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ABSTRACT 

Hemolytic uremic syndrome is a rare disease, frequently responsible for renal insufficiency in 

children.  

Recent findings have led to renewed interest in this pathology. The discovery of new gene 

mutations in the atypical form of HUS and the experimental data suggesting the involvement 

of the complement pathway in the typical form, open new perspectives for treatment.  

This review summarizes the current state of knowledge on both typical and atypical hemolytic 

uremic syndrome pathophysiology and examines new perspectives for treatment.  
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RESUME 

Le syndrome hémolytique urémique est une maladie rare, souvent responsables de 

l’apparition d une insuffisance rénale chez les enfants. 

Des découvertes récentes ont conduit à un regain d'intérêt dans cette pathologie. La 

découverte de nouvelles mutations génétiques dans la forme atypique et les données 

expérimentales suggérant l’implication de la voie du complément dans la forme typique 

ouvrent de nouvelles perspectives pour le traitement. 

Cette revue résume l'état actuel des connaissances sur la physiopathologie du syndrome 

hémolytique urémique typique et atypique et présente les nouvelles perspectives de traitement. 
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1. Introduction.   

Hemolytic uremic syndrome (HUS) is a thrombotic microangiopathy (TMA) like thrombotic 

thrombocytopenic purpura (TTP). Typically, TMA histology includes intimal proliferation 

and/or endothelial swelling with luminal fibrin deposition in arterial or capillary beds. The 

clinical manifestations associated with TMA are non-immune mechanical haemolytic anaemia, 

thrombocytopenia and organ dysfunction. TTP mainly affects the central nervous system, 

whereas HUS has a renal tropism that does not exclude damage to other organs like the 

central nervous system. As a consequence, differential diagnosis between TTP and HUS can 

be difficult.  

There are two categories of HUS: typical and atypical.  

Typical HUS is generally preceded by an episode of diarrhea mainly due to pathogens 

producing shigatoxin or verotoxin.  

Atypical HUS (aHUS) is familial or sporadic. Abnormal activation of the alternative 

complement pathway is a key event in the physiopathology of aHUS. The efficacy of 

eculizumab confirmed the role of the complement in aHUS. 

The aim of this review is to present recent progress in the understanding and management of 

the pathology.   



 

2. Typical hemolytic uremic syndrome. 

2.1. Etiology   

Typical HUS average annual incidence ranges between 0.6 and 1.4 cases per 100,000 children 

under 16.[1,2] Most cases occur during summer between June and September and particularly 

at age 1[1].  

In developed countries, the HUS mortality rate is less than 5%. Shigatoxin Escherichia coli 

(STEC) were isolated in 60% of cases of infection.[2,3] Often, the O157:H7 strain is involved 

(15%), but other strains can be identified, in particular O104:H4 which caused an epidemic 

near Bordeaux, France in June 2011 and a German outbreak.[4] 

About 5% of HUS is due to other pathogens such as Shigella dysenteriae type I or 

Streptoccocus pneumoniae, which represent 40 to 50% of non Escherichia coli cases. In these 

cases the disease is caused by N-acetyl neuraminidase, also found in another possible trigger 

of HUS, the influenza virus.[5] 

Less than 10% of Escherichia coli and Shigella infections and less than 1% of pneumococcus 

infections result in HUS,[3,4] suggesting that genetic or environmental risk factors to develop 

HUS remain to be identified. 

HUS is a frequent cause of renal insufficiency in children. Four years after an episode, 3% of 

children develop end-stage renal disease and 25% suffer from reduced renal function.[3]  

According to a 1996 study conducted by the French Institut de Veille Sanitaire (InVS), 

dialysis is required to treat 46% of children[1] and, during the acute phase of the disease, is 

associated with a poor prognosis.[3]  

 

2.2. Pathophysiology 

STEC, the primary cause of typical HUS, is a commensal of the cattle digestive tract. 

Contamined food is the most frequent source and contamination rarely occurs via interhuman 

transmission or after contact with cattle. The incubation period ranges from 1 to 10 days.[1] 

After ingestion, bacteria colonize the host colon and adhere to the enterocyte brush border via 

the protein intimin, a virulence factor encoded by the eae gene.[6] 

Then the bacteria release toxins called Shigatoxins (Stx) or Verotoxin that cause damage to 

the intestinal wall, already harmed by Escherichia coli colonization.  

The binding of Stx and the action of hemolysin, another virulence factor, lead to the synthesis 

by enterocytes of IL-8 and other proinflammatory cytokines, attracting neutrophils and 

macrophages into the infection site. These phenomena cause the bloody and profuse diarrhea 



characteristic of the pathology.[7] Stx is the key element in the pathophysiology with two 

main types of toxins: Stx1 and Stx2. Stx2 is 50 to 60% identical in sequence to Stx1. Stx1 has 

a greater affinity for its receptor but Stx2 is more often associated with the development of 

HUS.[8] They are composed of one A subunit with N-glycosidase activity and of five B 

subunits enabling them to bind to their receptors: Gb3 (globotriosyl ceramide).  

After its release from the bacteria, Stx joins the general circulation. While the epithelium 

crossing mechanism is not yet fully understood, several hypotheses exist. Toxins could pass 

through spaces left by destroyed enterocytes or through intracellular junctions made 

permeable by the disorganization of the intestinal epithelium, or they could pass by 

translocation through intact enterocytes.[9] The toxin has never yet been found circulating 

freely in the blood of patients with HUS. Either the amount of toxin freely circulating is too 

small to be detected by the usual techniques (which are not sensitive enough)[9,10] or toxin 

circulation occurs via a transporter. This is the hypothesis most often put forward in the 

literature. However, there is still uncertainty as to the transporter: polymorphonuclear 

leukocytes,[11-14] monocytes,[15,16] or platelets have been suggested. The toxin is supposed 

to be transported via its binding to a non-Gb3 receptor with a much lower affinity than that of 

Gb3 receptors, which explains why the toxin detaches from its transporter to join its 

target.[17]         

Stx target organs express Gb3 receptors, particularly kidney endothelial cells; brain, liver, 

heart, pancreas and hematopoietic cells are also involved.   

Once an organ is reached, toxin binds to Gb3 via its pentameric B subunit. It is internalized by 

endocytosis and retrogradely transported to the endoplasmic reticulum where the A subunit is 

split into two parts A1 and A2. A1 inhibits protein synthesis via division of ribosomal ARN, 

which ultimately causes cell death by apoptosis.[17]   

The damage suffered by the renal endothelium exposes subendothelium along with its tissue 

factor and von Willebrand factor, respectively involved in coagulation and platelet 

aggregation. Thus, the key event is microthrombosis, responsible for the classic triad of HUS: 

platelet consumption, mechanical destruction of erythrocytes and acute renal 

insufficiency.[1,17] 

Thrombosis and tissue damage are aggravated both by ischemia[5] and by pro-inflammatory 

cytokines, from the injured endothelium, attracting neutrophils, monocytes and activated 

macrophages that in their turn release cytokines (NFB, TNF, Il-1, Il-6, Il-8, etc…). 

Cytokines can also increase Gb3 expression on the surface of endothelial cells, self-

perpetuating apoptosis.[17]   



P-selectin expression at platelet and endothelium surfaces increases,[18] binding in particular 

to neutrophils and thus favoring their extravasation toward the infection site, which causes 

tissue factor expression on cell surfaces.[18,19]  

Thrombosis is also favored by B subunits via stimulation of the secretion of von Willebrand 

factor.[8]  

The rapid worsening of the disease appears not to be due solely to the direct action of toxins. 

It has recently been suggested that the complement could play a role in the typical HUS 

physiopathology. Up to now, the complement had only been shown to affect familial or 

sporadic atypical HUS. However, patients with typical HUS were shown to have activation 

products of the alternative complement pathway and low concentrations of C3 in their plasma 

and serum.[20] The presence of C3 on platelet/leukocyte complexes was also revealed. 

During HUS, these complexes release microparticles covered with C3 and C9, indicating 

complement activation.[21] Previously, P-selectin expression was thought to increase during 

HUS, and P-selectin has been proved to be able to activate complement, as a fixation site for 

C3.[22] The complement cascade induces formation of C3a and C5a, thereby increasing 

expression of P-selectin and decreasing synthesis of thrombomodulin, which favors clotting. 

Anaphylatoxins C3a and C5a are also mediators of inflammation and activators of leukocytes 

and platelets.[23] 

Kidney damage is linked to complement activation by Stx as well as to the negative control 

inhibition exercised on the complement cascade. The principal drivers of this regulation are  

factor I and its cofactor, factor H. Stx 2 binds to factor H, without destroying it, preventing it 

from binding to cell surfaces and playing its role.[23] (fig.1) 

Shigatoxin affects not only protein synthesis but also gene expression, leading most often to 

an up-regulation of transcripts by increasing their lifetime. Activation of the 

CXCR4/CXCR7/SDF-1 pathway could play a role in HUS. These results were observed in 

mice by RT-PCR and microarray analysis. A disorder of this pathway causes 

glomerulonephritis and hemostatic disorders in mice. The hypothesis that this pathway plays a 

role in the HUS pathophysiology is confirmed in animals, with a survival rate of 57.7% in 

mice treated by a CXCR4 inhibitor against 23.1% of mice without inhibitor treatment. Similar 

results were obtained humans with a four times higher rate of SDF-1 detected in children with 

typical HUS than in healthy children.[24] 

 

2.3. Treatments 



There is no specific treatment for HUS, only symptomatic treatment to prevent complications 

from renal failure.[5]   

  2.3.1. Currently approaches  

   2.3.1.1. Volume expansion. 

Patients developing HUS frequently present a reduction of their plasmatic volume secondary 

to loss of fluids in the stool. Correction of hypovolemia is critical. A cohort study on 29 

children < 10 years old with HUS suggests that early parenteral rehydration during E.coli 

O157:H7 infection could help to conserve diuresis, thereby improving renal prognostic, 

avoiding dialysis and long-term sequelae and shortening patients hospital stay.[25] 

In a study of 50 patients of whom 64% were anuric, 84% of those who did not receive 

parenteral rehydration developed anuria. Without volume expansion, the risk of developing 

anuric HUS is multiplied by 1.6 compared to the risk of developing anuric HUS with volume 

expansion.[26] 

 

   2.3.1.2. Plasma therapy 

Plasma therapy is recommended in the treatment of TTP[27] and of atypical HUS.[28,29] 

However plasma therapy has not been shown to be effective in treating typical HUS. Plasma 

therapy is not indicated in HUS associated with streptococcus pneumoniae infection.       

 

   2.3.1.3. Antibiotics 

Antibiotherapy during Enterohaemorrhagic Escherichia coli (EHEC) infections is not 

recommended. The stress caused by the treatment may increase the synthesis and liberation of 

toxins by bacteria and could therefore lead to higher  risk of developing HUS.   

A study conducted on 259 patients infected by Escherichia coli O157:H7 found that 36% of 

children who received antibiotics (all type of antibiotics) developed HUS, versus 12% of 

children no receiving antibiotics (p<0,001).[30] In vitro studies of the O157:H7 strain showed 

that subinhibitory levels of antibiotics targeting DNA synthesis (ciprofloxacin…) lead to 

increased production of toxins, whereas antibiotics targeting the membrane, transcription or 

translation do not affect the synthesis of toxins in any way.[31] 

 

The O104:H4 strain does not appear to release Stx in the presence of therapeutic 

concentrations of ciprofloxacin, meropenem, fosfomycin and chloramphenicol.[32]  Moreover, 

treatment by azythromycin during the German outbreak of Escherichia coli O104:H4 

(dispensed to prevent meningitis during the eculizumab trial) decreased the length of time 



bacteria were carried: 4.5% carried long-term in the azithromycin arm versus 81.4% in the 

arm without antibiotics (p<0,001). However, the frequency of HUS and of its symptoms were 

not decreased; patients were simply contagious for a shorter period, and could return to 

normal professional and social activity more quickly.[33]  

Antibiotics could have a beneficial effect if the bacterial strain is quickly identified.  

Randomized trials will be essential to determine whether antibiotics offer promise for the 

treatment and prevention of HUS. Until such studies are realized, antibiotherapy is not 

recommended.  

 

   2.3.1.4. Others treatments 

Supportive care also includes anemia management by transfusion or by erythropoietin to 

reduce blood transfusion.  

Treatments by antithrombotic drugs, diuretics and anti-inflammatory drugs have not proved 

efficacy and are not recommended.[5] 

 

  2.3.2. Potential future approaches.  

   2.3.2.1. VEGF (vascular endothelial growth factor)   

Anti-VEGFs are antiangiogenic agents used in the treatment of some cancers. Unexpected 

side effects can occurr, especially for bevacizumab for which thrombotic microangiopathy is 

reported.[34] The comparison with HUS is made by some researchers, who demonstrated that 

VEGF is synthesised by renal podocytes and that injection of Stx may inhibit this synthesis 

causing microangiopathy in mice.[35] This discovery concerning the mechanism of action of 

toxins opens new research perspectives for the treatment of HUS.  

 

   2.3.2.2. Shigatoxin receptor analogues 

To the best of current knowledge, Stx appears to be the key element in the physiopathology of 

HUS.   

Research could usefully begin with oral administration of toxin receptors to block Stx before 

it enters the general circulation. In this context, trisaccharides linked to an inert polymer 

matrix were developed in Canada as Synsorb Pk®. This resin acts as a toxin binder before 

toxin fixation to enterocytes. The phase I study showed an absence of side effects in healthy 

adults and the conservation of the resin’s binding activity even after exposure to the extreme 

pH of the gastrointestinal tract.[36] Phase II studies were unfortunately less promising. In the 

experimental and placebo groups respectively, the prevalence of serious extrarenal events was 



18% versus 20% (p = 0.82) and dialysis was required in 42% against 39% of cases (p = 0.86). 

The trial failed to demonstrate reduced severity of the disease in children treated by Synsorb 

Pk®.[37] Treatments may have started too late; some authors put forward the hypothesis that 

such oral treatments will only be effective if administered during incubation or during the 

appearance of symptoms and up to 2 or 3 days after the onset of diarrhea.[38]   

A tetravalent peptide (PPP-tet) having a great affinity (Kd = 0.13 µM) for B subunits of Stx 2 

was recently designed. The binding of the toxin to the peptide does not block its 

internalization by the cell, but causes an aberrant retrograde transport. The transport is normal 

up to the Golgi and then the toxin is redirected to an acid compartment, where it will be 

destroyed instead of proceeding to the endoplasmic reticulum. The molecule is acetylated to 

prevent its degradation by gastrointestinal proteolysis. After this transformation, the peptide 

retains its efficacy in terms of mice survival even after that infection becomes established (p < 

0.005).[39] 

Another therapeutic hypothesis is using parenteral administration to block the effects of the 

toxin after it penetrates the systemic circulation. Remarkably, when administered 

intravenously, PPP-tet protected mice from HUS (p<0.0001).[39]  

Another study used the same molecule intravenously in baboons, with similar results to those 

in mice: 100% survival not only after concomitant injection of peptide and toxins (p<0.01) 

but also when the peptide was administered 6 hours after the toxins (p<0.01). The survival 

rate for an injection of the peptide 24 hours after the infection was 3 monkeys out of 4 

(p<0.03), suggesting the possibility of long-term benefit.[40]  

Other Shigatoxin receptor analogues have been designed, such as “Starfish”, which was able 

to protect mice from Stx 1 but not from Stx 2 and its modified version “Daisy”, which was 

able to protect them from both toxins.[41]  

 

   2.3.2.3. Anti-shigatoxin antibody.  

Circulating toxins may be neutralized by antibodies directed against them, and this appears a 

promising avenue to explore: various monoclonal antibodies tested first on mice and then on 

pigs permitted the survival of 90% of the animals.[42]  

The most advanced example is urtoxazumab, currently in phase III. The molecule 

demonstrated great efficacy in mice (100% survival with the effective dose) only when it was 

administered at maximum 24 hours after the beginning of the infection.[43] In phase I in 

healthy adults and infected children, urtoxazumab was well tolerated.[44] 



Other antibodies in phase I were also well tolerated by healthy volunteers [45,46]. The phase 

III results will tell whether or no these antibodies have a place in the therapeutic arsenal 

against HUS. 

 

   2.3.2.4. Eculizumab: complement inhibitor.  

The role of the alternative complement pathway during typical HUS was introduced by 

experimental data, and it has been suggested as a way to evaluate eculizumab, an anti-C5 

monoclonal antibody. A study involving 3 children with poor prognosis was conducted. 

Improved clinical outcomes 24h after the first injection were observed and patients recovered 

normal renal function after 6 months of treatment. No mutation of genes involved in the 

alternative complement pathway was observed, which rules out the differential diagnosis of 

atypical HUS.[47] 

These case-reports provide new and encouraging possibilities for the treatment of typical 

HUS.   

However, the findings should be compared to other studies. A comparison of conventional 

treatment with plasma therapy accompanied or not by eculizumab during the German 

outbreak did not show greater efficacy for eculizumab. Blocking the complement pathway 

active in the digestive system could even increase bacterial carrying time and  contact with 

toxins.[48] In contrast, during the French epidemic, eculizumab was used on 9 patients with 

extra-renal complications. Improvement of renal and neurological function as well as 

biochemical parameters was obtained in all patients.  Even so, it was not a comparative and 

randomized trial and the authors were unable to conclude on the benefit of using eculizumab 

to treat typical HUS.[49] 

Additional randomized trials are needed to determine the efficacy, the targeted population, the 

duration and the best time to start treatment by eculizumab. It would also be interesting to 

determine how the treatment affects the length of time that Escherichia coli is carried.  

 

2.3.2.5. Recombinant thrombomodulin 

Thrombomodulin (TM) has an anticoagulant effect, an anti-inflammatory effect and the 

capacity to supress complement activity. Recombinant TM is currently validated to treat 

disseminated intravascular coagulation.  

Recombinant TM appears effective in typical HUS as an anticoagulant and an anti-

inflammatory. TM was tested at the posology of 380 U/kg per day in 3 young patients. 



Symptoms improved after treatment began, with increased haemoglobin and platelets and 

decreased creatinine, LDH level and complement activity.[50] 

The effects of TM were confirmed in another similar study.[51] 

 

2.3.2.6. Manganese 

MnCl2 manganese salt was reported to block the intracellular trafficking of Stx1 of HeLa cells, 

apparently inhibiting the toxic effects of Stx1. [52] However, manganese did not affect nor 

the trafficking nor the toxic effects for Stx2, probably because of divergence in toxin 

trafficking mechanisms. [53,54,55]  

Despite these results, manganese could be a promising therapy for Stx1-induced HUS. Its 

toxicity needs to be carefully evaluated, [53] even if only brief manganese exposures are 

required. [54]  

 

3. Atypical hemolytic and uremic syndrome 

Atypical HUS is mainly caused by a dysregulation of the alternative complement pathway.  

 

3.1. The complement system. 

The complement system is essential to innate immunity. There are 3 different pathways 

activating the complement cascade: the classical, lectin and alternative pathways.  

In healthy patients, the alternative pathway involves low quantities of C3 being cleaved into 

C3a and C3b, indicating permanent activation of the system. However, it is finely restrained 

by negative feedback to prevent its attacking host tissues.  

During HUS, the alternative pathway gets out of control leading to the formation of the 

Membrane Attack Complex (MAC) and various anaphylatoxins responsible for the 

endothelial damage, platelet activation, inflammatory reaction, thrombus,[56] 

thrombocytopenia, anemia and renal insufficiency characteristic of the pathology.  

After the cleavage of C3, C3b binds to factor B, which is then cleaved by factor D to Bb. The 

C3Bb complex also known as C3 convertase is formed, creates an amplification loop and 

generates more C3b. New C3b fragments bind to the C3 convertase, forming C5 convertase. 

Then, C5 is cleaved into C5a (inflammatory particle) and C5b. C5b finally binds with C6, C7, 

C8, and C9 to form the MAC. (fig 2.)  

This cascade is regulated by several proteins, such as Factor I and its co-factor, factor H, 

thrombomodulin and the Membrane Cofactor Protein (MCP).  



 

3.2. Epidemiology.   

Atypical HUS accounts for 5 to 10% of HUS in children and the majority of HUS in 

adults.[57] The total incidence remains unknown, and has been estimated at 2 cases out of 

1.000.000 in the USA.[58] Extra-renal symptoms occur in 20% of patients. The estimated 

mortality rate is from 2 to 10%, a third of patients suffering from end-stage renal failure after 

the first episode. At least one mutation in the complement system (factor H (CFH), MCP, 

factor I (CFI), thrombomodulin (TM), C3 convertase and factor B (CFB)) is documented in 

70% of pediatric or adult patients.[59] These mutations are most frequently heterozygous and 

hypomorphic [60] One third of patients did not develop the disease until adulthood, and HUS 

onset is associated with an infectious event in all MCP-mutated, 70% of CFH-mutated, and 

60% of CFI-mutated patients. These observations suggest that mutations should confer a 

predisposition to develop HUS, and that onset of the disease should be correlated to 

complement activation caused by infectious event or endothelial insult. 

Genetic rearrangements between factor H and CFH-related proteins (CFHR1 and CFHR3) 

were also identified in several aHUS patients, resulting in a hybrid gene factor H/CFHR1 or 

factor H/CFHR3.[61] 

In the addition to the influence of these mutations, patients who do not carry CFH mutations 

can be predisposed to HUS by common polymorphic variants of CFH gene. Moreover, 

polymorphism may also help the full manifestation of the disease for patients with CFH 

mutations. [62]    

Anti-factor H antibodies were also found in several patients (tab.1) [57] and are often 

associated with the homozygous deletion of genes coding for CFHR1/CFHR3. [61] 

Recently DGKE mutation was described in aHUS. DGKE is involved in the control of 

haemostasis[63] and its link with the identification of mutation in thrombomodulin highlights 

the role of the coagulation cascade in the pathophysiology of aHUS. Patients with DGKE 

mutation have a better prognosis, while factor H mutations lead to the worst prognosis, with 

60 to 70% of aHUS patients dying or suffering end-stage renal disease. Familial aHUS form 

were identified in 20% of cases but genetic counselling is difficult because the penetrance of 

the disease is estimated at 50%.[57]  

Secondary atypical HUS is defined when a causative agent can be identified. Among infective 

agents, HIV has been frequently reported. Other causes identified for secondary HUS are 

connective tissues diseases, pregnancy and post-transplantation.[57]   



Many different drugs were also reported to induce syndromes of thrombotic microangiopathy 

(TMA). According to the level of kidney injury, these reports were described as HUS or 

thrombotic thrombocytopenic purpura (TTP). Level of evidence for these drug-induced HUS 

borderline syndromes pointed out 22 drugs with a definite association with TMA.[64] Quinine, 

cyclosporine and tacrolimus were most reported. Interferons  and , sirolimus and anticancer 

agents as mitomycin, gemcitabine, bevacizumab were also frequently implied. 

 

 3.3. Treatment  

  3.3.1. Plasma therapy 

Plasma therapy is the first-line treatment for atypical HUS in adults.[65] Its clinical use is 

based on empirical data and expert recommendations; to date there are no clinical trials. Its 

efficacy was observed in several cases.[28, 29, 66] The aim of plasma therapy is to replace 

mutant elements of the complement by normal elements in order to eliminate pro-

inflammatory and thrombogenic factors responsible for symptoms.[5] It is considered that 

injections of fresh frozen plasma alone are sufficient in case of quantitative deficits, while 

plasma exchange is more indicated in cases of qualitative deficits.[65] All complement 

mutations seem to react positively to plasma therapy except for MCP mutation, because MCP 

is not a circulating protein.[65,67] Recent European guidelines recommend starting plasma 

therapy as soon as possible, in parallel with symptomatic treatments (dialysis, transfusion, 

antihypertensive treatment…). Plasma therapy sessions should initially be administered at a 

rate of one per day, then progressively spaced out from 5 to 3 sessions per week.[67] Long-

term treatment seems to be more effective than discontinuous treatment in preventing 

progression toward end-stage renal disease.[65] The long-term outcomes for this treatment are 

still little known.[66] A case of therapeutic failure was reported after 4 years of treatment, 

with no cause of plasma resistance determined.[68] During treatment, even short term, 

potentially serious side effects can occur. However, side effects are more frequent in children 

than in adults, which justifies the management of young patients in specialized units. Main 

side effects are hypotension that may require a fluid bolus, symptomatic hypocalcemia, 

allergy and thrombosis or infection of the catheter.[69]  

 

3.3.2. Complement inhibitor: eculizumab. 

In the mouse, C5 was found to be essential to the development of HUS. This led to the 

demonstration of the potential of eculizumab to treat atypical HUS.[70] 



Eculizumab was first used for the treatment of paroxysmal nocturnal hemoglobinuria, another 

disease involving the alternative complement pathway. French marketing authorization AMM 

for use in atypical HUS was obtained in 2011, based on two non comparative trials. 

In these two studies, patients received eculizumab for 26 weeks. The first study included 20 

patients sensitive to plasma therapy and the second included 17 patients with plasma therapy 

resistance. Both showed an amelioration of hematologic parameters and an absence of 

thrombotic microangiopathy. All secondary end-points were also improved, and in particular, 

early use of eculizumab was shown to be associated with a greater increase in glomerular 

filtration rate (GFR). It should be notified that patients without identified complement 

mutations were also successfully treated by eculizumab therapy. [71]  

Eculizumab is being proposed as a first-line treatment [71] and an algorithm of therapeutic 

options indicates that eculizumab could become the new gold-standard of atypical HUS 

management, replacing plasma therapy.[72] Given the cost of the treatment, however, this 

must be clearly determined by a cost/efficiency analysis. 

A more recent publication[58] recommends eculizumab for children where plasma therapy is 

not possible. It is also considered an effective treatment of the prophylaxis of atypical HUS 

recurrence after transplantation.[58,73,74] 

Nevertheless, treatment parameters remain to be determined, particularly optimal treatment 

duration, on which there is no consensus and which needs to be clarified.  

It should be noted that the recently described DGKE mutation has no incidence on the 

complement cascade, so eculizumab may have no benefit for newborn patients with this type 

of mutation. [63].  

 

   3.3.3. Specific treatment of patients with anti-factor H antibodies 

Atypical HUS secondary to anti-CFH antibodies has a poor prognosis. Anti-CFH antibodies 

are found in 6 to 10 % of patients with aHUS. The frequency is higher in children than in 

adults. 

Contrary to the other anomalies, which appear in children under 2 years of age, patients with 

anti-CFH antibodies are older than 5. This abnormality is also characterized by severe 

hemolysis, renal failure and high frequency of extra-renal manifestations including hepatic 

and neurological failure. 

Treatment recommendations are [75-77] to rapidly start plasma exchanges coupled with 

prednisone and IV cyclophosphamide or rituximab until the rate of anti-CFH antibodies 

decreases and then continue with maintenance treatment with prednisone and mycophenolate 



mofetil. Efficacy/tolerance comparisons were rarely reported for cyclophosphamide or 

rituximab therapy in anti-CFH HUS. One case report suggested efficacy of cyclophosphamide 

in relapse following rituximab therapy,[78] but a non-randomized retrospective study 

including 45 patients showed similar outcomes for the two therapies.[77]  Eculizumab too can 

be used in cases of extra-renal symptoms, reducing the risk of relapse from 21 to 8% at 1 

year.[75]   

Because of the poor prognosis and the existence of an effective specific treatment, it is 

important to look for antibodies quickly after symptoms appear. Early treatment is associated 

with a better prognosis.  

 

3.3.4. Transplantation. 

In patients with stage 5 chronic kidney disease, the possibility of renal transplantation must be 

considered. However, because of the high rate of recurrence, the genetic profile must be 

explored in depth. For mutations of factor H, I and C3, risk of disease recurrence and of graft 

rejection are respectively 75 to 90%, 45 to 80% and 40 to 70%; consequently, transplantation 

is not recommended for carriers of these mutations[59]. For the MCP mutation, the prognosis 

for transplant conservation is much better with a lower than 20% risk of relapse.[5] For 

patients with anti-factor H antibodies, the risk of relapse is lower if the antibody level is 

maintained low after the transplantation by immunosuppressant treatment. Transplanting 

these patients is difficult because of their multiple transfusions.[67] Calcineurin inhibitors are 

considered as the best immunosuppressant currently available. Preventive plasma therapy is 

also recommended to avoid HUS recurrence after transplantation.[59] 

Living-related kidney donation is not recommended because of the high probability of graft 

loss. The donor has also a risk to develop the disease because of the probability of carrying 

the same mutation as the recipient.[67,79]  

To avoid relapse after the transplantation, combined liver and kidney transplantation has been 

proposed. Factors H, I, B as well as C3 are synthesized by the liver, so, the graft would allow 

the synthesis of normal factors, thus correcting complement anomalies and preventing 

relapses.[80] The first attempts, despite improving renal function, led to patients deaths from 

hepatic graft failure.[81,82] It was suspected that the stress caused by the ischemia then the 

reperfusion of the liver led to major activation of the complement, which could not be 

regulated and which caused hepatic microthrombosis.[83] Intensive preoperative plasma 

exchange and transfusion of fresh frozen plasma during the operation, in order to supply a 

maximum of functional factors and to limit attacks by the complement on the transplant liver 



until it could synthesize non-mutated factors,[80] was proposed with success. [84-86] The 

pre-transplantation use of eculizumab appears promising,[87] encouraging results have 

already been obtained in preventing relapse in cases of isolated renal transplantation.[88,89]   

These successful uses of combined liver-kidney transplantation raise new questions. For 

example, in cases of HUS where the kidney is not yet altered, why not carry out an isolated 

liver transplantation to protect the kidney from relapses? This was attempted successfully in a 

five-year-old child for whom renal and hepatic function as well as remission were maintained 

at least 2 years.[90] However, there is not yet enough evidence to understand the long-term 

evolution of the kidney after an isolated liver transplantation. Furthermore, the benefit/risk 

balance needs to be carefully considered by clinicians, especially in the light of the 

encouraging results with eculizumab. 

 

3.3.5. Future therapies 

New treatment, for example other anti-C5 antibodies which could be absorbed per os and are 

less immunogenic than eculizumab, are in phases I or II of clinical trials. Anti-C3 antibodies 

are also currently under investigation.[59] 

Infusion of recombinant complement regulatory proteins could be an interesting treatment. 

aHUS caused by an alteration of factor H could be treated by administering purified factor H, 

a less expensive technique than plasma exchanges. It would also avoid the use of central 

venous lines, a gateway for infections. The process of purification using human plasma has 

been developed and is compatible with industrial production, but no clinical trials have yet 

been conducted.[91] 

 

4. Conclusion         

This is renewed interest in HUS as a result of the German outbreak and the extension of the 

AMM for eculizumab in 2011.  

The discovery of the role of the complement in typical HUS opens new treatment perspectives. 

However, the very complex pathophysiology of typical HUS remains unclear. The efficacy of 

the complement inhibitor, Stx receptor analogues and anti-toxin antibodies should be 

evaluated to determine their place in the therapeutic arsenal.     

For atypical HUS, eculizumab appears the best candidate for treatment of reference, both 

preventive and curative, for kidney failure. Nevertheless, clinical studies on new potential 

treatments such as purified factor H or isolated liver transplantation are needed. Isolated liver 



transplantation, though a very risky procedure in the short term, could be a the treatment of 

choise for increased quality of life and decreased cost of care in the long-term.  

 

 

 

Conflict of interet : none. 



Bibliography 

1. Bertholet-Thomas A, Ranchin B, King LA, Bacchetta J, Belot A, Gillet Y, et al. 

Syndrome hémolytique et urémique post-diarrhéique: Quand y penser? Quel suivi? Arch 

Pédiatr 2011; 18(7): 823-30. 

2. Schifferli A, Von Vigier RO, Fontana M, Spartà G, Schmid H, Bianchetti MG, et al. 

Hemolytic-uremic syndrome in Switzerland: a nationwide surveillance 1997-2003. Eur J 

Pediatr 2010; 169(5): 591-8. 

3. Fisher Walker CL, Applegate JA, Black RE. Haemolytic-Uraemic Syndrome as a 

Sequela of Diarrhoeal Disease. J Health Popul Nutr 2012; 30(3): 257-61. 

4. Blaser MJ. Deconstructing a lethal foodborne epidemic. N Engl J Med 2011; 365: 

1835-6. 

5. Loirat C, Saland J, Bitzan M. Management of hemolytic uremic syndrome. Presse 

Med 2012; 41(3 Pt 2): e115-35. 

6. Orth D, Würzner R. What makes an enterohemorrhagic Escherichia coli? Clin Infec 

Dis 2006; 43: 1168-9. 

7. Mariani-Kurkdjian P, Bingen E. Syndrome hémolytique et urémique : aspects 

microbiologiques. Arch Pédiatr 2001; 8(S4): 785-91.  

8. Liu F, Huang J, Sadler JE. Shiga toxin (Stx) 1B and Stx 2B induce von Willebrand 

factor secretion from human umbilical vein endothelial cells through different signaling 

pathways. Blood 2011; 118(12): 3392-8. 

9. Acheson DW, Moore R, De Breucker S. Translocation of shigatoxin across 

polarized intestinal cells in tissue culture. Infect Immun 1996, 64(8): 3294-300. 

10. MacLeod DL, Gyles CL, Wilcock BP. Reproduction of edema disease of swine with 

purified Shiga-like toxin II variant. Vet Pathol 1991; 28(1): 66-73. 

11. Brigotti M, Carnicelli D, Ravanelli E, Barbieri S, Ricci F, Bontadini A, et al. 

Interactions between Shiga toxins and human polymorphonuclear leukocytes. J Leukoc 

Biol 2008; 84(4): 1019-27. 

12. Exeni RA, Fernandez GC, Palermo MS. Role of polymorphonuclear leukocytes in 

the pathophysiology of typical hemolitic uremic syndrome. ScientificWorldJournal 2007; 

7: 1155-64. 

13. Griener T, Mulvey GL, Marcato P, Armstrong GD. Differential binding of Shiga 

toxin 2 to human and murine neutrophils. J Med Microbiol 2007; 56(11): 1423-30. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Bacchetta%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21571510
http://www.ncbi.nlm.nih.gov/pubmed?term=Belot%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21571510
http://www.ncbi.nlm.nih.gov/pubmed?term=Gillet%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=21571510
http://www.ncbi.nlm.nih.gov/pubmed?term=Schifferli%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19830454
http://www.ncbi.nlm.nih.gov/pubmed?term=von%20Vigier%20RO%5BAuthor%5D&cauthor=true&cauthor_uid=19830454
http://www.ncbi.nlm.nih.gov/pubmed?term=Fontana%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19830454
http://www.ncbi.nlm.nih.gov/pubmed?term=Spart%C3%A0%20G%5BAuthor%5D&cauthor=true&cauthor_uid=19830454
http://www.ncbi.nlm.nih.gov/pubmed?term=Schmid%20H%5BAuthor%5D&cauthor=true&cauthor_uid=19830454
http://www.ncbi.nlm.nih.gov/pubmed?term=Bianchetti%20MG%5BAuthor%5D&cauthor=true&cauthor_uid=19830454
http://www.ncbi.nlm.nih.gov/pubmed?term=Barbieri%20S%5BAuthor%5D&cauthor=true&cauthor_uid=18625912
http://www.ncbi.nlm.nih.gov/pubmed?term=Ricci%20F%5BAuthor%5D&cauthor=true&cauthor_uid=18625912
http://www.ncbi.nlm.nih.gov/pubmed?term=Bontadini%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18625912
http://www.ncbi.nlm.nih.gov/pubmed?term=Armstrong%20GD%5BAuthor%5D&cauthor=true&cauthor_uid=17965340


14. Te Loo D, Monnens L, van der Velden T Vermeer MA, Preyers F, Demacker PN, et 

al. Binding and transfer of verocytotoxin by polymorphonuclear leukocytes in hemolytic 

uremic syndrome. Blood 2000; 95(11): 3396-402. 

15. Geelen JM, Van der Velden T, Van den Heuvel L, Monnens LA. Interactions of 

shiga-like toxin with human peripheral blood monocytes. Pediatr Nephrol 2007; 22(8): 

1181-7. 

16. Van Setten PA, Monnens LA, Verstraten RG, van den Heuvel LP, van Hinsbergh 

VW. Effects of verocytotoxin on nonadherent human monocytes: binding characteristics, 

protein synthesis, and induction of cytokine release. Blood 1996; 88(1):174-83.  

17. Keir LS, Marks SD, Kim JJ. Shigatoxin-associated hemolytic uremic syndrome: 

current molecular mechanisms and future therapies. Drug Des Dev Ther 2012; 6: 195-208. 

18. Ståhl AL, Sartz L, Nelsson A, Békássy ZD, Karpman D. Shiga toxin and 

lipopolysaccharide induce platelet-leukocyte aggregates and tissue factor release, a 

thrombotic mechanism in hemolytic uremic syndrome. PLoS One. 2009; 4(9): e6990. 

19. McGregor JL. Rôle de la sélectine P (CD62P) dans les interactions des cellules 

endothéliales et des plaquettes activées avec les leucocytes. Hématologie 1995; 1(2): 83-7. 

20. Orth D, Würzner R. Complement in typical hemolitic uremic syndrome. Semin 

Thromb Hemost 2010; 36(6): 620-4. 

21. Ståhl AL, Sartz L, Karpman. Complement activation on platelet-leukocyte 

complexes and microparticles in enterohemorrhagic Escherichia coli – induced hemolytic 

uremic syndrome. Blood 2011; 117(20): 5503-13. 

22. Morigi M, Galbusera M, Gastoldi S, Locatelli M, Buelli S, Pezzotta A, et al. 

Alternative pathway activation of complement by Shigatoxin promotes exuberant C3a 

formation that triggers microvascular thrombosis. J Immunol 2011; 187(1): 172-80. 

23. Orth D, Khan AB, Naim A Grif K, Brockmeyer J, Karch H, et al. Shiga toxin 

activates complement and binds factor H: Evidence for an active role of complement in 

hemolytic uremic syndrome. J Immunol 2009; 182(10): 6394-400. 

24. Petruzziello-Pellegrini TN, Yuen DA, Page AV, Patel S, Soltyk AM, Matouk CC et 

al. The CXCR4/CXCR7/SDF-1 pathway contributes to the pathogenesis of shiga toxin-

http://www.ncbi.nlm.nih.gov/pubmed?term=Vermeer%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=10828021
http://www.ncbi.nlm.nih.gov/pubmed?term=Preyers%20F%5BAuthor%5D&cauthor=true&cauthor_uid=10828021
http://www.ncbi.nlm.nih.gov/pubmed?term=Demacker%20PN%5BAuthor%5D&cauthor=true&cauthor_uid=10828021
http://www.ncbi.nlm.nih.gov/pubmed?term=Monnens%20LA%5BAuthor%5D&cauthor=true&cauthor_uid=17574480
http://www.ncbi.nlm.nih.gov/pubmed?term=van%20den%20Heuvel%20LP%5BAuthor%5D&cauthor=true&cauthor_uid=8704172
http://www.ncbi.nlm.nih.gov/pubmed?term=van%20Hinsbergh%20VW%5BAuthor%5D&cauthor=true&cauthor_uid=8704172
http://www.ncbi.nlm.nih.gov/pubmed?term=van%20Hinsbergh%20VW%5BAuthor%5D&cauthor=true&cauthor_uid=8704172
http://www.ncbi.nlm.nih.gov/pubmed?term=van%20Hinsbergh%20VW%5BAuthor%5D&cauthor=true&cauthor_uid=8704172
http://www.ncbi.nlm.nih.gov/pubmed?term=B%C3%A9k%C3%A1ssy%20ZD%5BAuthor%5D&cauthor=true&cauthor_uid=19750223
http://www.ncbi.nlm.nih.gov/pubmed?term=Karpman%20D%5BAuthor%5D&cauthor=true&cauthor_uid=19750223
http://www.jle.com/fr/revues/medecine/hma/sommaire.phtml?cle_parution=688&type=text.html
http://www.ncbi.nlm.nih.gov/pubmed?term=Locatelli%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21642543
http://www.ncbi.nlm.nih.gov/pubmed?term=Buelli%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21642543
http://www.ncbi.nlm.nih.gov/pubmed?term=Pezzotta%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21642543
http://www.ncbi.nlm.nih.gov/pubmed?term=Grif%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19414792
http://www.ncbi.nlm.nih.gov/pubmed?term=Brockmeyer%20J%5BAuthor%5D&cauthor=true&cauthor_uid=19414792
http://www.ncbi.nlm.nih.gov/pubmed?term=Karch%20H%5BAuthor%5D&cauthor=true&cauthor_uid=19414792
http://www.ncbi.nlm.nih.gov/pubmed?term=Patel%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22232208
http://www.ncbi.nlm.nih.gov/pubmed?term=Soltyk%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=22232208
http://www.ncbi.nlm.nih.gov/pubmed?term=Matouk%20CC%5BAuthor%5D&cauthor=true&cauthor_uid=22232208


associated hemolytic uremic syndrome in human and mice. J Clin Invest 2012; 122(2): 

759-76. 

25. Ake JA, Jelacic S, Ciol MA, Watkins SL, Murray KF, Christie DL, et al. Relative 

nephroprotection during Escherichia coli O157:H7 infections: association with 

intravenous volume expansion. Pediatrics 2005; 115 : e673-80. 

26. Hickey CA, Beattie TJ, Cowieso J, Miyashita Y, Strife CF, Frem JC, et al. Early 

volume expansion during diarrhea and relative nephroprotection during subsequent 

hemolytic uremic syndrome. Arch Pediatr Adolesc Med. 2011; 165(10): 884-9. 

27. Georges JN. How I treat patients with thrombotic thrombocytopenic purpura: 2010. 

Blood 2010; 116(20): 4060-9. 

28. Waters AM, Licht C. aHUS caused by complement dysregulation: new therapies on 

the horizon. Pediatr Nephrol 2011; 26(1): 41–57. 

29. Kim JJ, Goodship TH, Tizard J, Inward C. Plasma therapy for atypical haemolytic 

uraemic syndrome associated with heterozygous factor H mutations. Pediatr Nephrol 

2011; 26(11): 2073-6. 

30. Wong CS, Mooney JC, Brandt JR, Staples AO, Jelacic S, Boster DR, et al. Risk 

factors for the hemolytic uremic syndrome in children infected with Escherichia coli 

O157. Clin Infect Dis 2012; 55(1): 33-41. 

31. McGannon CM, Fuller CA, Weiss AA. Different classes of antibiotics differentially 

influence Shiga toxin production. Antimicrob Agents Chemother 2010; 54(9): 3790–8. 

32. Corogeanu D, Willmes R, Wolke M, Plum G, Utermöhlen O, Krönke M. 

Therapeutic concentrations of antibiotics inhibit Shiga toxin release from 

enterohemorrhagic E. coli O104:H4 from the 2011 German outbreak. BMC Microbiol 

2012; 12: 160-70. 

33. Nitschke M, Sayk F, Härtel C, Roseland RT, Hauswaldt S, Steinhoff J, et al. 

Association between azithromycine therapy and duration of bacterial shedding among 

patients with Shiga toxin-producing enteroaggregative Escherichia coli O104 : H4. JAMA 

2012; 307(10): 1046-52. 

34. Eremina V, Jefferson JA, Kowalewska J, Hochster H, Haas M, Weisstuch J, et al. 

VEGF inhibition and renal trombotic microangiopathy. N Engl J Med. 2008; 358(11): 

1129–36. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Watkins%20SL%5BAuthor%5D&cauthor=true&cauthor_uid=15930195
http://www.ncbi.nlm.nih.gov/pubmed?term=Murray%20KF%5BAuthor%5D&cauthor=true&cauthor_uid=15930195
http://www.ncbi.nlm.nih.gov/pubmed?term=Christie%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=15930195
http://www.ncbi.nlm.nih.gov/pubmed?term=Miyashita%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=21784993
http://www.ncbi.nlm.nih.gov/pubmed?term=Strife%20CF%5BAuthor%5D&cauthor=true&cauthor_uid=21784993
http://www.ncbi.nlm.nih.gov/pubmed?term=Frem%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=21784993
http://www.ncbi.nlm.nih.gov/pubmed?term=Kim%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=21717289
http://www.ncbi.nlm.nih.gov/pubmed?term=Goodship%20TH%5BAuthor%5D&cauthor=true&cauthor_uid=21717289
http://www.ncbi.nlm.nih.gov/pubmed?term=Tizard%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21717289
http://www.ncbi.nlm.nih.gov/pubmed?term=Inward%20C%5BAuthor%5D&cauthor=true&cauthor_uid=21717289
http://www.ncbi.nlm.nih.gov/pubmed/21717289
http://cid.oxfordjournals.org/search?author1=Craig+S.+Wong&sortspec=date&submit=Submit
http://cid.oxfordjournals.org/search?author1=Jody+C.+Mooney&sortspec=date&submit=Submit
http://cid.oxfordjournals.org/search?author1=John+R.+Brandt&sortspec=date&submit=Submit
http://www.ncbi.nlm.nih.gov/pubmed?term=Staples%20AO%5BAuthor%5D&cauthor=true&cauthor_uid=22431799
http://www.ncbi.nlm.nih.gov/pubmed?term=Jelacic%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22431799
http://www.ncbi.nlm.nih.gov/pubmed?term=Boster%20DR%5BAuthor%5D&cauthor=true&cauthor_uid=22431799
http://www.ncbi.nlm.nih.gov/pubmed/22431799
http://www.ncbi.nlm.nih.gov/pubmed?term=Plum%20G%5BAuthor%5D&cauthor=true&cauthor_uid=22853739
http://www.ncbi.nlm.nih.gov/pubmed?term=Uterm%C3%B6hlen%20O%5BAuthor%5D&cauthor=true&cauthor_uid=22853739
http://www.ncbi.nlm.nih.gov/pubmed?term=Kr%C3%B6nke%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22853739
http://www.ncbi.nlm.nih.gov/pubmed/?term=therapeutic+concentrations+of+antibiotics+inhibit+shiga+toxin+release+from+enterohemorrhagic+escherichia+coli+O104%3AH4+from+2011+German+outbreak
http://www.ncbi.nlm.nih.gov/pubmed?term=Roseland%20RT%5BAuthor%5D&cauthor=true&cauthor_uid=22416100
http://www.ncbi.nlm.nih.gov/pubmed?term=Hauswaldt%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22416100
http://www.ncbi.nlm.nih.gov/pubmed?term=Steinhoff%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22416100
http://www.ncbi.nlm.nih.gov/pubmed?term=Hochster%20H%5BAuthor%5D&cauthor=true&cauthor_uid=18337603
http://www.ncbi.nlm.nih.gov/pubmed?term=Haas%20M%5BAuthor%5D&cauthor=true&cauthor_uid=18337603
http://www.ncbi.nlm.nih.gov/pubmed?term=Weisstuch%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18337603


35. Psotka MA, Obata F, Kolling GL, Gross LK, Saleem MA, Satchell SC, et al. Shiga 

toxin 2 targets the murine renal collecting duct epithelium. Infect Immun 2009; 77(3): 

959-69. 

36. Armstrong GD, Rowe PC, Goodyer P, Orrbine E, Klassen TP, Wells G, et al. A 

phase I study of chemically synthesized verotoxin (Shiga-like toxin) Pk-trisaccharide 

receptors attached to chromosorb for preventing hemolytic-uremic syndrome. J Infect Dis. 

1995; 171(4): 1042-5. 

37. Trachtman H, Cnaan A, Christen E, Gibbs K, Zhao S, Acheson DW, et al. Effect of 

an oral shiga toxin binding agent on diarrhea associated hemolytic uremic syndrome in 

children: a randomized controlled trial. JAMA 2003; 290(10): 1337-44. 

38. Karmali MA. Prospects for preventing serious systemic toxemic complications of 

Shiga toxin–producing Escherichia coli infections using Shiga toxin receptor analogues. J 

Infect Dis 2004; 189(3): 355–9. 

39. Nishikawa K, Watanabe M, Kita E, Igai K, Omata K, Yaffe MB, et al. A 

multivalent peptide library approach identifies a novel Shiga toxin inhibitor that induces 

aberrant cellular transport of the toxin. FASEB Journal 2006; 20(14):  E2077–86. 

40. Stearns-Kurosawa DJ, Collins V, Freeman S, Debord D, Nishikawa K, Oh SY, et 

al.Rescue from lethal Shiga toxin 2-induced renal failure with a cell-permeable peptide. 

Pediatr Nephrol 2011; 26(11): 2031-9. 

41. Mulvey GL, Marcato P, Kitov PI, Sadowska J, Bundle DR, Armstrong GD. 

Assessment in mice of the therapeutic potential of tailored, multivalent Shiga toxin 

carbohydrate ligands. J Infect Dis 2003; 187(4): 640-9. 

42. Mukherjee J, Chios K, Fishwild D, Hudson D, O'Donnell S, Rich SM, et al. Human 

Stx2-specific monoclonal antibodies prevent systemic complications of Escherichia coli 

O157:H7 infection. Infect Immun 2002; 70(2): 612-9. 

43. Yamagami S, Motoki M, Kimura T, Izumi H, Takeda T, Katsuura Y, et al. Efficacy 

of postinfection treatment with anti–Shiga toxin (Stx) 2 humanized monoclonal antibody 

TMA-15 in mice lethally challenged with Stx-producing Escherichia coli. J Infect Dis 

2001; 184(6): 738–42. 

44. Lopez EL, Contrini MM, Glatstein E, González Ayala S, Santoro R, Allende D, et 

al. Safety and pharmacokinetics of Urtoxazumab, a humanized monoclonal antibody, 

against Shiga-like toxin 2 in healthy adults and in pediatric patients infected with Shiga-

like toxin-producing Escherichia coli. Antimicrob Agents Chemother 2010; 54(1): 239-

43. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Gross%20LK%5BAuthor%5D&cauthor=true&cauthor_uid=19124603
http://www.ncbi.nlm.nih.gov/pubmed?term=Saleem%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=19124603
http://www.ncbi.nlm.nih.gov/pubmed?term=Satchell%20SC%5BAuthor%5D&cauthor=true&cauthor_uid=19124603
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shiga+toxin+2+targets+the+murine+renal+collecting+duct+epithelium.
http://www.ncbi.nlm.nih.gov/pubmed?term=Armstrong%20GD%5BAuthor%5D&cauthor=true&cauthor_uid=7706786
http://www.ncbi.nlm.nih.gov/pubmed?term=Rowe%20PC%5BAuthor%5D&cauthor=true&cauthor_uid=7706786
http://www.ncbi.nlm.nih.gov/pubmed?term=Goodyer%20P%5BAuthor%5D&cauthor=true&cauthor_uid=7706786
http://www.ncbi.nlm.nih.gov/pubmed?term=Orrbine%20E%5BAuthor%5D&cauthor=true&cauthor_uid=7706786
http://www.ncbi.nlm.nih.gov/pubmed?term=Klassen%20TP%5BAuthor%5D&cauthor=true&cauthor_uid=7706786
http://www.ncbi.nlm.nih.gov/pubmed?term=Wells%20G%5BAuthor%5D&cauthor=true&cauthor_uid=7706786
http://www.ncbi.nlm.nih.gov/pubmed/7706786
http://www.ncbi.nlm.nih.gov/pubmed?term=Gibbs%20K%5BAuthor%5D&cauthor=true&cauthor_uid=12966125
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhao%20S%5BAuthor%5D&cauthor=true&cauthor_uid=12966125
http://www.ncbi.nlm.nih.gov/pubmed?term=Acheson%20DW%5BAuthor%5D&cauthor=true&cauthor_uid=12966125
http://www.ncbi.nlm.nih.gov/pubmed?term=Igai%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17065223
http://www.ncbi.nlm.nih.gov/pubmed?term=Omata%20K%5BAuthor%5D&cauthor=true&cauthor_uid=17065223
http://www.ncbi.nlm.nih.gov/pubmed?term=Yaffe%20MB%5BAuthor%5D&cauthor=true&cauthor_uid=17065223
http://www.ncbi.nlm.nih.gov/pubmed?term=Debord%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21603905
http://www.ncbi.nlm.nih.gov/pubmed?term=Nishikawa%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21603905
http://www.ncbi.nlm.nih.gov/pubmed?term=Oh%20SY%5BAuthor%5D&cauthor=true&cauthor_uid=21603905
http://www.ncbi.nlm.nih.gov/pubmed?term=Mulvey%20GL%5BAuthor%5D&cauthor=true&cauthor_uid=12599081
http://www.ncbi.nlm.nih.gov/pubmed?term=Marcato%20P%5BAuthor%5D&cauthor=true&cauthor_uid=12599081
http://www.ncbi.nlm.nih.gov/pubmed?term=Kitov%20PI%5BAuthor%5D&cauthor=true&cauthor_uid=12599081
http://www.ncbi.nlm.nih.gov/pubmed?term=Sadowska%20J%5BAuthor%5D&cauthor=true&cauthor_uid=12599081
http://www.ncbi.nlm.nih.gov/pubmed?term=Bundle%20DR%5BAuthor%5D&cauthor=true&cauthor_uid=12599081
http://www.ncbi.nlm.nih.gov/pubmed?term=Armstrong%20GD%5BAuthor%5D&cauthor=true&cauthor_uid=12599081
http://www.ncbi.nlm.nih.gov/pubmed/?term=Assessment+in+mice+of+the+therapeutic+potential+of+tailored%2C+multivalent+Shiga+toxin+carbohydrate+ligands.
http://www.ncbi.nlm.nih.gov/pubmed?term=Hudson%20D%5BAuthor%5D&cauthor=true&cauthor_uid=11796590
http://www.ncbi.nlm.nih.gov/pubmed?term=O%27Donnell%20S%5BAuthor%5D&cauthor=true&cauthor_uid=11796590
http://www.ncbi.nlm.nih.gov/pubmed?term=Rich%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=11796590
http://www.ncbi.nlm.nih.gov/pubmed?term=Izumi%20H%5BAuthor%5D&cauthor=true&cauthor_uid=11517435
http://www.ncbi.nlm.nih.gov/pubmed?term=Takeda%20T%5BAuthor%5D&cauthor=true&cauthor_uid=11517435
http://www.ncbi.nlm.nih.gov/pubmed?term=Katsuura%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=11517435
http://www.ncbi.nlm.nih.gov/pubmed?term=Gonz%C3%A1lez%20Ayala%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19822704
http://www.ncbi.nlm.nih.gov/pubmed?term=Santoro%20R%5BAuthor%5D&cauthor=true&cauthor_uid=19822704
http://www.ncbi.nlm.nih.gov/pubmed?term=Allende%20D%5BAuthor%5D&cauthor=true&cauthor_uid=19822704
http://www.ncbi.nlm.nih.gov/pubmed/?term=Safety+and+Pharmacokinetics+of+Urtoxazumab%2C+a+Humanized+Monoclonal+Antibody%2C+against+Shiga-Like+Toxin+2+in+Healthy+Adults+and+in+Pediatric+Patients+Infected+with+Shiga-Like+Toxin-Producing+Escherichia+coli


45. Dowling TC, Chavaillaz PA, Young DG, Melton-Celsa A, O'Brien A, Thuning-

Roberson C, et al. Phase 1 safety and pharmacokinetic study of chimeric murine-human 

monoclonal antibody cαStx2 administered intravenously to healthy adult volunteers. 

Antimicrob Agents Chemother 2005; 49(5): 1808-12. 

46. Bitzan M, Poole R, Mehran M, Sicard E, Brockus C, Thuning-Roberson C, et al. 

Safety and pharmacokinetic of chimeric anti shiga toxin 1 and anti shiga toxin 2 

monoclonal antibodies in healthy volunteers. Antimicrob Agents Chemother 2009; 53(7): 

3081-7. 

47. Lapeyraque AL, Malina M, Fremeaux-Bacchi V, Boppel T, Kirschfink M, Oualha 

M,et al. Eculizumab in severe Shiga-toxin-associated HUS. N Engl J Med 2011; 364(26): 

2561-3. 

48. Kielstein JT, Beutel G, Fleig S Steinhoff J, Meyer TN, Hafer C, et al. Best 

supportive care and therapeutic plasma exchange with or without Eculizumab in Shiga-

toxin-producing E. coli O104:H4 induced haemolytic–uraemic syndrome: an analysis of 

the German STEC-HUS registry. Nephrol Dial Transplant 2012; 27(10): 3807–15. 

49. Delmas Y, Vendrely B, Clouzeau B, Bachir H, Bui HN, Lacraz A, et al. Outbreak of 

Escherichia coli O104:H4 haemolytic uraemic syndrome in France: outcome with 

eculizumab. Nephrol Dial Transplant 2014; 29: 565-72. 

50. Honda T, Ogata S, Mineo E Nagamori Y, Nakamura S, Bando Y, et al. A novel 

strategy for hemolytic uremic syndrome: successful treatment with thrombomodulin α. 

Pediatrics 2013; 131: e928-33. 

51. Kawasaki y, Suyama K, Ono A, Oikawa T, Ohara S, Suzuki Y, et al. Efficacy of 

recombinant human soluble thrombomodulin for childhood hemolytic uremic syndrome. 

Pediatr Int 2013; 55(5): e139-42. 

52. Mukhopadhyay S, Linstedt AD. Manganese blocks intracellular trafficking of Shiga 

toxin and protects against Shiga toxicosis. Science 2012; 335(6066): 332-5. 

53. Gaston MA, Pellino CA, Weiss AA. Failure of manganese to protect from Shiga 

toxin. PLoS One 2013; 8(7): e69823. 

54. Mukhopadhyay S, Redler B, Linstedt AD. Shiga toxin-binding site for host cell 

receptor GPP130 reveals unexpected divergence in toxin-trafficking mechanisms. Mol 

Biol Cell 2013; 24(15): 2311-8. 

55. Tewari R, Jarvela T, Linstedt AD. Manganese induces oligomerization to promote 

down-regulation of the intracellular trafficking receptor used by Shiga toxin. Mol Biol 

Cell 2014; 25(19): 3049-58. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Melton-Celsa%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15855500
http://www.ncbi.nlm.nih.gov/pubmed?term=O%27Brien%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15855500
http://www.ncbi.nlm.nih.gov/pubmed?term=Thuning-Roberson%20C%5BAuthor%5D&cauthor=true&cauthor_uid=15855500
http://www.ncbi.nlm.nih.gov/pubmed?term=Thuning-Roberson%20C%5BAuthor%5D&cauthor=true&cauthor_uid=15855500
http://www.ncbi.nlm.nih.gov/pubmed/?term=Phase+1+Safety+and+Pharmacokinetic+Study+of+Chimeric+Murine-Human+Monoclonal+Antibody+c%02Stx2+Administered+Intravenously+to+Healthy+Adult+Volunteers
http://www.ncbi.nlm.nih.gov/pubmed?term=Sicard%20E%5BAuthor%5D&cauthor=true&cauthor_uid=19414580
http://www.ncbi.nlm.nih.gov/pubmed?term=Brockus%20C%5BAuthor%5D&cauthor=true&cauthor_uid=19414580
http://www.ncbi.nlm.nih.gov/pubmed?term=Thuning-Roberson%20C%5BAuthor%5D&cauthor=true&cauthor_uid=19414580
http://www.ncbi.nlm.nih.gov/pubmed/?term=Safety+and+pharmacokinetic+of+chimeric+anti+shiga+toxin+1+and+anti+shiga+toxin+2+monoclonal+antibodies+in+healthy+volunteers
http://www.ncbi.nlm.nih.gov/pubmed?term=Lapeyraque%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=21612462
http://www.ncbi.nlm.nih.gov/pubmed?term=Malina%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21612462
http://www.ncbi.nlm.nih.gov/pubmed?term=Fremeaux-Bacchi%20V%5BAuthor%5D&cauthor=true&cauthor_uid=21612462
http://www.ncbi.nlm.nih.gov/pubmed?term=Boppel%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21612462
http://www.ncbi.nlm.nih.gov/pubmed?term=Kirschfink%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21612462
http://www.ncbi.nlm.nih.gov/pubmed?term=Oualha%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21612462
http://www.ncbi.nlm.nih.gov/pubmed?term=Oualha%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21612462
http://www.ncbi.nlm.nih.gov/pubmed?term=Oualha%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21612462
http://www.ncbi.nlm.nih.gov/pubmed/21612462
http://www.ncbi.nlm.nih.gov/pubmed?term=Steinhoff%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23114903
http://www.ncbi.nlm.nih.gov/pubmed?term=Meyer%20TN%5BAuthor%5D&cauthor=true&cauthor_uid=23114903
http://www.ncbi.nlm.nih.gov/pubmed?term=Hafer%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23114903
http://www.ncbi.nlm.nih.gov/pubmed?term=Bachir%20H%5BAuthor%5D&cauthor=true&cauthor_uid=24293658
http://www.ncbi.nlm.nih.gov/pubmed?term=Bui%20HN%5BAuthor%5D&cauthor=true&cauthor_uid=24293658
http://www.ncbi.nlm.nih.gov/pubmed?term=Lacraz%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24293658
http://www.ncbi.nlm.nih.gov/pubmed?term=Nagamori%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23382444
http://www.ncbi.nlm.nih.gov/pubmed?term=Nakamura%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23382444
http://www.ncbi.nlm.nih.gov/pubmed?term=Bando%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23382444
http://www.ncbi.nlm.nih.gov/pubmed?term=Oikawa%20T%5BAuthor%5D&cauthor=true&cauthor_uid=24134770
http://www.ncbi.nlm.nih.gov/pubmed?term=Ohara%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24134770
http://www.ncbi.nlm.nih.gov/pubmed?term=Suzuki%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=24134770


56. Nester CM, Thomas CP. Atypical hemolytic uremic syndrome: what is it, how is it 

diagnosed, and how is it treated? Hematology Am Soc Hematol Educ Program 2012; 

2012: 617-25. 

57. Loirat C, Frémeaux-Bacchi V. Atypical hemolytic uremic syndrome. Orphanet J 

Rare Dis 2011; 6: 60-90. 

58. Maga TK, Nishimura CJ, Weaver AE, Frees KL, Smith RJ. Mutations in alternative 

pathway complement proteins in American patients with atypical hemolytic uremic 

syndrome. Hum Mutat 2010; 31(6): E1445-60. 

59. Salvadori M, Bertoni E. Update on hemolytic uremic syndrome: Diagnostic and 

therapeutic recommendations. World J Nephrol 2013; 2(3): 56-7. 

60. Caprioli J, Noris M, Brioschi S, Pianetti G, Castelletti F, Bettinaglio P, et al. 

Genetics of HUS: the impact of MCP, CFH, and IF mutations on clinical presentation, 

response to treatment, and outcome. Blood 2006; 108(4): 1267-79 

61. Skerka C, Chen Q, Fremeaux-Bacchi V, Roumenina LT. Complement factor H 

related proteins (CFHRs). Mol Immunol 2013; 56: 170-80 

62. Caprioli J, Casteletti F, Bucchioni S, Bettinaglio P, Bresin E, Pianetti G, et al. 

Complement factor H mutations and gene polymorphisms in haemolytic uraemic 

syndrome: the C-257T, the A2089G and the G2881T polymorphisms are strongly 

associated with the disease.  Hum Mol Genet 2003; 12(24): 3385-96 

63. Lemaire M, Frémeaux-Bacchi V, Schaefer F Choi M, Tang WH, Le Quintrec M, et 

al. Recessive mutations in DGKE cause atypical haemolytic-uremic syndrome. Nat Genet 

2013; 45(5): 531-6.  

64. Al-Nouri ZL, Reese JA, Terell DR, Vesely SK, George JN. Drug-induced 

thrombotic microangiopathy: a systematic review of published reports. Blood 2015; 

125(4): 616-8. 

65. Loirat C, Garnier A, Sellier-Leclerc AL, Kwon T. Plasmatherapy in atypical 

hemolytic and uremic syndrome. Semin Thromb Hemost 2010; 36(6): 673-81. 

66. Lapeyraque AL, Wagner E, Phan V, Clermont MJ, Merouani A, Frémeaux-Bacchi 

V, et al. Efficacy of plasma therapy in atypical hemolytic uremic syndrome with 

complement factor H mutations. Pediatr Nephrol 2008; 23(8): 1363-6. 

67. Loirat C, Noris M, Fremeaux-Bacchi V. Complement and the atypical hemolytic 

uremic syndrome in children. Pediatr Nephrol 2008; 23(11): 1957–72. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=atypical+hemolytic+uremique+syndrome%3A+what+is+it%2C+how+is+it+diagnosed%2C+and+how+is+it+treated%3F
http://www.ncbi.nlm.nih.gov/pubmed?term=Loirat%20C%5BAuthor%5D&cauthor=true&cauthor_uid=21902819
http://www.ncbi.nlm.nih.gov/pubmed?term=Fr%C3%A9meaux-Bacchi%20V%5BAuthor%5D&cauthor=true&cauthor_uid=21902819
http://www.ncbi.nlm.nih.gov/pubmed/21902819
http://www.ncbi.nlm.nih.gov/pubmed/21902819
http://www.ncbi.nlm.nih.gov/pubmed/21902819
http://www.ncbi.nlm.nih.gov/pubmed?term=Frees%20KL%5BAuthor%5D&cauthor=true&cauthor_uid=20513133
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20RJ%5BAuthor%5D&cauthor=true&cauthor_uid=20513133
http://www.ncbi.nlm.nih.gov/pubmed?term=Choi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23542698
http://www.ncbi.nlm.nih.gov/pubmed?term=Tang%20WH%5BAuthor%5D&cauthor=true&cauthor_uid=23542698
http://www.ncbi.nlm.nih.gov/pubmed?term=Le%20Quintrec%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23542698
http://www.ncbi.nlm.nih.gov/pubmed?term=Kwon%20T%5BAuthor%5D&cauthor=true&cauthor_uid=20865645
http://www.ncbi.nlm.nih.gov/pubmed?term=Lapeyraque%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=18425537
http://www.ncbi.nlm.nih.gov/pubmed?term=Wagner%20E%5BAuthor%5D&cauthor=true&cauthor_uid=18425537
http://www.ncbi.nlm.nih.gov/pubmed?term=Phan%20V%5BAuthor%5D&cauthor=true&cauthor_uid=18425537
http://www.ncbi.nlm.nih.gov/pubmed?term=Clermont%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=18425537
http://www.ncbi.nlm.nih.gov/pubmed?term=Merouani%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18425537
http://www.ncbi.nlm.nih.gov/pubmed?term=Fr%C3%A9meaux-Bacchi%20V%5BAuthor%5D&cauthor=true&cauthor_uid=18425537
http://www.ncbi.nlm.nih.gov/pubmed?term=Fr%C3%A9meaux-Bacchi%20V%5BAuthor%5D&cauthor=true&cauthor_uid=18425537
http://www.ncbi.nlm.nih.gov/pubmed/18425537


68. Nathanson S, Ulinski T, Frémeaux-Bacchi V, Deschênes G. Secondary failure of 

plasma therapy in factor H deficiency. Pediatr Nephrol 2006; 21(11): 1769-71. 

69. Michon B, Moghrabi A, Winikoff R, Barrette S, Bernstein ML, Champagne J, et al. 

Complication of apheresis in children. Transfusion 2007; 47(10): 1837-42. 

70. Goicoechea de Jorge E, Macor P, Paixão-Cavalcante D, Rose KL, Tedesco F, Cook 

HT, et al. The development of atypical hemolytic uremic syndrome depends on 

complement C5. J Am Soc Nephrol 2011; 22(1): 137–45. 

71. Legendre CM, Licht C, Muus P, Greenbaum LA, Babu S, Bedrosian C, et al. 

Terminal complement inhibitor eculizumab in atypical haemolytic-uremic syndrome. N 

Engl J Med 2013; 368(23): 2169-81.  

72. Zuber J, Fakhouri F, Roumenina LT, Loirat C, Frémeaux-Bacchi V; French Study 

Group for aHUS/C3G. Use of Eculizumab for atypical haemolytic uraemic syndrome and 

C3 glomerulopathies. Nat Rev Nephrol 2012; 8(11): 643-57. 

73. Ranch D, Crowther B, Arar M, Assanasen C. Prophylactic eculizumab for kidney 

transplantation in a child with atypical hemolytic uremic syndrome due to complement 

factor H mutation. Pediatr Transplantation 2014; 18(6): 185-9. 

74. Matar D, Naqvi F, Racusen LC, Carter-Monroe N, Montgomery RA, Alachkar N. 

Atypical hemolytic uremic syndrome recurrence after kidney transplantation. 

Transplantation 2014; 98(11):1205-12. 

75. Loirat C, Frémeaux-Bacchi V. Anti-factor H autoantibody-associated hemolytic 

uremic syndrome: the earlier diagnosed and treated, the better. Kidney Int 2014; 85(5): 

1019-22. 

76. Sinha A, Gulati A, Saini S, Blanc C, Gupta A, Gurjar BS, et al. Prompt plasma 

exchanges and immunosuppressive treatment improves the outcomes of anti-factor H 

autoantibody-associated hemolytic uremic syndrome in children. Kidney Int 2014; 85(5): 

1151-60. 

77. Khandelwal P, Gupta A, Sinha A, Saini S, Hari P, Dragon-Durey MA et al. Effect of 

plasma exchange and immunosuppressive medications on antibody titers and outcome in 

anti-complement factor H antibody-associated haemolytic uremic syndrome. Pediatr 

Nephrol 2015; 30(3): 451-7. 

78. Boyer O, Balzamo E, Charbit M, Biebuyck-Gougé N, Salomon R, Dragon-Durey 

MA et al. Pulse cyclophosphamide therapy and clinical remission in atypical haemolytic 

http://www.ncbi.nlm.nih.gov/pubmed?term=Nathanson%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16909242
http://www.ncbi.nlm.nih.gov/pubmed?term=Ulinski%20T%5BAuthor%5D&cauthor=true&cauthor_uid=16909242
http://www.ncbi.nlm.nih.gov/pubmed?term=Fr%C3%A9meaux-Bacchi%20V%5BAuthor%5D&cauthor=true&cauthor_uid=16909242
http://www.ncbi.nlm.nih.gov/pubmed?term=Desch%C3%AAnes%20G%5BAuthor%5D&cauthor=true&cauthor_uid=16909242
http://www.ncbi.nlm.nih.gov/pubmed/?term=Secondary+failure+of+plasma+therapy+in+factor+H+deficiency
http://www.ncbi.nlm.nih.gov/pubmed?term=Michon%20B%5BAuthor%5D&cauthor=true&cauthor_uid=17880609
http://www.ncbi.nlm.nih.gov/pubmed?term=Moghrabi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17880609
http://www.ncbi.nlm.nih.gov/pubmed?term=Winikoff%20R%5BAuthor%5D&cauthor=true&cauthor_uid=17880609
http://www.ncbi.nlm.nih.gov/pubmed?term=Barrette%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17880609
http://www.ncbi.nlm.nih.gov/pubmed?term=Bernstein%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=17880609
http://www.ncbi.nlm.nih.gov/pubmed?term=Champagne%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17880609
http://www.ncbi.nlm.nih.gov/pubmed/17880609
http://www.ncbi.nlm.nih.gov/pubmed/?term=de%20Jorge%20EG%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Macor%20P%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Paix%26%23x000e3%3Bo-Cavalcante%20D%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Rose%20KL%5BAuthor%5D&cauthor=true&cauthor_uid=21148255
http://www.ncbi.nlm.nih.gov/pubmed?term=Tedesco%20F%5BAuthor%5D&cauthor=true&cauthor_uid=21148255
http://www.ncbi.nlm.nih.gov/pubmed?term=Cook%20HT%5BAuthor%5D&cauthor=true&cauthor_uid=21148255
http://www.ncbi.nlm.nih.gov/pubmed?term=Cook%20HT%5BAuthor%5D&cauthor=true&cauthor_uid=21148255
http://www.ncbi.nlm.nih.gov/pubmed?term=Cook%20HT%5BAuthor%5D&cauthor=true&cauthor_uid=21148255
http://www.ncbi.nlm.nih.gov/pubmed?term=Greenbaum%20LA%5BAuthor%5D&cauthor=true&cauthor_uid=23738544
http://www.ncbi.nlm.nih.gov/pubmed?term=Babu%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23738544
http://www.ncbi.nlm.nih.gov/pubmed?term=Bedrosian%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23738544
http://www.ncbi.nlm.nih.gov/pubmed?term=Loirat%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23026949
http://www.ncbi.nlm.nih.gov/pubmed?term=Fr%C3%A9meaux-Bacchi%20V%5BAuthor%5D&cauthor=true&cauthor_uid=23026949
http://www.ncbi.nlm.nih.gov/pubmed?term=French%20Study%20Group%20for%20aHUS%2FC3G%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=French%20Study%20Group%20for%20aHUS%2FC3G%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=French%20Study%20Group%20for%20aHUS%2FC3G%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Assanasen%20C%5BAuthor%5D&cauthor=true&cauthor_uid=24931815
http://www.ncbi.nlm.nih.gov/pubmed?term=Carter-Monroe%20N%5BAuthor%5D&cauthor=true&cauthor_uid=24933457
http://www.ncbi.nlm.nih.gov/pubmed?term=Montgomery%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=24933457
http://www.ncbi.nlm.nih.gov/pubmed?term=Alachkar%20N%5BAuthor%5D&cauthor=true&cauthor_uid=24933457
http://www.ncbi.nlm.nih.gov/pubmed?term=Blanc%20C%5BAuthor%5D&cauthor=true&cauthor_uid=24088957
http://www.ncbi.nlm.nih.gov/pubmed?term=Gupta%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24088957
http://www.ncbi.nlm.nih.gov/pubmed?term=Gurjar%20BS%5BAuthor%5D&cauthor=true&cauthor_uid=24088957


uremic syndrome with anti-complement factor H autoantibodies. Am J Kidney Dis 2010; 

55(5): 923-7. 

79. Taylor CM, Machin S, Wigmore SJ, Goodship TH. Clinical Practice Guidelines for 

the management of atypical Haemolytic Uraemic Syndrome in the United Kingdom. Br J 

Haematol 2009; 148(1): 37–47. 

80. Saland M, Ruggenenti P, Remuzzi G, Consensus Study Group. Liver-kidney 

transplantation to cure atypical hemolytic uremic syndrome. J Am Soc Neprol 2009; 

20(2): 940-9. 

81. Cheong HI, Lee BS, Kang HG, Hahn H, Suh KS, Ha IS, et al. Attempted treatment 

of factor H deficiency by liver transplantation. Pediatr Nephrol 2004; 19(4): 454-8. 

82. Remuzzi G, Ruggenenti P, Colledan M, Gridelli B, Bertani A, Bettinaglio P, et al. 

Hemolytic uremic syndrome: a fatal outcome after kidney and liver transplantation 

performed to correct factor H gene mutation. Am J Transplant 2005; 5(5): 1146-50. 

83. Koskinen AR, Tukiainen E, Arola J, Nordin A, Höckerstedt HK, Nilsson B, et al. 

Complement activation during liver transplantation – Special emphasis on patients with 

atypical hemolytic uremic syndrome. Am J Transplant 2011; 11: 1885-95. 

84. Wilson C, Torpey N, Jaques B, Strain L, Talbot D, Manas D, et al. Successful 

simultaneous liver-kidney transplant in an adult with atypical hemolytic uremic syndrome 

associated with a mutation in complement factor H. Am J Kydney Dis 2011; 58(1): 109-

12. 

85. Saland JM, Shneider BL, Bromberg JS, Shi PA, Ward SC, Magid MS, et al. 

Successful split liver-kidney transplant for factor H associated hemolytic uremic 

syndrome. Clin J Am Soc Nephrol 2009; 4(1): 201-6. 

86. Jalanko H, Peltonen S, Koskinen A, Puntila J, Isoniemi H, Holmberg C, et al. 

Successful liver-kidney transplantation in two children with aHUS caused by a mutation 

in complement factor H. Am J Transplant 2008; 8(1): 216-21. 

87. Forbes TA, Bradbury MG, Goodship TH, McKiernan PJ, Milford DV. Changing 

strategies for organ transplantation in atypical haemolytic uraemic syndrome: a tertiary 

case series. Pediatr. Transplant 2013; 17(3): e93-9.  

88. Nester C, Stewart Z, Myers D, Jetton J, Nair R, Reed A, et al. Pre-emptive 

Eculizumab and plasmapheresis for renal transplant in atypical hemolytic uremic 

syndrome. Clin J Am Soc Nephrol 2011; 6(6): 1488-94. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Goodship%20TH%5BAuthor%5D&cauthor=true&cauthor_uid=19821824
http://www.ncbi.nlm.nih.gov/pubmed?term=Consensus%20Study%20Group%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Hahn%20H%5BAuthor%5D&cauthor=true&cauthor_uid=14986080
http://www.ncbi.nlm.nih.gov/pubmed?term=Suh%20KS%5BAuthor%5D&cauthor=true&cauthor_uid=14986080
http://www.ncbi.nlm.nih.gov/pubmed?term=Ha%20IS%5BAuthor%5D&cauthor=true&cauthor_uid=14986080
http://www.ncbi.nlm.nih.gov/pubmed?term=Gridelli%20B%5BAuthor%5D&cauthor=true&cauthor_uid=15816899
http://www.ncbi.nlm.nih.gov/pubmed?term=Bertani%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15816899
http://www.ncbi.nlm.nih.gov/pubmed?term=Bettinaglio%20P%5BAuthor%5D&cauthor=true&cauthor_uid=15816899
http://www.ncbi.nlm.nih.gov/pubmed?term=Nordin%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21812916
http://www.ncbi.nlm.nih.gov/pubmed?term=H%C3%B6ckerstedt%20HK%5BAuthor%5D&cauthor=true&cauthor_uid=21812916
http://www.ncbi.nlm.nih.gov/pubmed?term=Nilsson%20B%5BAuthor%5D&cauthor=true&cauthor_uid=21812916
http://www.ncbi.nlm.nih.gov/pubmed?term=Strain%20L%5BAuthor%5D&cauthor=true&cauthor_uid=21601332
http://www.ncbi.nlm.nih.gov/pubmed?term=Talbot%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21601332
http://www.ncbi.nlm.nih.gov/pubmed?term=Manas%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21601332
http://www.ncbi.nlm.nih.gov/pubmed?term=Shi%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=19005013
http://www.ncbi.nlm.nih.gov/pubmed?term=Ward%20SC%5BAuthor%5D&cauthor=true&cauthor_uid=19005013
http://www.ncbi.nlm.nih.gov/pubmed?term=Magid%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=19005013
http://www.ncbi.nlm.nih.gov/pubmed?term=Puntila%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17973958
http://www.ncbi.nlm.nih.gov/pubmed?term=Isoniemi%20H%5BAuthor%5D&cauthor=true&cauthor_uid=17973958
http://www.ncbi.nlm.nih.gov/pubmed?term=Holmberg%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17973958
http://www.ncbi.nlm.nih.gov/pubmed?term=McKiernan%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=23461281
http://www.ncbi.nlm.nih.gov/pubmed?term=Milford%20DV%5BAuthor%5D&cauthor=true&cauthor_uid=23461281
http://www.ncbi.nlm.nih.gov/pubmed?term=Jetton%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21617085
http://www.ncbi.nlm.nih.gov/pubmed?term=Nair%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21617085
http://www.ncbi.nlm.nih.gov/pubmed?term=Reed%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21617085


89. Weitz M, Amon O, Bassler D, Koenigsrainer A, Nadalin S. Prophylactic eculizumab 

prior to kidney transplantation for atypical hemolytic uremic syndrome. Pediatr Nephrol 

2011; 26(8): 1325-9. 

90. Haller W, Milford DV, Goodship THJ, Sharif K, Mirza DF, McKiernan PJ. 

Successful isolated liver transplantation in a child with atypical hemolytic uremic 

syndrome and a mutation in complement factor H. Am J Transplant 2010; 10(9): 2142-7. 

91. Brandstätter H, Schulz P, Polunic I, Kannicht C, Kohla G, Römisch J. Purification 

and biochemical characterization of functional complement factor H from human plasma 

fractions. Vox Sang 2012; 103(3): 201-12. 

 

 

 

 

 

Table 1:  

 

Mutation type Frequency 

Factor H 

MCP 

Factor I 

Thrombomodulin 

C3 convertase 

Factor B 

Anti factor H 

20 - 30 % 

5 - 15%  

4 - 10 % 

3 - 5 % 

2 - 10 % 

1 - 4 % 

6 - 10 % 
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Figure 1: Main stages in the pathophysiology of HUS. 

 

Figure 2: Alternative complement pathway 

 

 


