal dysfunction, as shown by a 4-year follow-up study in 
951 children who were exposed to a drinking water out-
break of  E. coli  O157:H7. 50  

 Stx-HUS is characterized by prodromal diarrhea, fol-
lowed by acute renal failure. The average interval between 
 E. coli  exposure and illness is 3 days. Illness typically be-
gins with abdominal cramps and nonbloody diarrhea; 
 diarrhea may become hemorrhagic in 70% of cases, usually 
within 1 or 2 days. 51  Vomiting occurs in 30% to 60% of 
 cases and fever in 30%. Leukocyte count is usually elevated, 
and a  barium enema may demonstrate “thumb-printing,” 
 suggestive of edema and submucosal hemorrhage, especially 
in the region of the ascending and transverse colon. HUS is 
 usually diagnosed 6 to 10 days after the onset of  diarrhea 
(Fig. 55.10). 3  After infection, Stx  E. coli  may be shed in the 
stools for  several weeks after the symptoms are resolved, 
particularly in children    5 years of age. 3  

 Bloody diarrhea, fever, vomiting, elevated leukocyte 
count, extremes of age, and female sex, as well as the use of 
antimotility agents, 52  have been associated with an increased 
risk of HUS following an  E. coli  infection. 19   Stx-HUS is not 
a benign disease. Of patients who develop HUS, 70% re-
quire red blood cell transfusions, 50% need dialysis, and 
25% have neurologic involvement, including stroke,  seizure, 
and coma. 19,53,54  Although mortality for infants and young 
 children in industrialized countries decreased when  dialysis 
became available, as well as after the introduction of in-
tensive care facilities, still 3% to 5% of patients die during 
the acute phase of Stx-HUS. 53  A meta-analysis of 49 pub-
lished studies (3,476 patients, mean follow-up of 4.4 years) 
 describing the long-term prognoses of patients who survived 
an episode of Stx-HUS, reported death or permanent ESRD 
in 12% of patients and GFR below 80 mL/min/1.73m 2  in 
25%. 54  The severity of acute illness, particularly central 
nervous system symptoms, the need for initial dialysis, and 
 microalbuminuria in the   rst 6 to 8 months were strongly 
associated with a worse long-term prognosis. 54–56  

 Disease presentation and outcome were particularly un-
usual during the STEC O104:H4 German outbreak, which 
since May 1, 2011 had involved more than 4,000 people 
in Germany, of whom 800 had progressed to HUS and 50 
had died in Germany and 15 in other countries by July 20. 48  
The outbreak was foodborne in contaminated sprouts. 21  The 
chain of transmission appeared to have started in Egypt with 
fecal contamination of fenugreek seeds by either  humans or 
farm animals. During sprout germination, bacteria  multiplied 
and produced large amounts of toxin and were then diffused 
with food provided to restaurants and consumers. Almost 
90% of affected patients were adults and, compared to previ-
ous enterohemorragic E. coli (EHEC) epidemics, there was a 
higher prevalence of affected young and middle-aged  women 
and an extremely high incidence of dialysis-dependent kid-
ney failure (20% versus 6%) and death (6% versus 1%), 
 respectively. 20  The predominance of women among the case 
patients has been suggested to be explained by the food ve-
hicle if women are more health conscious and thus more 
likely to eat sprouts. 20  Conversely, severe outcome was in 
part explained by a lack of previous immunity to this novel 
phenotype and, most likely, by the exceptional virulence of 
the strain. 57  The  involved O104:H4  E. coli  shared 93% of 
the genomic sequence of enteroaggregative  E. coli  (EAEC), 
 microbes that form   mbriae that help sticking to the intestinal 
wall, but was also able to produce the same Shiga toxin of 
EHEC. 20,58  Thus, this  E. coli  is likely the result of an acquisi-
tion of Shiga toxin– encoding phage from a preexisting Shiga 
toxin–producing EHEC pathogen (Fig. 55.11). Blending the 
two virulence factors would lead to stronger gut colonization 
and more toxin  being released into the circulation. Moreover, 
although EHEC are found in the gastrointestinal tract of ru-
minants, EAEC have adapted to the human gut and appear to 
have their reservoir in humans. 59  This might explain why this 
strain has now acquired a host of new resistances to antibiotics 
most commonly used in human disease that are in large part 
mediated by  extended-spectrum beta- lactamases (ESBL). 20  

 Therapy. The typical Stx-associated HUS treatment for chil-
dren is based on supportive management of anemia,  renal 
failure, hypertension, and electrolyte and water  imbalance. 
Intravenous isotonic volume expansion as soon as an  E. coli  
O157:H7 infection is suspected—that is, within the   rst 
4 days of illness, even before culture results are available—
may limit the severity of kidney dysfunction and the need 
for renal replacement therapy. 60  Bowel rest is important for 
the enterohemorrhagic colitis associated with Stx-HUS. 
 Antimotility agents should be avoided because it may prolong 
the persistency of  E. coli  in the intestinal lumen and therefore 
increase patient exposure to its toxin. The use of antibiotics 
should be restricted to the very limited number of patients 
presenting with bacteremia 61  because, in children with gas-
troenteritis, the risk of HUS increases by 17-fold. 62  A possible 
explanation is that antibiotic-induced injury to the bacterial 
membrane might favor the acute release of large amounts of 
preformed toxin. Alternatively, antibiotic therapy might give 

STEC Exposure

3-4 days

Abdomina l cramps , non-bloody dia rrhea

1-2 days

Bloody dia rrhea

Resolution (95%) HUS (5%)

5-7
days

FIGURE 55.10 Timing of the events that may follow  exposure 
to Shiga toxin–producing E. coli. HUS, hemolytic uremic 
 syndrome.
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 E. coli  O157:H7 a selective advantage if these organisms are 
not as readily eliminated from the bowel as are the normal 
intestinal   ora. This might speci  cally apply to the O104:H4 
strain, which has acquired a host of new resistances to an-
tibiotics most commonly used in human diseases, such as 
cephalosporins, monobactams,   uoroquinolones, cotrimoxa-
zole, tetracyclines, and aminoglycosides, which are in large 
part mediated by ESBL. 20,63  Actually,  ESBL-mediated resis-
tances might offer to this strain a  selective advantage over the 
normal intestinal   ora upon exposure to one or more of the 
previous antimicrobials administered at the onset of gastroin-
testinal symptoms. 57  Moreover, several antimicrobial drugs, 
 particularly the quinolones, trimethoprim, and furazolidone, 
are potent  inducers of the expression of the Stx2 gene and 
may increase the level of toxin in the intestine. Although the 
possibility of a cause-and-effect relationship between antibi-
otic therapy and an increased risk of HUS has been  challenged 
by a recent meta-analysis of 26 reports, 64  there is no reason 
to  prescribe antibiotics because they do not improve the out-
come of colitis, and bacteremia is only exceptionally found 
in Stx- associated HUS. However, when hemorrhagic colitis is 
caused by  Shigella  dysentery type 1, early and empirical anti-
biotic treatment shortens the duration of diarrhea, decreases 
the incidence of complications, and reduces the risk of trans-
mission by shortening the duration of bacterial shedding. 
Thus, in developing countries where  Shigella  is the most fre-
quent cause of hemorrhagic colitis,  antibiotic therapy should 
be started early and even before the involved pathogen is 
identi  ed. Whether early treatment with  carbapenems or an-
timicrobials, such as fosfomycin, which are electively effective 
against ESBL-producing bacteria, 65  may help prevent progres-
sion from enterocolitis to HUS in patients with evidence or 
suspicion of gastrointestinal infection with  E. coli  O104:H4 or 
other ESBL-producing strains may merit formal investigation. 

 Careful blood pressure control and renin–angiotensin 
system blockade may be particularly bene  cial in the long 

term for those patients who suffer chronic renal disease after 
an episode of Stx-HUS. A study in 45 children with renal 
sequelae of HUS followed for 9 to 11 years documented that 
the early restriction of proteins and the use of ACE inhibitors 
may have a bene  cial effect on the long-term renal outcome, 
as documented by a positive slope of 1/Cr values over time 
in treated patients. 66  In another study, an 8- to 15-year treat-
ment with ACE inhibitors after severe Stx-HUS normalized 
blood pressure, reduced proteinuria, and improved GFR. 67  

 An oral Shiga toxin–binding agent that may compete 
with endothelial and epithelial receptors for Shiga toxin 
in the gut (SYNSORB Pk) has been developed with the 
rationale of limiting target organs’ exposure to the toxin 
(Table 55.2). However, a prospective, randomized, double-
blind,  placebo-controlled clinical trial of 145 children with 
diarrhea-associated HUS failed to demonstrate any bene  -
cial effect of treatment on disease outcome. 68  Among newer 
treatments for Stx-HUS, the development of Stx-neutralizing 
monoclonal antibodies, including dual antibodies against 
Stx 1 and 2 (SHIGATEC, NCT0152199) to be given at the 
time of gastrointestinal infection, is the most advanced. 69  
Peptides impairing the ability of EHEC to survive under the 
acidic conditions of the gastric system could halt the disease 
process at even earlier stages by preventing bacterial intru-
sion into the gut. 70  Heparin and antithrombotic agents may 
increase the risk of bleeding and should be avoided. 

 Ef  cacy of speci  c treatments in adult patients is dif-
  cult to evaluate because most information is derived by un-
controlled series that may also include atypical HUS cases. 
In particular, no prospective, randomized trials are available 
to de  nitely establish whether plasma infusion or exchange 
may offer some speci  c bene  t as compared to supportive 
treatment alone. However, comparative analyses of two large 
series of patients treated 71  or not 72  with plasma suggest that 
plasma therapy may dramatically decrease the overall mor-
tality of Stx  E. coli  0157:H7–associated HUS. These   ndings 

EAEC virulence
plasmid

Antibiotic
res is tance
plasmid

Stx-phage

Direct
cytotoxicity

Stx

Fimbriae
Intes tina l ce lls

Stacked-brick adherence

Blood vesse l

FIGURE 55.11 The hypothetical origin 
of the O104:H4 E. coli strain isolated 
from the German outbreak. An ancestral 
enteroaggregative E. coli (EAEC) strain 
with plasmids encoding for different vir-
ulence factors, including   mbriae that 
help stick to the intestinal cell, might 
have acquired the Shiga toxin phage 
(Stx-phage) characteristic of enterohe-
morragic E. coli (EHEC) and plasmids 
encoding for expanded- spectrum beta-
lactamases. Close adhesion to the intes-
tinal cell would facilitate the uptake of 
the Shiga toxin into the bloodstream, 
whereas resistance to most commonly 
used antibiotics would offer selective 
advantage over the normal intestinal 
  ora upon antibiotic exposure.
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Speci  c Therapies Used in Thrombotic Microangiopathy, Dosing, and Ef  cacy

Therapy  Dosing  Ef  cacy

Antiplatelet
 -Aspirin
 -Dipyridamole
 -Dextran 70
 -Prostacyclin

325–1,300 mg/day
400–600 mg/day
500 mg twice/day
4-20 mg/kg/min

Anecdotal ef  cacy in TTP.

Antithrombotic
 - Heparin

 - Streptokinase

5000 U bolus followed by 
750–1000 U/hr infusion

250,000 U bolus followed by 
100,000 U/hr infusion

Anecdotal ef  cacy in HUS.

Shiga toxin-binding 
(Synsorb)

500 mg/kg per day for 7 days  Not effective in preventing or treating Stx-associated 
HUS.

Antioxidant (Vitamin E) 1,000 mg/sqm/day  Anecdotal ef  cacy in HUS.

Immunosuppressive
 -Prednisone

 -Prednisolone

 -Immunoglobulins
 -Vincristine

200 mg tapered to 60 mg/day then 
5 mg reduction per week

200 mg tapered to 60 mg/day then 
5 mg reduction per week

400 mg/kg/day
1.4 mg/sqm followed by 1 mg 

every 4 days

Probably effective in addition to plasma exchange 
in patients with TTP and anti-ADAMST13 
autoantibodies or in aHUS with antifactor 
H autoantibodies and in forms associated 
with autoimmune diseases. Lack of evidence 
from controlled trials in immune-mediated 
HUS or TTP.

CD20 Cell-depleting 
(Rituximab)

375 mg/sqm per week up to 
CD20 depletion

Effective in treatment or prevention of TTP 
associated with immune-mediated ADAMTS13 
de  ciency resistant to, or relapsing after, 
immunosuppressive therapy.

Fresh frozen plasma
 - Exchange

 - Infusion

 - Cryosupernatant

 - Solvent-detergent 
treated plasma

1–2 plasma volumes/day

20–30 mL/kg followed by  
10–20 mL/kg/day

See plasma infusion/exchanges

See plasma infusion/exchanges

First-line therapy for aHUS and TTP. Unproven 
ef  cacy in childhood Stx- HUS.

To be considered if plasma exchange not available.

To replace whole plasma in case of plasma resistance 
or sensitization.

To limit the risk of infections.

Liver-kidney 
 transplant

To prevent CFH-associated HUS recurrence 
posttransplant. About 30% mortality risk.

Complement inhibition 
(Eculizumab)

600 mg weekly for the   rst 4 weeks
900 mg every 14 days up to 

6 months

Reported ef  cacy in aHUS, STEC O104:H4-associated 
HUS, and in occasional cases of STEC O157:H7 
childhood HUS.

TTP, thrombotic thrombocytopenic purpura; HUS, hemolytic uremic syndrome; Stx, Shiga toxin; aHUS, atypical hemolytic uremic syndrome; CFH, comple-
ment factor H; STEC, shiga toxin-producing E. coli.

TA B L ETA B L E
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lead us to consider plasma infusion or exchange suitable for 
adult patients, in particular in those with severe renal insuf-
  ciency and central nervous system involvement. 

Kidney transplants should be considered as an effec-
tive and safe treatment for those children who progress to 
ESRD. Indeed, recurrence rates range from 0% to 10%, 73,74

and graft survival at 10 years is even better than in control 
children with other diseases. 75

Evidence that uncontrolled complement activation may 
contribute to microangiopathic lesions of Stx-HUS 44–46 pro-
vided the background for complement inhibitor therapy in 
three children with severe EHEC-associated typical HUS who 
fully recovered with the anti-C5 monoclonal antibody eculi-
zumab.76 These encouraging results prompted nephrologists 
to use eculizumab therapy in HUS patients involved in the 
STEC O104:H4 outbreak in Germany ( Table 55.2). In the 
setting of a controlled multicenter clinical study (EudraCT, 
2011-002691-17; Clinicaltrials.gov ID: NCT01410916) 148 
patients with bloody diarrhea and/or evidence of STEC/
EHEC infection, microangiopathic hemolysis, thrombocy-
topenia, renal insuf  ciency, and/or central nervous system 
complications or thrombosis received at least an 8-week 
eculizumab treatment. At the inclusion, 94 patients were on 
dialysis therapy, 22 required ventilatory support, and 129 
were receiving plasma exchange or infusion. Outcome data 
were reported by Dr. Rolf Stahl from the Hamburg Univer-
sity Medical Center during the 43rd Annual Meeting of the 
American Society of Nephrology held in  Denver in November
2011. No patient died. At 8 weeks, platelet count and serum 
creatinine levels normalized in 123 and 82 patients, respec-
tively, and no patient had persistent seizures. Dialysis, venti-
latory support, and plasma therapy were no longer required. 
Treatment was well tolerated in all patients and no case of 
meningococcal infection was reported.  Comparative analy-
ses versus 108 patients who had been treated with plasma 
exchange but without eculizumab showed remarkably larger 
and faster recovery in platelet count and kidney function in 
those receiving eculizumab therapy. Even better outcomes 
were observed in patients maintained on eculizumab thera-
py also after the completion of the originally planned 8-week 
treatment period.  Altogether, the data clearly showed that 
complement inhibition by eculizumab therapy was lifesaving
and almost fully prevented the risk of renal or neurologic se-
quelae in patients with severe diarrhea-associated HUS sec-
ondary to O104:H4  E. coli infection. Whether and to what 
extent these   ndings can be generalized to patients with 
more  severe forms of typical HUS associated with gastroin-
testinal infections with other strains of Shiga toxin–produc-
ing E. coli remains to be addressed. 

 Neuraminidase-Associated Hemolytic 
Uremic  Syndrome 
 Mechanisms. This is a rare but potentially fatal disease that may 
complicate pneumonia, or less frequently, meningitis caused 
by Streptococcus pneumoniae.77 Neuraminidase produced 
by S. pneumoniae cleaves N-acetylneuraminic acid from the 

glycoproteins on the cell membrane of erythrocytes, platelets, 
and glomerular cells. 78,79 Removing the  N-acetylneuraminic
acid exposes the normally hidden Thomsen-Friedenreich 
antigen (T-antigen), 80 which can then react with anti-T im-
munoglobulin M (IgM) antibody naturally present in hu-
man plasma. This antigen–antibody reaction occurs more 
frequently in infants and children and causes polyagglutina-
tion of red blood cells in vitro. This is the reason why, un-
like in other forms of HUS, in neuraminidase-associated HUS 
there is a positive Coombs test. T- anti–T interaction on red 
cells, platelets, and the endothelium was thought to explain 
the pathogenesis, whereas the pathogenic role of the anti-T 
cold antibody in vivo is uncertain. 81 T-antigen exposure on 
red cells is detected using the lectin hypogaea. 

 Clinical course and therapy. Patients, usually less than 2 years 
old, present with severe microangiopathic hemolytic anemia. 
The clinical picture is severe, with respiratory distress, neu-
rologic involvement, and coma. The acute mortality is about 
25%. The outcome is strongly dependent on the effective-
ness of antibiotic therapy. In theory, plasma either infused 
or exchanged, is contraindicated, because adult plasma con-
tains antibodies against the T-antigen that may accelerate 
polyagglutination and hemolysis. 80 Thus, patients should be 
treated only with antibiotics and washed red cells. In some 
cases, however, plasma therapy, occasionally in combination 
with steroids, has been associated with recovery. 

 Atypical Hemolytic Uremic Syndrome. Atypical HUS 
(aHUS) includes a number of associations and presentations. 
It can occur sporadically or within families. Research in the 
last 10 years has linked aHUS to uncontrolled activation of 
the complement system (Fig. 55.12 and Table 55.1). 5

 Familial atypical hemolytic uremic syndrome. Fewer than 
20% of aHUS cases are familial. Reports date back to 1965, 
when Campbell and Carré described hemolytic anemia 
and  azotemia in concordant monozygous twins. 82 Since 
then, familial HUS has been reported in children and, less 
frequently, in adults. Although some were in siblings, sug-
gesting autosomal recessive transmission, others were across 
two to three generations, suggesting an autosomal dominant 
mode.83,84 The prognosis is poor (cumulative incidence of 
death or ESRD, 50% to 80%). 

 Sporadic atypical hemolytic uremic syndrome. Sporadic aHUS 
encompasses cases without a family history of the disease. 
Triggering conditions for sporadic aHUS 85 include HIV infec-
tion, anticancer drugs (e.g., mitomycin, cisplatin, bleomycin, 
gemcitabine), immunotherapeutic agents (e.g., cyclosporine, 
tacrolimus, OKT3, interferon, quinidine), antiplatelet agents 
(ticlopidine and clopidogrel), malignancies, transplantation, 
and pregnancy. 12,86

De novo posttransplant HUS has been reported in 
patients receiving renal transplants or other organs, due 
to  calcineurin inhibitors or humoral rejection. It occurs 
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in 5% to 10% of renal transplant patients who receive 
 cyclosporine and in approximately 1% of those who are giv-
en  tacrolimus. 87–89  TMA usually develops in the   rst weeks 
posttransplant when patients are treated with high doses of 
the immunosuppressant. Plasma exchange, combined with 
dose reduction or the withdrawal of calcineurin inhibitors, 
achieved remission in up to 80% of patients with de novo 
posttransplant HUS. 88  

 In 10% to 15% of female patients, aHUS manifests  during 
pregnancy or postpartum. 6,85  aHUS may present at any time 
during pregnancy but mostly in the last trimester and about the 
time of delivery. It is sometimes dif  cult to distinguish it from 
preeclampsia. HELLP syndrome (HEmolytic anemia, elevated 
Liver enzymes, and Low Platelets) is a life- threatening disorder 
of the last trimester or parturition with severe thrombocyto-
penia, microangiopathic hemolytic  anemia, renal  failure, and 

liver involvement. These forms are always an indication for 
prompt delivery that is usually followed by complete remis-
sion. 85  Postpartum HUS manifests within 3 months of delivery 
in most cases. The outcome is usually poor. 

 About 50% of sporadic aHUS cases show no clear trig-
ger (idiopathic HUS). 

 Mechanisms. 
 Complement abnormalities. Reduced serum levels of C3 
with normal C4 in HUS patients were known since 1974. 90,91  
In cases of familial aHUS, serum C3 was low even during 
remission, hinting at genetic defects. 90,92  Low C3  re  ected 
complement activation and consumption with high levels of 
activated products, C3b, C3c, and C3d. 93  

 The complement system is part of innate immunity and 
consists of several plasma and membrane-bound proteins 
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FIGURE 55.12 The three activation pathways of complement. The classical pathway is initiated by the binding of the C1 complex 
to antibodies bound to an antigen on the surface of a bacterial cell, leading to the formation of a C4b2a enzyme complex, the C3 
convertase of the classical pathway. The mannose-binding lectin pathway is initiated by binding of the complex of mannose-binding 
lectin (MBL) and the serine proteases mannose-binding lectin–associated proteases 1 and 2 (MASP1 and MASP2) to mannose resi-
dues on the surface of a bacterial cell, which leads to the formation of the C3 convertase enzyme C4bC2a. The alternative pathway 
is initiated by the covalent binding of a small amount of C3b generated by spontaneous hydrolysis in plasma to hydroxyl groups 
on cell-surface carbohydrates and proteins. This C3b binds factor B to form the alternative pathway C3 complex C3bBb. The C3 con-
vertase enzymes cleave many molecules of C3 to form the anaphylatoxin C3a and C3b, which binds covalently around the site of 
complement activation. Some of this C3b binds to C4b and C3b in the convertase enzymes of the classical and alternative pathways, 
respectively, forming C5 convertase enzymes that cleave C5 to form the anaphylatoxin C5a and C5b, which initiates the formation of 
the  membrane-attack complex. The human complement system is highly regulated as to prevent nonspeci  c damage to host cells 
and to limit the deposition of complement to the surface of pathogens. This   ne regulation occurs through a number of membrane-
anchored and   uid phase regulators that inactivate complement products formed at various levels in the cascade and that protect 
host tissues. (See Color Plate.) CFB, complement factor B; CFI, complement factor I; CFH, complement factor H; MCP, membrane cofac-
tor protein; CD59, protectin (prevents the terminal polymerization of the membrane attack complex).
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that protect against invading organisms. 94  Three activation 
pathways—classical, lectin, and alternative pathways— 
produce protease complexes, termed C3 and C5 convertases 
that cleave C3 and C5, respectively, eventually leading to the 
membrane attack complex (MAC or C5b-9) that causes cell 
lysis (Fig. 55.12). The alternative pathway is initiated sponta-
neously in plasma by C3 hydrolysis, which is responsible for 
covalent deposition of a low amount of C3b onto practically 
all plasma-exposed surfaces. On the bacterial surface, C3b 
leads to opsonization for phagocytosis by neutrophils and 
macrophages. Without regulation, a small initiating stimulus 
is quickly ampli  ed to a self-harming response until the con-
sumption of complement components. On host cells, such 
a dangerous cascade is controlled by membrane-anchored 
and   uid-phase regulators (Fig. 55.12). They both favor 
the cleavage of C3b to inactive iC3b by the plasma serine–
protease factor I (CFI, cofactor activity) and dissociate the 
multicomponent C3 and C5 convertases (decay  acceleration 
activity). Foreign targets and injured cells that either lack 
membrane-bound regulators or cannot bind  soluble regula-
tors are attacked by complement. 

 The C3 convertases of classic/lectin pathways are formed 
by C2 and C4 fragments, whereas the alternative pathway 
convertase requires the cleavage of C3 only (Fig. 55.12). 94

Thus, low serum C3 levels in aHUS with normal C4 indi-
cated selective alternative pathway activation. 92  

 Genetic abnormalities. A variety of genetic abnormalities 
in members of the alternative pathway of complement have 
been described in aHUS, which account for about 60% of 
cases (Table 55.1). Of note, different genetic abnormalities ac-
count for different patterns of dysfunction of the complement 
system with a different outcome, response to therapy, and 
risk of recurrence after kidney transplantation ( Table 55.3). 

     Complement factor H.  Complement factor H (CFH) 
regulates the alternative pathway by competing with 
complement factor B (CFB) for C3b recognition, by 
acting as a cofactor for CFI, and by enhancing the 
 dissociation of C3 convertase. 95  In 1998, Goodship 
and coworkers 96   demonstrated a linkage of aHUS to 
the  chromosome 1q32 locus, containing genes for CFH 

TA B L E

Affected 
Gene

Affected Protein 
and Main Effect

Frequency 
in aHUS

Rate of Remission with 
Plasma Exchangea

5- to 10-yr 
Rate of 
Death or 
ESRD

Rate of 
Recurrence 
after Kidney 
Transplant

CFH Factor H (no binding to 
endothelium)

20%–30%  60% (Dose and timing 
dependent)

70%–80%  80%–90%

CFHL1/3 Factor HR1, R3 (antifactor 
H antibodies)

6%  70%–80% ( combined with 
 immuno suppression)

30%–40%  20%

MCP Membrane cofactor protein 
(no surface expression)

10%–15%  No indication to 
plasma exchange

 20% 15%–20%

CFI Factor I (low levels/low 
cofactor activity)

4%–10%  30%–40%  60%–70%  70%–80%

CFB Factor B (C3 convertase 
stabilization)

1%–2%  30%  70%  One case 
reported

C3 Complement C3 
(resistance to C3b 
inactivation)

5%–10%  40%–50%  60%  40%–50%

THBD Thrombomodulin (reduced 
C3b inactivation)

5%  60%  60%  One case 
reported

aComplete remission or hematologic remission with renal sequelae. aHUS, atypical hemolytic uremic syndrome; ESRD, end-stage renal disease; CFH, 
complement factor H; MCP, membrane cofactor protein; CFI, complement factor I; THBD, thrombomodulin.

B

55.3 Outcome of Atypical Hemolytic Uremic Syndrome According to the Associated 
Genetic Abnormality
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and other complement regulators. Since then, over 
100 CFH mutations (interactive FH-HUS mutations 
database, http://www.FH-HUS.org) have been identi  ed 
in aHUS patients (mutation frequency, familial forms: 
40% to 45%, sporadic forms: 10% to 20%). 97–103 These 
mutations most commonly do not result in a quantita-
tive de  ciency in CFH, but instead result in normal 
levels of a protein that is  unable to bind to and regulate 
complement on endothelial cells and platelets. 104,105 A 
high degree of sequence identity between  CFH and the 
genes CFHR1-5 for   ve factor  H-related proteins (CFHR) 
located in tandem to CFH may predispose one to nonal-
lelic recombinations. 106,107 In 3% to 5% of patients with 
aHUS, a heterozygous hybrid gene deriving from an 
uneven cross-over between  CFH and CFHR1 contained 
the   rst 21  CFH exons and the last two CFHR1 exons, 107

resulting in a gene product with decreased complement 
regulatory activity on endothelial surfaces.  Additional 
forms of CFH/CFHRs hybrid genes have been recently 
described.108

    Membrane Cofactor Protein. Membrane cofactor protein 
(MCP) is pivotal against C3 activation on the glomerular 
endothelium. Indeed, the anti-MCP antibody completely 
blocked cofactor activity in cell extracts. 109 In 2003, two 
groups 110,111 described mutations in MCP, encoding the 
widely expressed transmembrane regulator, the mem-
brane cofactor protein, in affected individuals of four fam-
ilies. MCP serves as a cofactor for CFI to cleave C3b and 
C4b on cell surface. 112 MCP mutations account for 10% to 
15% of aHUS cases. 101 Most are heterozygous, and about 
25% are either homozygous or compound heterozygous 
(http://www.FH-HUS.org). The majority cluster in critical 
extracellular modules for regulation. Expression on blood 
leukocytes was reduced for about 75% of mutants, caus-
ing a quantitative defect. Others have low C3b-binding 
capability and decreased cofactor activity. 101,113

    Complement Factor I. CFI is a plasma serine pro-
tease that regulates the three complement pathways 
by cleaving C3b and C4b in the presence of cofactor 
proteins.  CFI mutations affect 4% to 10% of aHUS 
patients.101,114–116 All mutations are heterozygous, and 
80% cluster in the serine–protease domain. Approxi-
mately 50% of mutations result in low CFI levels. Others 
disrupt C3b and C4b cleavage. 101,114–116

    Complement Factor B and C3. Gain-of-function muta-
tions can affect genes encoding the alternative pathway 
C3 convertase components, CFB and C3. 117,118 CFB
mutations are rare in aHUS (1% to 2%). 118 Patients have 
chronic alternative pathway activation with low C3 and, 
usually, normal C4. 118 CFB mutants have excess C3b-
af  nity and form a hyperactive C3 convertase resistant 
to dissociation. C3b formation is thereby enhanced in 
vivo.118 About 4% to 10% of aHUS patients have hetero-
zygous mutations in C3, usually with low C3 levels. 117

Most mutations reduce C3b binding to CFH and MCP, 
severely impairing degradation of mutant C3b. 117

    Thrombomodulin. Mutations in the gene THBD
encoding thrombomodulin, a membrane-bound glyco-
protein with anticoagulant properties that modulates 
complement activation on cell surfaces, have been very 
recently associated to aHUS. 119 About 5% of aHUS 
patients carry heterozygous  THBD mutations. Cells 
expressing these variants inactivate C3b less ef  ciently 
than cells expressing wild-type thrombomodulin. 119

These data document a functional link between comple-
ment and coagulation, opening new perspectives for 
candidate gene research in aHUS. 

Acquired abnormalities. Acquired defects of CFH  function
are also seen in the form of inhibitory antibodies that are 
reported in 5% to 10% of aHUS patients. 120–123 Analogous 
to the genetic defect seen in CFH, these  autoantibodies
also predominantly target the C-terminal end of the pro-
tein, thereby impairing complement regulation on host cell 
surfaces. The development of CFH autoantibodies in aHUS 
has a genetic predisposition, being strongly associated with 
a genomic deletion of the CFHR1 and  CFHR3 genes. More 
detailed analysis subsequently suggested that the association
between CFHR1/CFHR3 deletion and autoantibodies in 
aHUS is probably related to the absence of CFHR1 pro-
tein.121,124 CFH and CFHR1 share a high degree of  homology
with the two C-terminal SCR of CFHR1 almost identical 
to SCR 19 to 20 of CFH. It is not surprising therefore that 
autoantibodies to CFH also bind to CFHR1. 121

 Clinical Course. Irrespective of mutation type, 60% to 70% 
of patients are affected during childhood, 101,125 and almost 
all patients with anti-CFH antibodies developed the disease 
before 16 years of age. 126 Acute episodes manifest with se-
vere hemolytic anemia, thrombocytopenia, and acute renal 
failure. Extrarenal involvement (central nervous system or 
multivisceral) occurs in 20% of cases. 5,101,125

Short- and long-term outcomes vary according to the 
underlying complement abnormality (Table 55.3). About 
60% to 70% of patients with CFH, CFI, and  C3 mutations 
and one-third of children with anti-CFH autoantibodies 
lose renal function or die during the presenting episode, or 
develop ESRD following relapses. 5,101,125 CFB mutations are 
associated with poor renal outcome (renal function loss in 
seven out of eight patients). 118

Chronic complement dysregulation may lead to ather-
omalike lesions. About 20% of patients with CFH mutations 
have cardiovascular complications (e.g., coronary or cerebro-
vascular disease, myocardial infarction) and excess mortality. 
Long-term survival is worse in patients with  CFH mutations 
(50% at 10 years) than in those with CFI and  C3 mutations or 
anti-CFH autoantibodies (80% to 90% at 10 years). 5,101,125,127

MCP-mutation carriers have a good prognosis (com-
plete remission, 80% to 90%). Recurrences are frequent, but 
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long-term outcome is good; 80% of patients remain dialysis 
free. 5,101,125 However, rarely, patients with  MCP mutations 
had severe disease, immediate ESRD, intractable hyperten-
sion, and coma, 101,128 possibly because of concurrent genetic 
abnormalities.

 Therapy 
 Fresh frozen plasma. Guidelines suggest that plasma ther-
apy (plasma-exchange, 1 to 2 plasma volumes/day, plasma 
infusion, 20 to 30 mL/kg/day) should be started within 
24 hours of diagnosis. 5 Plasma exchange allows for supplying 
larger amounts of plasma than would be possible with infu-
sion while avoiding   uid overload (Table 55.2). Trials of plas-
ma therapy in HUS are scanty and not current. The only two 
published trials in HUS comparing supportive therapy alone 
with supportive therapy plus plasma infusion did not dem-
onstrate signi  cant bene  t of plasma in inducing remission. 
However, neither trial 129,130 examined outcomes separately 
for Stx-HUS versus aHUS, which invariably weakened poten-
tial bene  ts of plasma in aHUS. 131,132 Because CFH is a plas-
ma protein, plasma infusion or exchange provided normal 
CFH to patients carrying  CFH mutations. 101,125,133,134 Long-
term treatment, however, may fail due to the development 
of plasma resistance. 135 Heterozygous  CFH mutation carriers 
usually have normal levels of CFH, half of which is dysfunc-
tional. The bene  cial effect of plasma is strongly dependent 
on the amount, frequency, and modality of administration, 
with plasma exchange being superior to plasma infusion for 
remission and the prevention of recurrences by removal of 
mutant CFH that could antagonize the normal protein. 136,137

Overall published data 5,101,125 in patients with  CFH mutations 
show either complete or partial (hematologic normalization 
with renal sequelae) remission of 60% of plasma-treated ep-
isodes (Table 55.3). 127 Plasma exchange is used to remove 
anti-CFH antibodies, 120,125 but the effect is usually transient. 
Immunosuppressants (corticosteroids and azathioprine or 
mycophenolate-mofetil) and rituximab, an anti-CD20 anti-
body, combined with plasma exchange  allowed for long-term 
dialysis-free survival in 60% to 70% of patients. 120,122,126,138

Patients with CFI mutations show only a partial  response 
with remission in about 30% to 40% of plasma-treated epi-
sodes.5,101,125,139 As MCP is a cell-associated protein, effects 
of plasma are unlikely in patients with  MCP mutations. 
Indeed, 80% to 90% of patients undergo remission indepen-
dently of plasma treatment (Table 55.3). 5,101,125,127,139

Thirty-forty percent of patients with  CFB mutations 
and 50% of those with C3 mutations responded to plasma 
infusion or exchange. 5,117,118 These patients possibly need 
abundant and frequent plasma exchanges to clear the hyper-
functional mutant CFB and C3. 5

 Transplantation. Whether kidney transplantation is appro-
priate for aHUS patients with ESRD has been long debat-
ed. Disease recurred in about 50% of transplanted patients 
with CFH, CFI, CFB, and C3 mutations, and graft failure 
occurred in 80% to 90% of them. 114,117,118,125,140–142 A live-

related  donation is contraindicated by a high risk of recur-
rences 142,143 and may be risky to donors. An adult male with 
a heterozygous  CFH mutation developed de novo HUS after 
donating a kidney to his child. 143 Most studies have shown 
that plasma exchange therapy fails to prevent graft loss in 
patients with recurrent posttransplant HUS. 144,145 Use of 
intensive plasma prophylaxis has been proposed for patients 
with aHUS- related ESRD undergoing kidney transplanta-
tion. According to this proposal, plasma exchange should 
be initiated just before transplantation, continued as a daily 
treatment, and then progressively tapered according to the 
posttransplant course. 145 Use of a preemptive plasma strat-
egy has been successful in preventing recurrent aHUS in 
eight renal transplant recipients. 145,146 However, in some 
of the patients, delayed recurrence occurred when plasma 
therapy was tapered. 136,147,148

Simultaneous kidney and liver transplant was performed 
in two children with aHUS and  CFH mutations with the 
rationale of correcting the genetic defect and preventing 
recurrences. 149,150 However, both cases were complicated by 
premature liver failure. The   rst child recovered after a sec-
ond liver transplantation. The child had no symptoms of HUS 
for 3 years but died by sequelae of hepatic encephalopathy. 149

This case offered the proof-of-concept that transplant could 
cure HUS associated with  CFH mutations by correcting the 
genetic defect. The second case was also complicated by liver 
failure with widespread microvascular thrombosis and com-
plement deposition. 150 It was reasoned that the surgical stress 
with ischemia/reperfusion induced complement activation in 
liver that could not be regulated because of functional  CFH
de  ciency. A modi  ed approach to the combined transplant 
was applied to eight cases, 151–153 including extensive plasma 
exchange before surgery to provide timely enough normal 
CFH until the liver graft recovered synthetic functions. This 
procedure was successful in seven patients. However, another 
child developed severe hepatic thrombosis and fatal encepha-
lopathy. The risks of kidney and liver transplantation require 
a careful assessment of bene  ts for candidate patients. 

The risk of posttransplant aHUS recurrence in patients 
with anti-CFH autoantibodies is not well known, because 
available reports only describe a total of 12 renal transplants 
in 8 patients. 145 The assessment of risk is further  complicated
by the recent   nding that almost 40% of patients with anti-
CFH antibodies also carried a mutation in genes encoding 
complement proteins. 121 A reduction in autoantibody levels 
with plasmapheresis, steroids, and/or rituximab enabled the 
successful renal transplantation in a few patients, 138,154 sug-
gesting that high anti-CFH antibody titers positively corre-
lated with a risk of aHUS recurrence. Thus, it is reasonable 
to recommend that titers of anti-CFH antibody are regularly 
monitored in an attempt to evaluate the risk of posttrans-
plant aHUS recurrence. 

The outcome of kidney transplant is favorable in patients 
with MCP mutations. More than 80% did not  experience
HUS recurrence, with long-term graft survival comparable 
with that of patients transplanted for other causes. 5,125,140,141
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FIGURE 55.13 A   ow diagram of the steps suggested to optimize the cost-effectiveness of screening for genetic defects in patients 
with atypical hemolytic uremic syndrome (aHUS) and suspected genetically determined abnormalities in complement regulatory 
proteins. A preliminary screen for serum C3 levels by nephelometry, complement factor H (CFH), and complement factor I (CFI) levels 
by either enzyme-linked immunosorbent assay (ELISA) or radial immune diffusion (RID), and of membrane cofactor protein (MCP) ex-
pression in peripheral blood leukocytes by   uorescence-activated cell sorting (FACS), is recommended to identify which is the candi-
date gene to evaluate. If no abnormalities are detected, we suggest to screen for anti-CFH autoantibodies and then, if no autoantibod-
ies are detected, to look for mutations of candidate genes beginning with evaluating the CFH gene, which is more frequently affected 
by pathogenic mutations, followed by MCP, CFI genes, C3, thrombomodulin (THBD), and complement factor B (CFB) respectively. 
Within each gene, the exons where the mutations tend to localize more frequently should be studied   rst.
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The theoretical rationale is strong. MCP is a transmembrane 
protein highly expressed in the kidney. A kidney graft, not 
surprisingly, corrects the defect of  MCP-mutated recipients. 

Screening for mutations should allow patients and clini-
cians to make informed decisions regarding listing for trans-
plantation based on the risk of recurrence. Algorithms have 
been developed to optimize the cost-effectiveness of screen-
ing programs for genetic defects in patients with aHUS based 
on prevalence of the mutations (Figure 55.13). A position 
paper151 has de  ned the groups of patients in which isolated 
kidney transplantation is risky, whereas a combined kidney-
liver transplant is recommended, and those eligible for iso-
lated kidney transplantation. 

 Complement inhibitors. Identifying complement genetic ab-
normalities has paved the way for tailored treatments aimed 
at speci  cally tuning down complement activation. A human 
plasma–derived CFH concentrate is being developed follow-
ing the European Orphan drug designation (http://www
.emea.europa.eu/pdfs/human/comp/opinion/52123506en
.pdf). Currently, a number of drug companies have comple-
ment inhibitors under preclinical and clinical development. 
Phase III clinical trials showed ef  cacy and tolerance of the 
humanized anti-C5 monoclonal antibody eculizumab in par-
oxysmal nocturnal hemoglobinuria. 155 More than 20 aHUS 
patients treated with eculizumab have been reported in the 
literature thus far. 156–169 Some patients were treated for aHUS 
on the native kidneys, whereas others received eculizumab to 
treat or to prevent posttransplant aHUS  recurrences. The ef-
  cacy of eculizumab in aHUS has been de  nitely proven in 
two open label controlled trials (ClinicalTrials.gov Identi  er: 
NCT1410916) of adult and adolescent patients over the age 
of 12 years with plasma therapy–sensitive or plasma ther-
apy–resistant aHUS. 170,171 All of the patients with plasma-
dependent HUS did not require plasma infusion or exchange 
any longer over 26 to 52 weeks of eculizumab therapy. Plate-
let count persistently normalized in all cases with the excep-
tion of transient   uctuations in four patients without any 
other evidence of disease activity. Consistently, the platelet 
count normalized in 13 patients with plasma- resistant HUS 
over 26 to 64 weeks of eculizumab therapy, and renal func-
tion improved in 11 cases. Eculizumab was well tolerated 
and quality of life improved in all patients. At the end of 
2011, eculizumab has been approved by the U.S. Food and 
Drug Administration (FDA) and by the European Commis-
sion (EC) for the treatment of adult and pediatric patients 
with aHUS. 

How long eculizumab therapy should be continued and 
what is the ideal treatment regimen to be administered, how-
ever, remains to be established. Conceivably, chronic, life-
time treatment with eculizumab at doses able to persistently 
block the alternative pathway of the complement cascade 
might be indicated to prevent disease recurrence in genetic 
forms. However, whether and to what extent this applies 
to all patients with atypical HUS and complement intrinsic 
abnormalities is unknown. Reasonably, different underlying 

genetic defects, different clinical courses before eculizumab 
therapy, and different residual complement activity while 
on eculizumab therapy, should be taken into consideration 
when strategies of chronic eculizumab therapy are planned. 
In this regard, the case of a 42-year-old woman with a het-
erozygous gain of function mutation in the C3 gene and 
posttransplant plasma-dependent recurrent aHUS may be 
informative.159 This woman received four 900 mg IV doses 
every 7 days followed by a maintenance regimen of 1,200 mg 
every 2 weeks. With this regimen, the disease fully recovered 
and no plasma exchange session was required any longer. 
However, 7 months later, as soon as the time elapsing be-
tween two infusions was prolonged just by 6 days because of 
an intercurrent disease, hemolysis recurred in parallel with 
an acute worsening of kidney function. Disease again recov-
ered with blood transfusions and with the reintroduction of 
the every other week 1,200 mg eculizumab regimen. These 
  ndings suggest that chronic treatment with regimens able to 
persistently inhibit the complement system may be required 
in at least some patients. On the other hand, the risk of sen-
sitization associated with chronic drug exposure and the 
enormous costs that could be unbearable in resource-limited 
settings suggest that a careful treatment tapering up to with-
drawal whenever possible should be attempted in most cases 
under a tight control of disease and complement activity. 

 HUS Associated with Inborn Abnormal Cobalamin 
Metabolism
 Mechanisms. This is a rare autosomal recessive form of HUS 
associated with an inborn abnormality of cobalamin-C me-
tabolism.172 The biochemical characteristics of cobalamin-C 
de  ciency are hyperhomocysteinemia and methylmalonic 
aciduria.

 Clinical course. Patients with cobalamin-C de  ciency usually 
present in the early days and months of life with a failure to 
thrive, poor feeding, and vomiting. 85,172 Rapid deterioration 
occurs due to metabolic acidosis, gastrointestinal bleeding, 
hemolytic anemia, thrombocytopenia, severe respiratory and 
hepatic failure, and renal insuf  ciency. Children may present 
neurologic symptoms of fatigue, delirium, psychosis, and 
seizures. In cases with early onset, the disease has a fulmi-
nant evolution and occasionally involves the pulmonary vas-
culature, but when it ensues later in childhood, it may follow 
a more chronic course. The hallmarks of defective cobalamin 
metabolism are hyperhomocysteinemia and methylmalonic 
aciduria, and the extremely high  homocysteine levels (up to 
tenfold higher than normal) have been suggested to have 
a role in the pathogenesis of the vascular lesions. Without 
treatment, the disease is fatal and some children likely die 
undiagnosed.

 Therapy. Daily intramuscular administrations of hydroxyco-
balamin may reduce both homocysteine levels and methyl-
malonic aciduria, whereas oral hydroxycobalamin and 
cyanocobalamin are ineffective. Oral betaine contributes to 
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further reduce serum homocysteine levels by  activating beta-
ine-homocysteine methyltransferase. The supplementation 
of folic acid to avoid folate de  ciency induced by methyl-
tetrahydrofolate trapping, and of  L -carnitine to  increase pro-
pionylcarnitine excretion have been suggested, but their role 
in improving disease outcome is unclear. 173  

 Despite treatment, the majority of children with early 
onset disease die or have severe neurologic sequelae. Inten-
si  ed treatment in older children with less acute disease 
may achieve remission of the microangiopathic process 
and  amelioration of the other clinical manifestations of the 
 metabolic disorder. Whether plasma therapy has a role in 
improving disease outcome is unknown. 

 Thrombotic Thrombocytopenic Purpura 
 In the microvasculature of patients with TTP, systemic 
platelet thrombi are developed, mainly formed by plate-
lets and von Willebrand factor (vWF). This protein plays 
a major role in primary hemostasis, forming platelet plugs 
at sites of  vascular injury under high shear stress. VWF 
is a large glycoprotein synthesized in vascular endothe-
lial cells and megakaryocytes. Upon stimulation, vWF is 
 secreted by  endothelial cells as ultralarge (UL) multimers 
that form stringlike structures attached to the endothelial 
cells,  possibly through interaction with P-selectin. 174  Under 
  uid shear stress, the UL-vWF strings are cleaved to gener-
ate the range of vWF multimer sizes that normally circulate 
in the blood, from approxi mately 500 kDa to 20 million 
Da. 175  The proteolytic cleavage of vWF multimers appears 

to be critical to prevent thrombosis in the microvasculature 
(Fig. 55.14,  upper panel). 

 ADAMST13 is the protease deputed to cleave vWF, which 
is de  cient in the majority of patients with TTP  leading to the 
accumulation of UL-vWF multimers that are highly reactive 
with platelets (Fig. 55.14, lower panel). 176–178  ADAMTS13 
is encoded by the homonymous gene located on chromo-
some 9q34. ADAMTS13 is expressed predominantly in liver 
and consists of a N-terminal signal peptide, a  propeptide, 
a reprolysinlike metalloprotease domain, a disintegrinlike 
domain, a   rst thrombospondin type- 1 motif (TSP1), a cys-
teine-rich domain, a spacer domain,  seven addi tional TSP1 
repeats, and two complement unit binding (CUB) domains. 
Two mechanisms for de  ciency of the ADAMTS13 activity 
have been identi  ed in patients with idiopathic TTP, an ac-
quired de  ciency due to the formation of anti-ADAMTS13 
auto antibodies  (acquired TTP), and a genetic de  ciency due 
to homozygous or  compound heterozygous mutations in 
  ADAMTS13  gene (congenital TTP) (Table 55.1). 

 TTP Associated with Immune-Mediated 
De  ciency of ADAMTS13 
 Mechanisms. This is an immune-mediated, nonfamilial form 
of TTP that most likely accounts for the majority of cases 
(from 60% to 90%) reported to date as acute idiopathic or 
sporadic TTP (Table 55.1). The disease is characterized by 
a severe de  ciency of ADAMTS13, 179  the activity of which 
is inhibited by speci  c autoantibodies that develop tran-
siently and tend to disappear during remission. 9,176,177,180  

FIGURE 55.14 The pathophysiology of platelet aggregation in thrombotic thrombocytopenic purpura. von Willebrand factor (vWF) 
is synthesized and stored as ultralarge (UL) multimers in endothelial cells and megakaryocytes. Upon stimulation, UL-vWF multimers 
are secreted by endothelial cells into the circulation in a folded structure. Upon exposure to enhanced shear stress, UL multimers form 
stringlike structures that adhere to endothelial cells. Normally, UL-vWF strings are cleaved by ADAMTS13 to generate vWF multimers 
from 500 kDa to 20 million Da in molecular weight to prevent thrombosis in the microvasculature (upper panel). When the ADAMTS13 
proteolytic activity is defective because of the inhibitory effect of anti-ADAMTS13 autoantibodies or congenital defective synthesis of 
the protease, UL-vWF multimers accumulate and interact with activated platelets to facilitate platelet adhesion and aggregation, with 
thrombi formation and occlusion of the vascular lumen (lower panel).
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These inhib itory anti-ADAMTS13 antibodies are mainly 
IgG,176,177,181 although IgM and IgA anti-ADAMTS13 anti-
bodies have also been described. 181

Patients with TTP secondary to hematopoietic stem 
cell transplantation, malignancies, or HIV infection rarely 
have severe ADAMTS13 de  ciency and inhibitory IgG anti-
bodies.182–184 TTP associated with ticlopidine and clopido-
grel (thienopyridine drugs that inhibit platelet aggregation) 
represent interesting exceptions of secondary TTP, which 
is consistent with a drug-induced autoimmune disorder. 
Severe ADAMTS13 de  ciency and ADAMTS13 inhibitory 
antibodies were detected in 80% to 90% of patients with 
ticlopidine-associated TTP 184 and in two patients with 
clopidogrel-induced TTP. 184 The de  ciency resolved after 
the drugs were discontinued. 

The ADAMTS13 epitopes recognized by autoanti-
bodies have been mapped and, so far, all plasmas contain 
at least some antibodies directed against the Cys-rich/spacer 
domain.185,186 In some cases, the antibodies were directed 
only against these epitopes, but in the majority of patients 
combinations of antibodies were found, including antibodies 
against CUB domains, the TSP1 repeats, and the ADAMTS13 
propeptide. 186 When cloned and prepared as monoclonal 
antibodies, many of these antibodies inhibit ADAMTS13 
activity in vitro and in vivo in mice. 184

Evidence of the pathogenic role of TTP-associated anti-
ADAMTS13 autoantibodies is derived by   nding that they 
usually disappear from the circulation when remission is 
achieved by effective treatment; this occurs in parallel with 
the normalization of ADAMTS13 activity. In patients with 
acquired ADAMTS13 de  ciency, a risk as high as 50% to 
develop relapses has been reported, and undetectable 
ADAMTS13 activity and the persistence of anti-ADAMTS13 
inhibitors during remission predict recurrences. 181

 Clinical course. Patients with anti-ADAMTS13 inhibitors ex-
perience a more severe manifestation of the disease and have 
a higher mortality rate than patients without antibodies. 187

Neurologic symptoms usually dominate the clinical picture 
and may be   eeting and   uctuating, probably because of 
continuous thrombi formation and dispersion in the brain 
microcirculation. Coma and seizures complicate the most 
severe forms. The detection of high titers of anti-ADAMTS13 
autoantibodies is correlated with relapsing disease and a 
poor prognosis. 

TTP has been reported in 1 of every 1,600 to 5,000 
patients treated with ticlopidine. Eleven cases have been 
reported during treatment with clopidogrel, a new anti-
aggregating agent that has achieved widespread clinical use 
for its safety pro  le. Most patients with TTP associated with 
ticlopidine or clopidogrel had neurologic involvement. The 
overall survival rate is 67% and is improved by early treat-
ment withdrawal and plasma therapy. 

 Therapy. Plasma manipulation is a cornerstone in the ther-
apy of the acute episode (Table 55.2). Plasma may serve 

to induce remission of the disease by replacing defective 
protease activity. As compared to an infusion, an exchange 
may offer the advantage of also rapidly removing anti- 
ADAMTS-13 antibodies. This, however, needs to be proven 
in controlled trials. Corticosteroids might be of bene  t in 
autoimmune forms of TTP by inhibiting the synthesis of 
anti-ADAMTS13 autoantibodies. In a series of 33 patients 
with undetectable ADAMTS-13 activity and anti-ADAMTS13 
antibodies, a combined treatment with plasma exchange and 
prednisone was associated with disease remission in around 
90% of cases.181 The rationale of using the combined treat-
ment is that plasma exchange will have only a temporary 
effect on the presumed autoimmune basis of the disease and 
additional immunosuppressive treatment may cause a more 
durable response. Thirty out of 108 patients with either TTP 
or HUS were reported to have recovered after treatment with 
corticosteroids alone. All of them, however, had mild forms 
and none of them were tested for ADAMTS13 activity. 188

Prospective studies have successfully and safely used 
rituximab in patients who had failed to respond to stan-
dard daily plasma exchanges and methylprednisolone and 
in  patients with relapsed acute TTP who had previously 
demonstrated antibodies to ADAMTS13 (Table 55.2). 189,190

Treatment was associated with clinical remission in all pa-
tients, the disappearance of anti-ADAMTS13  antibodies,
and with an increase of ADAMTS13 activity to levels   10%.
Rituximab has been also used electively to prevent relapses in 
patients with autoantibodies and recurrent disease.9,190–192 In 
a study,   ve patients with persistent  undetectable ADMTS13 
activity and high titers of auto antibody were treated with ritux-
imab as preemptive therapy during remission. ADAMTS13 
activity ranged from 15% to 75% and the disappearance of 
inhibitors was achieved after 3 months in all patients, and 
activity was still  20% at 6 months. Three patients main-
tained in a disease-free status after 29, 24, and 6 months, 
respectively. 192,193 Relapses were documented at 13 and 
51 months in the remaining two patients during follow-up. 
A longitudinal evaluation of ADAMTS13 activity and autoan-
tibody levels may help in monitoring a patient’s response to 
treatment. Retreatment with rituximab should be considered 
when ADAMTS13 activity decreases and  inhibitors reappear 
into the circulation in order to prevent a relapse (Table 55.2). 

 TTP Associated with Congenital De  ciency 
of ADAMTS-13 
 Mechanisms. This rare form is associated with a genetic de-
fect of ADAMTS13 and accounts for about 5% of all cases of 
TTP (Table 55.2). 193 Emerging data also indicate that patients 
with a clinical diagnosis of HUS 180,194 may have a complete 
lack of ADAMTS13 activity, albeit less  frequently. Thus, on 
clinical grounds, a possible congenital defect of ADAMTS13 
cannot be excluded only on the basis of predominant renal 
localization of disease manifestation. TTP associated with 
congenital ADAMTS13 de  ciency presented either in families 
or in patients with no familial history of the disease. 176,178,180

In both cases the disease is inherited as a recessive trait, as 
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documented by the fact that ADAMTS13 levels in unaffected 
relatives of patients fell into a bimodal distribution with a 
group with half normal levels, consistent with carriers of a 
heterozygous mutation, and the other with normal values. 

To date more than 80  ADAMTS13 mutations have been 
identi  ed in patients with TTP. 178,193,195 Approximately 60% 
of these mutations are missense, causing single amino acid 
substitutions, and the remaining are nonsense deletions or 
insertions causing frameshifts or splice site mutants leading 
to a truncated protein. Most patients are carriers of com-
pound heterozygous mutations; only 15 mutations have 
been observed in homozygous forms. Studies on secretion 
and activity of the mutated forms of the protease showed 
that most of these mutations led to an impaired secretion 
from the cells, and, when the mutated protein is secreted, 
the proteolytic activity is greatly reduced. 195

 Clinical course. Approximately 60% of patients with a con-
genital de  ciency of ADAMTS13 experience their   rst acute 
episode of disease in the neonatal period or during infancy, but 
a second group (10% to 20%) manifests the disease after the 
third decade of life. TTP recurrences are common, but their 
frequency varies widely. Although some patients with congeni-
tal ADAMTS13 de  ciency depend on frequent  chronic plasma 
infusions to prevent recurrences, many  patients who achieved 
clinical remission after plasma treatment remain in a disease-
free status for long periods of time after plasma discontinua-
tion, despite the absence of protease activity. 193

Emerging data suggest that the type and location of 
ADAMTS13 mutations may in  uence the age of onset of TTP 
and the penetrance of the disease in mutation carriers. 193

One of the most frequently reported  ADAMTS13 mutations, 
the 4143-4144insA in the second CUB domain, leading to 
a frameshift and loss of the last 49 amino acids of the pro-
tein, is associated with neonatal-childhood onset; indeed 
only 1 out of 16 reported carriers, either homozygous or 
compound heterozygous with other  ADAMTS13 mutations, 
reached the adult age without developing TTP. 193,196 In vitro 
expression studies revealed that the mutation causes a severe 
impairment of protein secretion combined with a strongly 
reduced speci  c protease activity. On the other hand, 
mutations in the sixth and the seventh TSP1 193,197 appear to 
lead to an adult onset and a milder course of TTP. Expres-
sion studies revealed that these mutations result in severe 
defects in the secretion of the metalloprotease,  although a 
small fraction of the mutant protein is released in the super-
natant, but the mutants maintain normal speci  c protease 
activity. 193,198 It is possible that in carriers of these muta-
tions, small ADAMTS13 activity may be present in the cir-
culation, which is enough to prevent the onset of the disease 
in childhood or even in adulthood. The latter possibility is 
supported by descriptions of asymptomatic carriers of such 
mutations who never developed TTP. 193,195,197

Environmental factors may contribute to induce a full-
blown manifestation of the disease. According to this “two 
hit model,” de  ciency of ADAMTS13 predisposes one to 

microvascular thrombosis, and thrombotic microangiopathy 
supervenes after a triggering event that activates microvas-
cular endothelial cells and causes the secretion of UL-vWF 
multimers and P-selectin expression. Potential triggers of 
this phenomena are infections and pregnancy. Six women 
with congenital ADAMTS13 de  ciency developed late on-
set TTP during pregnancy. 195,199 Also, genetic modi  ers 
may be implicated in susceptibility to develop thrombotic 
microangiopathy in the condition of ADAMTS13 de  ciency, 
which may include gene-encoding proteins involved in the 
regulation of the  coagulation cascade, vWF, or platelet func-
tion, or components of the endothelial vessel surface or of 
the complement cascade. 

 Therapy. At the moment, therapy of TTP associated with 
congenital ADAMTS13 de  ciency involves plasma infusion 
or exchange to replenish the active protease (Table 55.2). 
Actually, providing just a 5% normal enzymatic activity 
may be suf  cient to degrade large vWF multimers, which 
may be relevant to induce remission of the microangio-
pathic process, and this effect is sustained over time due to 
the relatively long half-life (2 to 4 days) of the protease. In 
two brothers with a complete de  ciency of the protease and 
relapsing TTP, disease remission was achieved by plasma-
pheresis and was concurrent with an almost full recovery of 
the ADAMTS13 activity. Both patients achieved a long last-
ing remission,  although protease activity decreased to less 
than 20% over 20 days after plasma therapy withdrawal. 200

Although individual attacks usually respond to treatment, 
long-term prognosis is invariably poor if therapy fails to 
achieve lasting remission. 

 ACUTE CORTICAL NECROSIS 
Acute bilateral cortical necrosis affects no more than 2% of 
patients with acute renal failure (ARF), 201 and has been main-
ly related to obstetrical causes in the 1970s. 202 The disease 
is caused by the destruction of the renal cortex  except for a 
thin rim of tissue under the capsule and usually a thicker
layer under the corticomedullary junction. This phenome-
non likely re  ects a disturbed blood   ow to the interlobular 
and afferent arterioles, whereas the arcuate  arteries, which 
supply blood to the juxtamedullary nephrons, are usually 
spared. The lack of necrosis in subcapsular nephrons is due 
to the presence of anastomoses with extrarenal vessels that 
allow for a minimal perfusion to the super  cial nephrons—
just enough to prevent necrotic changes. In 50% to 70% of 
the series considered, acute cortical necrosis is a complica-
tion of pregnancy (especially in multiparous women older 
than 30 years of age). Abruptio placentae is the most com-
mon prior complication of ARF. 201,203 Preexisting toxemia 
seems to be an important predisposing factor, 204–206 but 
there is no general agreement on this issue. 201 Intrauterine
death, hemorrhage from placenta previa, septic abortion, 
postpartum hemorrhage, and, occasionally hyperemesis, are 
other conditions that may be complicated by acute cortical 
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necrosis. 201,207–210 Bacterial and postoperative shock, pan-
creatitis, dissecting aneurysms, gastrointestinal hemorrhage, 
trauma, burns, phosphorus and diethylene glycol poisoning, 
snake venom bites, and sometimes TTP and HUS are other 
conditions that can be complicated by acute cortical necro-
sis.203,211–222 In recent years, cases have also been reported in 
patients with paraneoplastic antiphospholipid syndrome 223

or with antiphospholipid syndrome associated with  systemic
lupus erythematosus. 224 In children, cases of cortical ne-
crosis have been reported, most frequently after protracted 
vomiting and diarrhea with marked dehydration. Moreover, 
as in adults, the disease has been seen concomitantly with 
infections such as peritonitis, septicemia, pharyngitis, trans-
fusion reactions, and phosphorus poisoning. 221,225–229

 Mechanisms 
According to Sheehan and Moore, 203 who studied specimens 
from patients who died after abruptio placentae, vasospasm 
is the primary event causing cortical necrosis. Acute vascular 
injury is then followed by the activation of coagulation and 
thrombosis with consequent tissue necrosis. 230,231 Consistent
with this hypothesis is evidence that cortical necrosis can be 
produced by prolonged clamping of the renal pedicle 232 or 
by the infusion of a large amount of vasoactive substances 
such as epinephrine and oxytocin. 233–235 The same lesions, 
however, can be observed in rabbits following two intrave-
nous injections of endotoxin from gram-negative bacteria, 
spaced 18 to 24 hours apart—a phenomenon known as an 
acute Shwartzman reaction. 230 Of note, in pregnant rabbits 
or rats 236,237 or in animals pretreated with corticosteroids, 230

sympathomimetics ( α -agonists),238 or synthetic acid poly-
mers,230 the same reaction can be triggered by a single en-
dotoxin injection. Thus, vasospasm and toxic damage to the 
vascular endothelium may both play a role in the pathogen-
esis of human disease. 239

Experimental Shwartzman reactions produced in preg-
nant rabbits after a single injection of bacterial toxin supports
the theory that vascular injury is the major  etiologic event in 
cortical necrosis. 240 In all the previous models, acute cortical 
necrosis is preceded by intravascular coagulation, an event 
that appears to play a central pathogenic role as suggested 
by the fact that cortical necrosis is prevented when heparin 
is administered to nonpregnant rabbits with a  Shwartzman
reaction. 241 However, the main difference between an 
experimental Shwartzman reaction and cortical necrosis in 
humans is that, in animals, the necrotic process also involves 
the renal medulla and organs other than the kidney. Prob-
ably in humans, selective damage of the cortical vasculature 
predisposes one to the subsequent development of localized 
damage as soon as a “trigger event” (e.g., abruptio placen-
tae) occurs. In this context, recent experimental data are 
particularly relevant. A unilateral Shwartzman phenomenon 
con  ned to a single kidney has been produced by the local 
perfusion of a low-dose endotoxin before the systemic in-
jection of an endotoxin. 242 Cortical necrosis in experimental 
animals has also been obtained using diethylene glycol. 213,243

The mechanisms by which these toxic agents lead to corti-
cal necrosis are far from being understood, but these agents 
are known to cause endothelial damage.  Another intriguing 
issue is the signi  cance of glomerular   brin thrombi. Early 
reports have focused on the possible crucial role of glo-
merular thrombosis in the pathogenesis of the disease. 207,244

However, a detailed analysis of the most representative 
series reported in the literature revealed that glomerular 
  brin thrombi are relatively rare in cortical necrosis. Only 
occasionally have extensive intraglomerular thrombi been 
documented.201,209 Altogether, the available data do not sup-
port the idea that cortical necrosis is the consequence of a 
mechanical blockage of glomeruli by   brin thrombi. More-
over, in the two largest series 209,245 reported so far of patients 
affected by DIC with glomerular   brin thrombi, the majority 
of whom had bacterial sepsis, cortical necrosis was found in 
only 4 of the 63 cases studied. 

 Diagnosis and Clinical Course 
The most typical clinical sign of acute cortical necrosis is 
sudden oliguria, with the amount of urine ranging from 
zero to 100 mL per day. 246 Sometimes this is preceded by 
gross hematuria. Lumbar pain, if present, constitutes a 
rather nonspeci  c symptom and may be associated with 
fever and leukocytosis. Urine contains protein, red blood 
cells, white blood cells, epithelial cells, and various types 
of casts. Hypertension may occur, but generally the blood 
pressure is only slightly elevated. A picture of acute renal 
failure with hyperazotemia, metabolic acidosis, and hyper-
kalemia emerges from laboratory data. LDH and glutamic 
oxaloacetic transaminases in the serum are elevated during 
the   rst days of the disease. 243 DIC is frequent, especially in 
obstetric patients. Fibrinogen and platelet counts fall very 
low, prothrombin time is prolonged, and   brinogen degra-
dation products (FDPs) in serum are often elevated. 239

Acute cortical necrosis must be suspected when oliguria 
or anuria tends to persist for a long period. A renal  biopsy
provides the de  nitive diagnosis. However, the patient’s 
clinical condition may not always permit the performance of 
a biopsy, and in some cases, the diagnosis may be missed be-
cause, especially in the incomplete form of disease, the spec-
imen does not allow for the detection of the typical changes. 
Radiologic techniques are very useful in the evaluation of the 
diagnosis of acute cortical necrosis. 201,247,248 Renal echogra-
phy may exclude obstruction. Selective arteriography may 
provide information about the extent of lesions, permitting 
a distinction between the complete and incomplete forms. 
The most typical radiologic sign of acute cortical necrosis is 
the renal cortical calci  cation, which, however, is uncom-
mon and does not occur in the early phases of the disease. 243

 Pathology 
The earliest histologic lesion of the generalized Shwartzman 
reaction is the deposition of a homogeneous, eosinophilic 
material with the staining properties of   brinoid within 
the lumen of the glomerular capillaries of the kidneys. 249
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Similar material is deposited in the vessels in other visceral 
organs in association with necrotizing and hemorrhagic le-
sions.230,249 In humans with massive or complete cortical 
necrosis, almost the whole cortex is affected by necrosis 
except the corticomedullary junction and a thin rim of corti-
cal tissue under the capsule. 203 On gross examination, the 
kidneys are enlarged and weigh 200 to 300 g. The cortex 
has a yellowish-white appearance, but congested areas are 
detected in the periphery. Moreover, the columns of Bertin 
are necrosed. The main renal arteries—the lobar and the ar-
ciform—are generally spared. A micros copic examination 
shows pathologic changes appearing 48 to 72 hours after 
the initial injury. Glomeruli and tubules show extensive ne-
crotic changes, whereas the afferent arterioles are occluded 
by thrombi extending to the interlobular arteries. At the 
periphery of the necrosis, a large-scale in  ltration of poly-
morphonuclear leukocytes fully develops after 3 to 4 days. 

In addition to the pattern of complete cortical necrosis, 
Sheehan and Moore 203 described other forms of acute corti-
cal necrosis characterized by more limited necrotic changes, 
the so-called incomplete acute cortical necrosis. The latter 
includes the focal form, in which the necrotic lesion can 
reach a diameter ranging from 0.5 to 3.0 mm, and the patchy 
form, with much larger necrotic areas. The authors described 
an additional variant of acute cortical necrosis called con-
  uent focal cortical necrosis, which differs from the forms 
previously described in the following aspects: (1) The focal 
lesions are so numerous that they merge with one another; 
(2) the typical changes are present in tubules and glomeruli 
but not in the arterioles and arteries, and appear at different 
stages in the course of the disease; and (3) the pattern is not 
associated with abruptio placentae. 

Histologically, the lesions of incomplete cortical necro-
sis are essentially the same as those in the complete form. 
The edge of the necrotic area forms a sharp border with nor-
mal renal tissue. In the late phases of the disease, kidneys 
are reduced in size, interstitial   brosis occurs in the injured 
areas, and sclerotic substitutions occur in the glomeruli and 
in vessels. Calcium deposits detected by a von Kossa stain 
can be found in the glomeruli or in arteries. 

In addition to the kidney, other organs are sometimes 
injured too, though to a lesser extent and more mildly, such 
as the adrenals, spleen, liver, large intestine, and particularly, 
the pituitary gland sinusoids. 201,250–252

 Prognosis and Therapy 
The course of acute cortical necrosis is characterized by pro-
longed oliguria and death during the   rst days of the dis-
ease unless dialysis treatment is available. After a period of 
1 to 3 months, renal function may partially recover, so that 
patients become dialysis independent. Urine output pro-
gressively  increases, and renal function may improve over a 
period of 1 to 2 years, to a   nal plateau of 20 to 25 mL per 
minute.239,243 Hypertrophy of the juxtamedullary nephrons 
has been suggested as a factor contributing to the partial 
restoration of renal function. 239 After the initial renal func-

tion recovery, however, most patients eventually progress 
to ESRD, possibly because of progressive failure of the few 
nephron units surviving the acute phase of the disease. 

No speci  c therapeutic approaches in addition to sup-
portive maneuvers commonly employed in ARF are available 
for acute cortical necrosis. Renal replacement therapy must 
be started as early as possible, and daily dialytic therapy 
may be necessary considering the high catabolic rate often 
present in these patients. Many patients have received renal 
transplants, and the prognosis of such patients has greatly 
improved during the last few years. 243
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