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Abstract: Hemolytic uremic syndrome is the leading cause of acute kidney injury in childhood. 

Ninety percent of cases are secondary to gastrointestinal infection with shigatoxin-producing 

bacteria. In this review, we discuss the molecular mechanisms of shigatoxin leading to hemolytic 

uremic syndrome and the emerging role of the complement system and vascular endothelial 

growth factor in its pathogenesis. We also review the evidence for treatment options to date, in 

particular antibiotics, plasma exchange, and immunoadsorption, and link this to the molecular 

pathology. Finally, we discuss future avenues of treatment, including shigatoxin-binding agents 

and complement inhibitors, such as eculizumab.
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Introduction
Hemolytic uremic syndrome is the leading cause of acute kidney injury in childhood and 

has significant morbidity and mortality, with up to 5% mortality rate and a 25% risk of 

developing chronic kidney disease, proteinuria, or hypertension.1,2 Diarrhea-associated 

hemolytic uremic syndrome (D+HUS) accounts for 90% of all cases of hemolytic ure-

mic syndrome. It is usually caused by Escherichia coli O157 and is more common in 

children under 5 years of age.1,3 The worldwide incidence is 0.2–4 cases per 100,000 

per year,4 but this is higher in children younger than 5 years, at approximately six 

cases per 100,000 per year.1 There is also geographical variation,5 with the highest 

incidence worldwide reported in Argentina (10.5 per 100,000 per year6) whilst in the 

UK, Scotland has higher rates (1.56 [3.4 under 5 years of age] versus 0.71 [1.54 under 

5 years of age] UK average per 100,000 per year7). It is unclear why this is the case, 

but may relate to epidemics, with a greater proportion of cattle farmers per head of 

population seen in these countries, because the natural reservoir of E. coli O157 is 

cattle and other ruminants. In addition, it has been suggested that lower summer 

temperatures and greater rainfall in the UK may contribute to the higher incidence 

seen in Scotland.

Clinical course
Hemolytic uremic syndrome is characterized clinically by the triad of microangiopathic 

hemolytic anemia, thrombocytopenia, and acute kidney injury.1,5 In D+HUS, patients 

contract a shigatoxin-producing bacterial infection, usually E. coli O157:H7, which 
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causes a diarrheal illness, with a 10%–15% risk of developing 

hemolytic uremic syndrome, although different strains have 

varying virulence. For example, E. coli O104:H4 from the 

German outbreak in 2011 carried a 25% risk of developing 

hemolytic uremic syndrome.8

After being infected by E. coli, patients develop diarrhea 

2–5 days later.1 The diarrhea is usually profuse and often 

bloody, representing hemorrhagic colitis. Three to 8 days 

later, signs of hemolytic uremic syndrome manifest in 

those who are susceptible. Clinical features include fatigue, 

pallor, and oligoanuric acute kidney injury, with fluid over-

load, hypertension, and edema. The clinical course varies, 

with milder cases avoiding renal replacement therapy and 

being managed with careful fluid and electrolyte manage-

ment, nutritional support, and control of hypertension.1,3 

Patients with more severe presentation and anuria are 

likely to require dialysis.9 More severely affected patients 

can show signs of other organ involvement, most notably 

cerebral and pancreatic involvement.9,10 Cerebral hemolytic 

uremic syndrome can manifest in several ways, including 

irritability, altered level of consciousness, and seizures, with 

signs occurring after onset of hemolytic uremic syndrome. 

Previous reports suggest that 3%–41% of patients develop 

cerebral hemolytic uremic syndrome.9,10 One clinical study 

suggested that 50% of patients with hemolytic uremic 

syndrome have abnormal electroencephalograms.11 There 

can be other multiorgan involvement, including the liver 

and heart.1,9,10

There is a variable prognosis associated with hemolytic 

uremic syndrome, although those with a milder clinical 

course gradually improve, with resolution of renal impair-

ment over a few weeks.2 Those with a more severe course 

can take longer. Approximately 15%–25% have residual 

renal defects, which range from persistent proteinuria and 

hypertension to end-stage renal disease. Oligoanuria persist-

ing for more than 4 weeks increases the chance of a poor 

prognosis.2 Cerebral involvement may also have an impact on 

outcome, with one report suggesting 50% recovery without 

long-term complications, and a 17% mortality rate in those 

with cerebral disease in association with D+HUS.10 Another 

report suggests one third of cases have a long-term neurologi-

cal deficit after hemolytic uremic syndrome involving the 

central nervous system.12

There is no specific treatment for D+HUS, with current 

management focusing on supportive therapy. Clinical care 

involves fluid and electrolyte balance, management of hyper-

tension, nutritional support, and renal replacement therapy if 

required. It is hoped that by understanding the pathogenesis 

of D+HUS better, a more direct treatment modality/strategy 

can be developed.

Pathogenesis of hemolytic uremic 
syndrome
D+HUS is a toxin-mediated disease, because E. coli bacteria 

containing shigatoxin-producing genes (usually E. coli O157) 

infect the gastrointestinal tract, causing a diarrheal illness. 

The bacteria infect the large intestine and destroy the brush 

border microvilli.13 They produce shigatoxin which crosses 

the gastrointestinal epithelium and enters the circulation. It is 

not understood precisely how the shigatoxin does this, but 

binding to Gb4 (globotriosylceramide) receptors on colonic 

epithelial cells may mediate the process.14 Shigatoxin enters 

the circulation and targets cells which possess Gb3 receptors. 

Shigatoxin has never been detected in the blood of patients 

with D+HUS.15 It is hypothesized to circulate bound to poly-

morphonuclear leucocytes, but this remains controversial.13,17 

Other blood cells have also been implicated in the carriage of 

shigatoxin, such as erythrocytes and platelets.18,19 It has been 

hypothesized that shigatoxin circulates bound to blood cells 

but not attached to Gb3 receptors.17 Instead, it binds to an as 

yet undetermined receptor which has much less affinity for 

shigatoxin. Therefore, when the shigatoxin finds its way to 

an organ which expresses Gb3, the shigatoxin preferentially 

detaches from a circulating blood cell and binds to the organ 

or tissue expressing Gb3.

Gb3 is a glycosphingolipid which is expressed in the kid-

ney, brain, liver, pancreas, heart, and hemopoetic cells.17,20–22 

Shigatoxin binds to Gb3 via its pentameric B subunit. When 

shigatoxin binds cellular Gb3, it is internalized by endocy-

tosis and trafficked by vesicular carriers to the endoplasmic 

reticulum via early endosomes, the trans-Golgi network, 

and the Golgi stacks (retrograde transport).23 In the endo-

plasmic reticulum, the active A subunit is reduced from its 

B subunit. The A subunit unfolds and partially inserts into 

the endoplasmic reticulum membrane. Here it mimics a 

misfolded membrane-associated protein and utilizes the cell’s 

own endoplasmic reticulum-associated protein degradation 

pathway. This normally functions to remove misfolded pro-

teins and stray subunits from the endoplasmic reticulum to 

maintain homeostasis.24 The A subunit then translocates to 

the cytosol using an energy-dependent host cell mechanism. 

Here the A subunit proteins are “refolded” to form the enzy-

matically active A1 fragment which exerts toxic effects. It 

causes depurination of adenosine at a highly conserved loop 

of 28S ribosomal RNA of the 60S ribosomal subunit, which 

in turn causes cessation of protein synthesis and ultimately 
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cell death. Some have suggested that shigatoxin also targets 

nuclear DNA, causing fragmentation which leads to apop-

tosis, but this mechanism is not well defined.25

There is some evidence that lower levels of shigatoxin 

may not cause cell death but may instead cause increased 

protein synthesis, particularly with the production of cytok-

ines and chemokines, and expression of the adhesion mol-

ecule. The intracellular events leading to this are not clearly 

defined.26,27

There are two main subtypes of shigatoxin, ie, shigatoxins 

1 and 2. They display 57% and 60% nucleotide sequence 

homology in the A and B subunits, respectively.28 Shigatoxins 

1 and 2 have 56% amino acid homology and as such are 

immunologically distinct entities.23 The B subunits show 

identical binding affinity to Gb3, and the A subunits have 

equal N-glycosidase activity.29 Shigatoxin 2 is more closely 

associated with human disease. There have been reports of 

different cellular responses to shigatoxin 1 and shigatoxin 2.30 

One group reported that microvascular endothelial cells in 

the brain were more responsive than macrovascular endothe-

lial cells to the cytotoxic effects of shigatoxin 2.31 There is 

evidence that the fatty acid composition of Gb3 receptor 

influences intracellular trafficking, either directing shigatoxin 

as described above or sending the toxin to lysosomes for deg-

radation.32 The presence of the receptor in detergent-resistant 

membranes may also influence this.33

It is unclear why the kidney is the main target of this 

disease. However, the glomerulus in humans is a prime 

toxin target. Pathologically, glomerular thrombotic microan-

giopathy is seen after shigatoxin exposure.34,35 Thrombotic 

microangiopathy describes the features of endothelial 

proliferation, swelling, and detachment from the basement 

membrane, increased vessel wall thickness, subendothelial 

deposits, and platelet aggregation with microthrombi for-

mation, resulting in vessel narrowing which causes red cell 

damage (see Figure 1).34,35 The endothelial cell appears to 

be the main focus of this disease, given the pathology seen. 

Shigatoxin binds to Gb3 receptors on endothelial cells. 

One group showed that shigatoxin acted via NF-κβ to elicit 

cytokine production from glomerular endothelial cells, eg, 

interleukin-8. Shigatoxin also triggers endothelial cells to 

express adhesion molecules, such as P-selectin, which attracts 

Key
Polymorphonuclear leukocytes (PMNL)

Loss of
thrombomodulin

Tissue factor
expression

Fragmented
RBC

vWF

Endothelial
cell swelling

and
detachment

Fibrin and
debris

Intravascular platelet
thrombosis

Subendothelial
deposits

Stx binds
cellular Gb3

P-selectin

Pro-thrombotic
state

Partial/complete
vessel

occlusion

Glomerulus

Gb4

GI tract

Circulation

E.coli Stx

PMNL

Enterocyte

Shig a toxin

Red blood cell

Platelet

Von Willebrand factor

P-selectin

Gb4 = globotetraosylceramide

Gb3 = globotriocylceramide

Fibrin

Figure 1 Thrombotic microangiopathy.
Notes: After infection with a shigatoxin-producing organism, shigatoxin enters the circulation, possibly via Gb4 receptors. On entering the microcirculation, it circulates, 
probably bound to polymorphonuclear leukocytes. These cells deliver shigatoxin to vulnerable endothelial cells which express Gb3 receptors. There is a higher affinity 
of shigatoxin for Gb3 receptors and so it dissociates from polymorphonuclear leukocytes. This triggers a proinflammatory and prothrombotic cascade. Endothelial cells 
express adhesion molecules like P-selectin, which attract neutrophils. They also produce proinflammatory cytokines. There is expression of von Willebrand factor which 
attracts platelets. Tissue factor, a prothrombotic and proinflammatory molecule, is expressed. There is loss of the thromboprotective receptor, thrombomodulin. The result 
is thrombotic microangiopathy which is characterized by swelling and detachment of endothelial cells with exposure of the subendothelial matrix. There is accumulation 
of debris in the subendothelial space. Platelets aggregate and fibrin is deposited. There is partial or complete vessel occlusion with microthrombi formation. Red cells are 
damaged and fragmented by the vessel occlusion and increased sheer stress.
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leucocytes to the glomerulus.26 Thromboresistant properties 

are lost, triggering the prothrombotic cascade. Thrombo-

modulin expression is reduced in response to shigatoxin,36 

whilst expression of von Willebrand factor attracts platelets 

to the glomerulus resulting in microthrombi formation. 

Shigatoxin may also inhibit the cleavage of von Willebrand 

factor platelet strings by ADAMTS13, thus perpetuating 

the prothrombotic environment.37 Tissue factor expression 

by endothelial cells also contributes to the prothrombotic, 

proinflammatory cascade, with the end result of glomerular 

thrombotic microangiopathy.38

It is not only endothelial cells which are vulnerable to 

shigatoxin. Podocytes express Gb3 receptors and are there-

fore a potential target.39 mRNA of podocyte-specific markers 

has been found in the urine of children with D+HUS.40 This 

suggests that podocytes may also be damaged by shigatoxin. 

Renal tubules express Gb3  in humans, and can be toxin 

targets.41 A glomerular disease pattern in response to shiga-

toxin is not seen in all animals. Mice and rats lack glomerular 

Gb3 expression and develop a tubular phenotype after expo-

sure to shigatoxin.20 Cells of the central nervous system also 

express Gb3 receptors, including neurones and endothelial 

cells. Human microvascular endothelial brain cells express 

Gb3, but only after treatment with tumor necrosis factor 

alpha. It is known that Gb3 expression can be induced by 

several proinflammatory cytokines.

Our understanding of the pathogenesis of D+HUS is not 

complete (Figure 1). It is unclear why the kidney is particu-

larly vulnerable to attack by shigatoxin. Recent advances have 

changed the direction of investigation into the pathogenesis of 

hemolytic uremic syndrome. Dysregulation of the alternative 

complement pathway has been identified as the cause of the 

rarer atypical hemolytic uremic syndrome which accounts 

for less than 10% of all cases of the syndrome.42 There may 

also be a role for vascular endothelial growth factor (VEGF) 

in the pathogenesis of hemolytic uremic syndrome, because 

VEGF inhibitors, such as bevicuzimab, used in cancer treat-

ment regimens for their antiangiogenic properties cause 

glomerular thrombotic microangiopathy as an unexpected 

side effect.43 Furthermore, an inducible podocyte specific 

knockdown of VEGF A in adult mice results in glomerular 

thrombotic microangiopathy.

Complement in D+HUS
The role of complement in D+HUS is a source of much 

interest, given its role in the pathogenesis of atypical 

hemolytic uremic syndrome.42 Several members of the 

alternative complement pathway are mutated in patients 

with familial hemolytic uremic syndrome. There are now 

over 200 reported mutations associated with the disease.44 

These mutations result in overactivation of the alternative 

pathway, either by loss of regulatory functions (eg, factor 

H45, factor I46, CD4647) or by gaining persistent or enhanced 

activation (eg, factor B48, C349). Mutations in thrombo-

modulin, which regulates complement and the coagulation 

cascade, have also been described.50 Through study of these 

patients, it became clear that abnormal alternative pathway 

activation can lead to development of glomerular thrombotic 

microangiopathy, with consideration of the potential role 

of complement in shigatoxin-associated hemolytic uremic 

syndrome.

The alternative pathway is one of three avenues which 

result in activation of the complement cascade. It does not 

require pathogen/antigen-antibody complexes to become 

active. There is a constant “tick over” of the alternative path-

way, with spontaneous hydrolysis of C3 in serum.51,52 This 

produces the anaphylatoxin, C3a, which is proinflammatory, 

and C3b, which can bind to the surface of cells (see Figure 2). 

In order to prevent the complement cascade being activated 

against the body’s own cells, there are regulatory mechanisms 

in place to keep this “tick over” in check. These include 

serum-based and cell-based factors which can inactivate C3b 

when it is produced (see Figure 3).50–52 Serum-based factors 

include complement factor H and factor I. The cell-based 

receptors include CD46 or membrane cofactor protein and 

thrombomodulin. Mutations in all these regulatory molecules 

have been described in patients with atypical hemolytic 

uremic syndrome. With loss of any one of these regulators 

through mutation or autoantibodies, there is uncontrolled 

activation of the alternative pathway and self-cells become 

targets of complement activation. The kidney seems to be 

particularly vulnerable, suggesting an important role for 

complement in the glomerulus.

Given the importance of complement in atypical hemo-

lytic uremic syndrome, research attention has turned to 

investigate its potential role in the pathogenesis of D+HUS. 

The first evidence for a role of the alternative complement 

pathway in shigatoxin-associated hemolytic uremic syndrome 

was the observation that affected patients who have low serum 

C353, high C3d54 (breakdown product of C3), high plasma 

Bb, and soluble C5b-9.55 Orth et al56 showed that purified 

shigatoxin 2 can bind to the regulatory protein, comple-

ment factor H. This does not affect its ability to regulate the 

alternative complement pathway in the fluid/serum phase but 

does impede its ability to bind to cell membranes and prevent 

complement attack. This suggests that shigatoxin may lead to 
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an acquired form of complement dysfunction and activation 

contributing to the disease process.

Morigi et  al57 reported that shigatoxin caused dermal 

microvascular endothelial cells to express P-selectin which 

bound and activated C3 via the alternative pathway. C3 

activation led to C3a production, which upregulated P-selec-

tin expression. Under flow conditions, thrombi formed. A 

reduction in thrombomodulin expression was also seen. This 

had been reported before by Fernandez et al36 in glomerular 

endothelial cells. The loss of thrombomodulin potentially puts 
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Figure 2 Alternative complement pathway.
Notes: The alternative pathway is triggered by the hydrolysis of C3 which forms C3a and C3b. C3b becomes bound to the cell surface and is then able to interact with factor 
B, which is cleaved by factor D, creating the Bb fragment which binds to other surface-bound C3b molecules to form C3bBb; the C3 convertase of the alternative pathway 
triggers an amplification loop, with further hydrolysis of C3. Ultimately, there is further production of C3b which joins with C3 convertase to form C5 convertase which 
cleaves C5 to C5a and C5b, and this leads to formation of an membrane attack complex.108
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Figure 3 Regulation of the alternative pathway.
Notes: Complement regulators are shown circled in red. These include factor H and factor I and membrane cofactor protein. Each acts to promote inactivation of C3b and 
prevent further progression of the complement cascade. Factor H binds C3b and works with factor I to inactivate it. Both complement factor H and I are serum-based. Membrane 
cofactor protein is cell-bound. It also binds to C3b which has become attached to cells and works with factor I to inactivate it. Thrombomodulin is also shown because mutations 
have been associated with atypical hemolytic uremic syndrome. Thrombomodulin regulates complement by acting to inactivate the proinflammatory mediators, C3a and C5a, and 
by accelerating factor I-mediated C3b inactivation. Thrombomodulin also plays a role in regulation of local coagulation via its interactions with thrombin.108
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cells at risk of activation of the alternative pathway. Further-

more, in a murine model of shigatoxin-associated hemolytic 

uremic syndrome, factor B-deficient mice were protected 

from glomerular abnormalities and renal impairment. This 

suggests a role for the alternative pathway in shigatoxin-

associated hemolytic uremic syndrome because factor B is an 

important procomplement activator. However, there is species 

variation in response to shigatoxin, and mice do not usually 

develop glomerular thrombotic microangiopathy because of 

lack of Gb3 expression in their glomerular cells.

Thurman et al55 reported that patients with D+HUS show 

elevated plasma Bb and soluble C5b-9 fragments. This sug-

gests complement activation in the context of shigatoxin-

associated hemolytic uremic syndrome. Levels returned to 

normal 28 days after hospital discharge. Stahl et al58 reported 

C3 deposition on platelets from patients with shigatoxin-

induced hemolytic uremic syndrome. They also examined 

platelet-derived and monocyte-derived microparticles from 

12 patients with the syndrome and identified C3 and C9 

deposits, suggesting complement activation. This group also 

incubated whole blood from normal controls with shigatoxin 

in the presence and absence of lipopolysaccharide. They 

found an increase in C3 and C9 which was greater with 

combined incubation.

Fang et al59 reported a fatal case of shigatoxin-induced 

hemolytic uremic syndrome which was associated with a 

heterozygous mutation in CD46/membrane cofactor protein. 

This A304V mutation affected the transmembrane domain, 

resulting in reduced regulatory activity when CD46 was 

membrane-bound. The same mutation was also found in a 

heterozygous form in other patients, including two children 

with atypical hemolytic uremic syndrome and one adult who 

had atypical hemolytic uremic syndrome/thrombotic throm-

bocytopenic purpura. Thus, this may represent a case of atypi-

cal hemolytic uremic syndrome with a shigatoxin infection 

trigger. However, it may signify a link between complement 

dysregulation and the pathogenesis of shigatoxin-associated 

hemolytic uremic syndrome.

Antibiotics
The role of antibiotics in the prevention of hemolytic ure-

mic syndrome has been an area of intense speculation and 

debate. A summary of the relevant patient studies is shown in 

Table 1. Most studies are cohort series of varying sizes, with 

only one randomized, controlled trial by Proulx et al64 which 

did not show any difference with treatment using cotrimox-

azole (relative risk 0.57, confidence interval [CI] 0.09–3.46, 

P = 0.67). However, the numbers enrolled were small, and 

mean time to administration of antibiotics was delayed until 

7 days from onset of symptoms. Because hemolytic uremic 

syndrome mainly develops at days 5–7, the timing of anti-

biotic therapy may have been too late. The majority of the 

other published studies also did not show any difference in 

risk of hemolytic uremic syndrome with antibiotics.65–70 In 

these studies, antibiotics were administered early within 

3 days. However, these studies were mainly retrospective in 

nature and included a small number of patients.

There has been only one study reporting a benefit in 

reducing hemolytic uremic syndrome cases with antibiotics. 

This was a prospective study in an outbreak involving school-

children in Sakai, Japan.71 the children were treated early 

following Ministry of Health advice and 83% had antibiot-

ics within 3 days, with 88% being treated with fosfomycin. 

Analysis of the fosfomycin group showed a reduced risk if 

antibiotics were given within 2 days in a multivariate analysis 

controlled for severity (odds ratio [OR] 0.15, CI 0.03–0.78). 

Nevertheless, the benefit was lost if the analysis included anti-

biotics started after 3 days. Caution has to be exercised when 

interpreting results from subanalyses. In an in vitro study, 

fosfomycin increased production of shigatoxin 1, although a 

cytotoxicity assay of cell lines showed only a small increase 

in biological activity.72 Conversely, fosfomycin therapy in 

malnourished mice reduced fecal shedding and shigatoxin 

numbers.73 More recent in vitro studies also showed that 

fosfomycin did not induce expression of shigatoxin.74,75

The evidence also shows that antibiotics can increase 

the risk of hemolytic uremic syndrome. In one of the earlier 

studies, six of eight patients treated with cotrimoxazole or 

sulfonamides developed hemolytic uremic syndrome in an 

outbreak at a training center and home for the learning dis-

abled, compared with none of the remaining 18 verotoxigenic 

E. coli (VTEC)-infected patients.76 This could be due to more 

unwell patients being targeted with antibiotics. In a multi-

center, prospective, cohort study in Washington, Oregon, 

Idaho, and Wyoming of mandatory reported cases of VTEC, 

antibiotics was a major risk factor for hemolytic uremic syn-

drome (relative risk 32.3, CI 1.4–737, P = 0.03).77 There was 

no difference in characteristics or disease severity between 

the groups. The most common antibiotics administered were 

cotrimoxazole, cephalosporins, and amoxicillin. In the most 

recent published paper, from Minnesota, 63 hemolytic ure-

mic syndrome cases and 125 VTEC controls were collected 

via central population-based surveillance by the Minnesota 

Department of Health.78 The risk of hemolytic uremic syn-

drome was analyzed by antibiotic class, ie, bactericidal agents 

(beta-lactams, quinolones, aminoglycosides, nitroimida-
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zoles) and bacteriostatic agents (sulfonamides, macrolides). 

A multivariate regression model was used with correction 

for identified confounding variables, ie, vomiting, fever, and 

bloody diarrhea. Patients who received bactericidal agents 

within 3  days had an increased risk of hemolytic uremic 

syndrome (OR 5.1, CI 1.2–21.4, P = 0.03). Use of bacterio-

static antibiotics did not show any significant difference (OR 

0.3, 0.08–1.3, P = 0.12). The risks remained the same when 

analyzed for antibiotics given within 7 days.

The increased risk with bactericidal antibiotics is due 

to the release of shigatoxin. Quinolones induce production 

of shigatoxin dramatically by stimulating the SOS response 

of VTEC and by induction of coexpressed shigatoxin genes 

on bacteriophages.74,79,80 Shigatoxin is also rapidly released 

secondary to bacteriolysis. This effect is also demonstrable 

for other bactericidal antibiotics, though to a lesser extent. 

One study of 13 antibiotics and three O157 strains showed 

that the response of shigatoxin expression was strain-specific, 

although all antibiotics increased shigatoxin expression in at 

least one HO157 strain.81 This may in part explain the con-

flicting findings in the literature. However, the bacteriostatic 

antibiotics have no effect on shigatoxin production, but in 

one study were able to suppress the release of shigatoxin in 

in vitro cocultures.82,83

Studies of antibiotics in VTEC are heterogenous. The 

effects of antibiotics are dependent on the VTEC strain and 

type of antibiotic. There is enough evidence showing harm 

with bactericidal antibiotics, and quinolones in particular can 

induce shigatoxin expression. Conversely, treatment with 

fosfomycin, macrolides, and newer-generation carbapenems 

do not cause upregulation of shigatoxin. Whether this would 

translate into therapy effective for preventing hemolytic 

uremic syndrome will require further randomized control 

trials. Currently though, routine use of antibiotics cannot be 

recommended.

Plasma exchange
Another cause of thrombotic microangiopathy which has 

to be differentiated from VTEC-induced hemolytic uremic 

syndrome is thrombotic thrombocytopenic purpura. The 

diagnosis of thrombotic thrombocytopenic purpura was 

traditionally used for adults with a diagnosis of thrombotic 

microangiopathy without renal involvement, as reviewed by 

George.84 It is now known to be caused by von Willebrand 

factor deficiency, secondary to ADAMTS13 deficiency, 

which leads to formation of large von Willebrand factor 

multimers. Thrombotic thrombocytopenic purpura is a clear 

indication for plasma exchange, with 80% of treated patients 
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now surviving their acute episode.84 In thrombotic throm-

bocytopenic purpura, plasma exchange functions to remove 

prothrombotic factors and replace them with functional von 

Willebrand factor. Plasma exchange is also effective in atypi-

cal forms of hemolytic uremic syndrome, which are due to 

mutations in complement regulatory function.85,86 However, 

the use of plasma exchange in VTEC-induced hemolytic 

uremic syndrome is less evidence-based.

Plasma infusions have been studied in two multicenter, 

randomized, controlled studies in children with hemolytic 

uremic syndrome in Italy and France.87,88 These studies 

were conducted in the early 1980s just before shigatoxin 

was established as a cause of hemolytic uremic syndrome. 

Microbiological diagnosis of VTEC was not available and 

not all patients had diarrheal prodrome. The results should 

be interpreted cautiously because all these patients may 

not have had shigatoxin-hemolytic uremic syndrome. In 

addition, focal C3 was detected on glomerular loops in three 

patients in the Italian study, suggestive of C3 glomerulopa-

thy, which would respond differently to plasma treatment. 

Plasma infusions of 10 mL/kg day (first infusion of 30 mL/

kg in the Italian study) were given early in the course of the 

disease and all within 8 days of first symptoms. There was 

no difference in the measured outcomes, including serum 

creatinine and proteinuria at the end of follow-up (12 months 

and 16 months in the French and Italian study, respectively). 

There was also no difference in histological score in the 

Italian study, but control group patients in the French study 

developed more cortical necrosis. Plasma infusions were 

not without risk, given that one patient developed fluid 

overload and two patients developed hepatitis in the Italian 

study. Overall outcomes in both studies were good, with all 

survivors coming off dialysis. This highlights the importance 

of thorough supportive therapy.

Plasma exchange has been described in two case series 

in adults with VTEC infection. In the 1996 central Scotland 

outbreak, plasma exchange was considered in all patients 

with hemolytic uremic syndrome and started within 24 hours 

of diagnosis.89 Hemolytic uremic syndrome developed in 

22 patients, of whom 16 were treated with plasma exchange. 

Fresh frozen plasma replacement was used in all patients, 

except one, who was switched to cryosupernatant due to a 

refractory clinical response. Hydrocortisone and prostacyclin 

were also given at each plasma exchange session. In this 

case series, mortality was 31% (5/16), which the authors 

compared with a historical mortality rate of 80%. Without 

a control group, it is not known if the outcome would have 

been the same without treatment.

The second case series was described in the recent 

Northern European E. coli O104:H4 outbreak.90 A small case 

series of five previously healthy patients of median age 62 

(range 44–70) years was published from Denmark. Patients 

were treated with one volume of plasma exchange using 

fresh frozen plasma replacement, and plasma exchange was 

started 3–9 days from the onset of bloody diarrhea. Markers 

of hemolysis and glomerular filtration rate improved after the 

start of plasma exchange, and none of these patients required 

dialysis. However, without controls, one cannot be certain if 

the improvement was due to plasma exchange or was simply 

part of the natural history of the disease. In fact, the results 

were already showing an improving trend before the start of 

plasma exchange. In the same outbreak, a group of patients 

with severe neurological symptoms requiring intensive care 

management who had not responded to plasma exchange 

and eculizumab were also treated with immunoadsorption.93 

Immunoadsorption achieves 85% removal of IgG compared 

with 40% in plasma exchange.92,93 Using a newly designed 

central nervous system score, the investigators showed that 

the neurological status of the patients improved following 

immunoadsorption, and even described the improvement as 

occurring “right before their eyes”.

The biological mechanism behind plasma exchange is 

not known. It is postulated to remove proinflammatory and 

prothrombotic factors (as described above) or shigatoxin-

bound antibodies. However, the passage of shigatoxin in 

patients is still not known, although it has been shown to 

bind platelets and leukocytes. Cell-bound shigatoxin would 

not be removed by plasma exchange.

Shigatoxin-neutralizing strategies
Neutralizing shigatoxin is an attractive strategy for reduc-

ing the risk of developing hemolytic uremic syndrome. 

Nevertheless, efforts so far have not translated into success-

ful treatment in patients.94 This is partly due to a narrow 

therapeutic window of opportunity. VTEC reaches maximum 

numbers in the gut when initial gastrointestinal symptoms 

appear, causing patients to present to their doctors.95 There 

is a further delay in confirming the diagnosis via current 

stool culture methods. Modern diagnostic tools, such as 

the shigatoxin polymerase chain reaction, are typically not 

available at the point of demand, and limited to research 

facilities or retrospective confirmation of cases. Once the 

diagnosis is confirmed, typically 48 hours later, shigatoxin 

would have circulated in the bloodstream.92 Effects of vas-

cular activation have been detected as early as 4 days after 

the onset of diarrhea.96 Therefore, for maximum efficacy, 
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treatment needs to be started as early as possible, ideally 

within 2 days of diarrhea, so rapid bedside diagnostic tools 

need to be developed.

The second hurdle in the development of a shigatoxin-

neutralizing agent is production of an agent which has a 

higher affinity for shigatoxin than its receptor. The agent 

also needs to be effective for shigatoxin 1 and shigatoxin 2.97 

Synsorb-Pk was one of the early shigatoxin-binding mole-

cules which reached Phase II trials in patients. Unfortunately, 

it did not reduce the severity of hemolytic uremic syndrome or 

prevent dialysis when given after diagnosis of the syndrome.98 

Treatment of children with shigatoxigenic E. coli or house-

hold contacts was also inconclusive and this drug has now 

been abandoned.99 Further higher-affinity molecules have 

been developed using Gb3 trisaccharide polymers. These 

have been named Super Twig, Starfish, and Daisy, reflecting 

their molecular structure,100–102 and have the drawback of 

requiring parenteral or subcutaneous administration. These 

multivalent ligands have been effective in animal models, but 

have not found their way into human studies.100–102 Treatment 

in animals was usually given concomitantly with shigatoxin 

inoculation or very soon after, and is therefore not translat-

able to patient care. In another development, urtoxazumab, 

a humanized monoclonal antibody towards shigatoxin 2, 

has been shown to be safe in patients, but has not yet been 

subjected to clinical trials.103

Shigatoxin binding by multivalent ligands leads to 

clearance via the reticuloendothelial system. More recently, 

a cell-permeable peptide with shigatoxin 2-binding prop-

erties (PPP-tet) was developed.104 This molecule had the 

additional benefit of inhibiting the cytosolic transport of 

shigatoxin to the endoplasmic reticulum and diverting shi-

gatoxin to lysosomal degradation. Due to the cell-permeable 

nature of PPP-tet, it could potentially be effective even after 

binding of shigatoxin to the cell membrane and could have 

a wider therapeutic window in patients.104 This treatment 

rescued mice from lethal shigatoxigenic E. coli challenge 

when given orally at 3 days.104 In a primate animal model, 

PPP-tet also ameliorated kidney injury when given 24 hours 

after shigatoxin.105

VEGF-A
VEGF is another source of research interest. VEGFs are a 

group of proteins which includes placental-derived growth fac-

tor, VEGF-A, VEGF-B, VEGF-C, and VEGF-D.106,107 VEGF-

A is particularly well studied and has an important role in 

angiogenesis, vasculogenesis, and the maintenance of a healthy 

endothelium. It is secreted by perivascular epithelial cells. 

In the glomerulus, this is the podocyte.104 The role of VEGF 

in the development of glomerular thrombotic microangiopathy 

became apparent when patients treated with anti-VEGF agents 

for cancer developed glomerular thrombotic microangiopathy 

and features of hemolytic uremic syndrome as an unexpected 

side effect. This was studied further by Eremina et al43 who 

developed a podocyte-specific inducible VEGF-A knockdown 

mouse. Adult mice had podocyte VEGF secretion switched 

off and developed thrombotic microangiopathy. This showed 

the vital crosstalk involved between podocytes and glom-

erular endothelial cells in the maintenance of the glomerular 

filtration barrier and also revealed a new mechanism for the 

development of glomerular thrombotic microangiopathy, 

which is interesting because shigatoxin-treated mice do not 

develop glomerular thrombotic microangiopathy. We currently 

do not understand why reduced VEGF-A causes thrombotic 

microangiopathy. The role of VEGF-A in the pathogenesis of 

shigatoxin-associated hemolytic uremic syndrome requires 

further study, but Psotka et al20 showed that human podocytes 

in culture showed reduced VEGF-A secretion after treatment 

with shigatoxin 2.

Complement inhibitors  
and eculizumab
In a letter to the New England Journal of Medicine in 2011, 

Lapeyraque et  al60 described three pediatric patients with 

severe shigatoxin hemolytic uremic syndrome who received 

eculizumab. All were 3 years old and had evidence of comple-

ment activation on blood tests (low C3 and high C3d) and 

severe neurological involvement. Two received 5–7 sessions 

of plasma exchange prior to receiving eculizumab. All had 

renal involvement requiring hemodialysis. Patient 1 received 

two doses of eculizumab 10 days after initial management was 

started. Patient 2 received four doses which started 5 days after 

the start of initial management. Patient 3 received two doses 

which started on day 7 of initial management. In all patients, 

there was improvement in neurological status. Sequential 

magnetic resonance imaging was performed in one patient 

which showed resolution of leucoencephalopathic changes. 

Lactate dehydrogenase reduced and platelet count increased 

7–12  days after treatment with eculizumab. These results 

should be interpreted with caution because they may reflect 

the natural disease course rather than eculizumab therapy, 

given that patients with E. coli-associated hemolytic uremic 

syndrome often recover up to 4 weeks after disease onset.

In May 2011, there was a large outbreak of E. coli-

associated hemolytic uremic syndrome in northern 

Germany.8 This outbreak was unusual in that it affected 
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predominantly adults. The causative organism was not E. coli 

O157 but E. coli O104:H4, an enteroaggregative bacteria 

which had acquired a prophage-encoding shigatoxin.61 More 

than 3000 people were infected and approximately 50 people 

died, including 36 from hemolytic uremic syndrome.8 This 

outbreak served as a platform for an impromptu drug trial of 

eculizumab in D+HUS.62,63 An initial report on the results 

of the German study was reported at the American Society 

of Nephrology, Philadelphia, PA, in November 2011. In 

total, 196 patients from nine German centers were treated 

with more than one dose of eculizumab. Patients were on the 

severe end of the spectrum, with the majority having severe 

cerebral and renal involvement requiring renal replacement. 

Eighty-seven percent of those who received eculizumab had 

had plasma exchange prior to treatment. The majority of 

patients received eculizumab at a median 11 days into their 

diarrheal illness. After 8 weeks of treatment, 95% of patients 

showed a partial or complete improvement of hematological 

parameters and neurological complications. Fifty-six percent 

had normal renal function whilst 36% remained dialysis-

dependent. Full results are awaited, and these findings should 

be interpreted with caution because there were multiple 

concomitant treatments and no control group. Therefore, 

whilst there may be evidence of complement involvement 

in D+HUS, use of eculizumab for treatment of this disease 

is not yet established. Drugs targeting other proinflamma-

tory components of the complement cascade could also be 

potential future therapeutic options.

Summary
D+HUS is an important disease entity that carries significant 

morbidity and mortality. Currently, our incomplete under-

standing of the pathogenic mechanisms is impacting on the 

available treatments. Routine use of antibiotics other than 

fosfomycin is not recommended because it can exacerbate 

the disease. Plasma exchange and immunoadsorption have 

been used in patients with severe disease and cerebral mani-

festations based on anecdotal case series. Potential future 

therapies include cell-permeable peptides for shigatoxin-

binding and complement inhibitors such as eculizumab to 

ameliorate disease.
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