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Abstract | Shiga toxin‑producing Escherichia coli‑associated haemolytic uraemic syndrome (STEC‑HUS) is one 
of the most important causes of acute kidney injury in patients of all ages, especially in children. It can occur 
sporadically or in outbreaks. STEC‑HUS is a systemic illness caused by toxin‑mediated injury to the vascular 
endothelium and a generalized inflammatory response. The kidney and the brain are the two primary target 
organs. Nearly 40% of patients with STEC‑HUS require at least temporary renal replacement therapy and up 
to 20% will have permanent residual kidney dysfunction. Neurological injury can be sudden and severe and is 
the most frequent cause of acute mortality in patients with STEC‑HUS. Over the past 30 years, a wide range 
of inflammatory mediators have been linked to the pathogenesis of STEC‑HUS and associated renal and 
neurological complications. Recently, evidence has accumulated that abnormal activation of the alternative 
pathway of complement occurs in patients with STEC‑HUS. In the large outbreak of STEC‑HUS caused by 
E. coli O104:H4 that occurred in Germany in May 2011, a large number of patients received eculizumab, 
a monoclonal antibody directed against C5, in an open‑label manner. We describe the experience with 
eculizumab under these emergent circumstances at one large centre.
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Introduction
Haemolytic uraemic syndrome (HUS) is defined as the 
triad of anaemia, thrombocytopaenia, and acute kidney 
injury (AKI). Shiga toxin (Stx)-producing Escherichia 
coli (STEC) that cause a prodromal haemorrhagic 
enteritis remain the most common aetiology of this 
illness. Although sporadic cases and outbreaks linked 
to unusual E. coli strains or enteric bacteria and other 
micro-organisms such as pneumococci continue to 
emerge, the predominant serotype associated with HUS 
around the world is still O157:H7.1 All causative enteric 
bacteria share the common property of producing Stx. As 
a consequence, the phrase diarrhoea-associated HUS or 
‘D+HUS’ has generally been replaced by the more accu-
rate term STEC-HUS to highlight the pivotal role of Stx 
in the pathogenesis of the disorder. The two principal 
target organs of Stx-mediated damage are the kidney and 
the central nervous system (CNS). Renal involvement 
in STEC-HUS is clinically relevant because dysfunction 
can be treated with temporary renal replacement therapy 
(haemodialysis or peritoneal dialysis). Neurological 
involvement is less common, usually not amenable to 
treatment, often the acute cause of mortality, and can 
result in serious long-term disability in those who 
survive the episode of illness.

In this Review, we focus on the clinical presentation 
and treatment of renal and neurological involvement 

in patients with STEC-HUS. We address the potential 
role of complement activation in the pathogenesis and 
eculizumab in the treatment of these complications. We 
present preclinical data in experimental models when 
available, followed by a description of the clinical mani-
festations of STEC-HUS. An in-depth profile is given 
of the experience at a single centre that was affected by 
the German outbreak of STEC-HUS caused by E. coli 
O104:H4 to highlight the experimental treatments 
that were prescribed to affected patients under these  
emergent conditions.

Definition
STEC-HUS is defined as the triad of haemolytic anaemia 
with erythrocyte fragmentation, thrombocyto paenia, 
and AKI that occurs after a prodromal infection by a 
Stx-producing strain of bacteria. The criterion for 
anaemia is age-dependent and sex-dependent and 
the confirmation of the microangiopathic character is 
based on microscopic review of the peripheral smear 
and detection of schistocytes. The platelet count that is 
diagnostic of STEC-HUS is <150 × 109/l. The definition 
of renal dysfunction varies between reports and ranges 
from abnormalities in the urinalysis to an elevation in 
the serum creatinine concentration above the 95th per-
centile for age and sex. Variations in the stringency of the 
definition of kidney disease may account for some of the 
variation in the reported incidence and severity of HUS.2 
At the tissue level, HUS is characterized by the presence 
of thrombotic microangiopathy. This histopathological 
lesion is associated with endothelial damage in arterioles 
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and capillaries with detachment of cells from the under-
lying basement membrane, deposition of amorphous 
material in the subendothelial space, and the presence 
of platelet–fibrin thrombi in the vascular lumen.3

Epidemiology
The incidence of STEC-HUS ranges from 6 in 100,000 
children aged <5 years, to 2 in 100,000 in the overall 
population including adults.1,3 E. coli O157:H7 remains 
the most common strain that causes STEC-HUS with a 
minority of cases caused by other serotypes such as O111 
and O26.1,4 STEC-HUS is a disease primarily seen in chil-
dren except in epidemics when it may occur in patients 
with a wider range of ages. For example, from May 2011 
until July 2011, several European countries, particularly 
northern Germany, experienced one of the largest STEC-
HUS outbreaks ever reported. The E. coli strain O104:H4 
caused a unique multinational epidemic with 3,816 
patients who suffered from entero haemorrhagic E. coli 
infection, 845 cases of HUS, and 54 deaths.5 The inci-
dence of STEC-HUS has been fairly steady over the past 
decade despite increased public awareness and efforts by 
governments and the food industry to reduce the risk of 
food and waterborne transmission of STEC.

Toxic effects of Stx
Stx1 and Stx2, which are molecularly similar to Shigella 
toxin, cause endothelial injury and thrombotic micro-
angiopathy.1 Stx is a multi-subunit AB5 protein complex 
in which the A subunit mediates its toxic effects and 
the B component promotes binding to certain eukary-
otic cell types. The initial step in the pathogenesis of 
the disease is translocation of the intact toxin across the 
gastro intestinal epithelium via a transcellular pathway; 
this process is increased by transmigration of leukocytes 
across the endothelium.6 Controversy exists regard-
ing the mode of transport of Stx from the gut to target 
organs. Free Stx has not been detected in the serum and 
it is rapidly cleared from the circulation following intra-
venous administration.7 Instead, it has been suggested 
that Stx is transported to the periphery by leukocytes that 
possess a surface receptor with an affinity for the toxin 
that is lower than the affinity for the glycolipid recep-
tor globotriaosylceramide (Gb3) on the endothelial cell 
surface.8–10 However, a follow-up study failed to confirm 
this mechanism and it remains unknown how Stx transits 
from the gut lumen to reach the microcirculation of the 
kidney and brain.11 Regardless of how Stx reaches the 
tissue, the initial step in the pathogenesis of STEC-HUS 
is binding of the B subunit to Gb3 on the cell membrane. 
This step is followed by retrograde transport of the A 
subunit to the Golgi apparatus and inhibition of protein 
synthesis in the ribosome.3,12,13 A 2012 study indicated 
that manganese can interfere with the retrograde move-
ment of Stx to the Golgi, leading to increased degrada-
tion of the toxin in lysosomes.14 Pretreatment of mice 
with this metal reduced the lethal effects of Stx.

STEC-HUS is a systemic process that affects the vascu-
lature of every organ. In addition to its direct effects on 
the endothelium that promote cell injury, Stx induces a 

broad inflammatory response that is triggered by much 
lower levels of Stx than the amount needed to inhibit 
protein synthesis. This process involves a ribotoxic stress 
response, upregulation of adhesion molecules for leuko-
cytes, and promotion of a prothrombotic state in blood 
vessels.3 Recent findings indicate that Stx increases endo-
thelial cell expression of the chemokine receptor CXCR4 
and its ligand stromal cell-derived factor 1 (SDF-1). 
Specific blockade of this ligand–receptor system amelio-
rated STEC-HUS in mice.15 Interestingly, plasma levels of 
SDF-1 are nearly fourfold higher in children with STEC 
enteritis who progress to HUS than in children who do 
not progress to HUS.15 The pathophysiological pathway 
and signalling molecules that are triggered by Stx and 
that cause organ injury and dysfunction are summarized 
in Figure 1.

Pathophysiology of STEC-HUS
Involvement of the kidney
Stx binds to both the glomerulus and proximal tubules in 
patients with STEC-HUS, although glomerular binding 
is lower in elderly patients than in paediatric patients 
with the disease.1 Within the glomerulus, Stx binds to 
podocytes, mesangial cells, and glomerular endothelial 
cells in human tissue.16 In the kidney of three children 
who died during an episode of STEC-HUS, Stx1 and Stx2 
were detected in these cellular locations by immuno-
histochemical staining.17 These results are based on a 
limited sample and caution is warranted before gen-
eralizing findings. The toxin has also been localized 
to the distal tubule in clinical specimens, which sup-
ports preclinical data that Stx has direct effects on this 
nephron segment.17

A number of animal models of STEC-HUS have 
been developed to study the associated kidney disease; 
however, none of these models fully recapitulates 
all of the features of the human illness. These experi-
mental systems include intravenous administration of 
Stx alone or in combination with lipopolysaccharide 
(LPS) or tumour necrosis factor (TNF) to rodents,18 
oral adminis tration of STEC to various inbred strains 
of mice,19,20 oral administration of STEC to germ-free 
(gnoto biotic) piglets,21 and intravenous administration 
of Stx to baboons.22 These animals display a spectrum of 
renal injury that includes tubular cell necrosis and apop-
tosis, inflammatory infiltrates in the renal interstitium, 

Key points

 ■ The kidney and the brain are the two principal target organs in patients with 
Shiga toxin‑producing Escherichia coli‑associated haemolytic uraemic syndrome 
(STEC‑HUS)

 ■ Outbreaks of enteritis and STEC‑HUS caused by novel bacterial strains continue 
to occur and might be associated with unique clinical features

 ■ The pathophysiology of organ injury in the kidney and the brain might differ and 
could influence the response to treatment and long‑term outcomes

 ■ Nearly 40% of patients with STEC‑HUS require renal replacement therapy and 
brain involvement is the most frequent cause of fatalities

 ■ Activation of the alternative complement pathway may contribute to the 
pathogenesis of STEC‑HUS and further clinical research is needed to determine 
if blockade of this pathway attenuates the disease
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and mild thrombotic microangiopathic lesions in the 
glomerular microcirculation.18–21 In general, rodent 
models are characterized by less glomerular involvement 
and more profound tubular damage than that observed 
in human disease. For example, infusion of Stx1 directly 
into the kidney of rats via the renal artery led to diffuse 
kidney injury with cortical infarcts, platelet aggregates in 
vessels, and infiltration of monocytes in glomeruli and 
the tubulointerstitium.23 The tubular injury is associated 
with marked upregulation of a number of cytokine and 
chemokine genes including TNF, PDGF, and IL8.23,24

Because of shortcomings of the in vivo models of 
STEC-HUS, much work has been done with specific 
cells using in vitro methods. Localization of Gb3 within 
distinct structures in the kidney is predictive of the cell-
ular sites of Stx action.25 Both glomerular endothelial and 
proximal tubular epithelial cells express Gb3 on their cell 
surface and are therefore susceptible to toxin-mediated 
injury. In vitro, tubular epithelial and mesangial cells 
are as susceptible to the cytotoxic effects of Stx1 and 
Stx2 as endothelial cells and their sensitivity parallels 
Gb3 expression and toxin binding.26 In mesangial cells, 
Stx inhibits protein synthesis and proliferation without 
altering cell viability.27 However, Stx is not cytotoxic at 
the same dose in all kidney cell types that express Gb3 
and susceptibility in the same cell type can vary between 
species.25,26 Stx also causes apoptosis and can generate 
an inflammatory and/or ribotoxic stress response in 
glomerular endothelial and tubular cells in the corti-
cal regions of the kidney in children with STEC-HUS.28 
Together, these observations suggest that an array of bio-
logical responses are implicated in the development of 
renal disease in STEC-HUS.

It is well established that Stx2 causes direct damage 
to human glomerular endothelial cells, which results 
in thrombotic microangiopathic lesions in the afferent 
arteriole.1,12,25 Stx injury to glomeruli is augmented by 
concomitant exposure to LPS and may involve induction 
of IFN-γ within the kidney.29 The endothelial injury after 
administration of Stx leads to a reduction in glomerular 
filtration rate and renal plasma flow. These functional 

disturbances modify renal handling of drugs such as 
the antibiotic levofloxacin, without any alteration in 
the expression of drug transport systems, such as the  
multidrug resistance-associated protein 2.30

In human proximal and distal tubular epithelial cells, 
specific Stx binding to Gb3 has been confirmed, with sub-
sequent inhibition of protein synthesis and apoptosis in a 
dose-dependent and time-dependent manner.31,32 Distal 
tubule cells also express Gb3 and, as targets of the toxin, 
undergo similar perturbations to that of proximal tubular 
cells. In tubular cells, Stx causes inhibition of protein 
synthesis at concentrations as low as 0.001 ng/ml and 
within 1 h of incubation with intact Stx2.33 Mouse corti-
cal and medullary collecting duct epithelial cells express 
Gb3, bind Stx, and undergo apoptosis after exposure to 
the toxin.34 Human renal tubular epithelial cells demon-
strate dose-dependent and time-dependent cytotoxicity 
following exposure to Stx2 and its B subunit, which is 
potentiated by IL-1, LPS, and butyrate but not by TNF, 
IL-6 or IL-8.35 Using HK-2 cells, an immortalized human 
proximal tubular epithelial cell line, Lentz et al.36 docu-
mented increased susceptibility to Stx1 compared with 
Stx2. This interesting finding conflicts with the clini-
cal observation that Stx2-mediated disease is gener-
ally more severe than cases caused by Stx1-producing 
strains of STEC. In the study by Lentz et al.,36 Stx1 was 
detected in the lysosomal and endoplasmic reticulum 
compartments, which might explain the heightened 
cyto toxicity observed in this study. Both toxins increase 
poly [ADP-ribose] polymerase cleavage without any 
change in procaspase 3 expression, which indicates that 
Stx causes proximal tubular cell apoptosis in a caspase  
3-independent manner.36

The tubular damage caused by Stx can lead to a reduc-
tion in the renal water handling capacity. Stx2 and its 
B subunit inhibit water absorption across human renal 
tubular epithelial cell (HRTEC) monolayers without 
altering the short circuit current and the permeability 
of [3H]mannitol. Quantitative evaluation of [14C]inulin 
transport across HRTEC monolayers showed a similar 
transport rate before and after HRTEC treatment with 

Organ damage

Direct endothelial injury
Inhibition of protein synthesis

Ribotoxic stress
response

Activation of alternative
pathway of complement

In�ammation
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Figure 1 | Pathophysiological mechanisms activated by Stx that cause organ damage. Stx is released by disease‑causing 
strains of bacteria, primarily Stx‑producing Escherichia coli, in the GI tract and absorbed into the systemic circulation where 
it binds to globotriaosylceramide on the surface of vascular endothelial cells. Stx causes direct endothelial injury by 
increasing inflammation, inducing expression of cytokines and chemokines, and triggering a ribotoxic stress response. 
Injury to endothelial cells leads to the formation of microthrombi, activation of the alternative complement pathway and 
damage to target organs, especially the kidney and the brain. Abbreviations: GI, gastrointestinal; Stx, Shiga toxin.
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Stx2, which confirms that the integrity of the paracellular 
pathway is maintained.33 Stx administration to rats led 
to a reduction in aquaporin-2 levels in the kidney and a 
marked elevation in aquaporin-2 excretion in the urine.37 
These data indicate that whereas Stx2 acts primarily by 
inhibiting protein synthesis mediated by the A subunit, 
binding of the Stx2 B subunit to Gb3 may directly affect 
the membrane mechanisms related to water absorption. 
Impaired water absorption by proximal tubular cells 
in vivo during episodes of STEC-HUS might contribute 
to early events in the pathogenesis of renal injury.

The inflammatory response of neutrophils and mono-
cytes triggered by Stx is independent of receptor- mediated 
actions of the toxin molecule on the endothelial cell and 
contributes directly to the renal injury. Chemokine 
receptors participate in the pathogenesis of a variety of 
glomerular diseases by modulating renal infiltration by 
myeloid cells. In CCR1-knockout mice, adminis tration of 
Stx2 was associated with improved survival, diminished 
leukocytosis and monocytosis, and reduced numbers of 
neutrophils and monocytes within the kidney compared 
with that of wild-type animals.38 In addition, the peak cir-
culating levels of TNF and IL-6 were reduced and delayed 
in onset. A similar role for SDF-1/CXCR4 in the patho-
genesis of STEC-HUS in mice has also been described.15 
These findings underscore the importance of the inflam-
matory response in the development of STEC-HUS and 
the potential impact of treatments that interfere with this 
cascade, such as blockade of CCR1 and CXCR4.

Involvement of the CNS
Although neurological complications are not as common 
as renal involvement, disturbances in CNS function 
are the main cause of acute mortality in patients with 
STEC-HUS.39 This finding is presumed to reflect the 
sudden occurrence of microvascular injury in vital 
cerebral regions such as the brain stem. Similar to the 
renal mani festations of STEC-HUS, animal models do 
not fully recapitulate all aspects of CNS injury in human 
disease and are unable to sufficiently explain the entire 
spectrum and course of CNS involvement in patients 
with STEC-HUS. Thus, in vitro systems are needed to 
clarify the pathogenesis of the CNS injury in this disease.

Although Gb3 is present in the cerebral vasculature, 
as a single stressor, Stx has been shown in vitro to have 
no major effect on human brain microvascular endo-
thelial cells (HBECs) in concentrations up to 10–5 g/l.40 
The localization of Gb3 on various neurons, such as those 
of the cerebrum, cerebellum, brain stem, and spinal cord 
within the mouse CNS and the co-localization of Gb3 
and Stx2 in the motor neurons of the spinal cord of 
mice injected intraperitoneally with Stx2 mice has been 
described.40,41 In human cadaver tissue, Gb3 was detected 
in neuronal cell walls and at the luminal side of vascular 
endothelial cells.41

The typical thrombotic microangiopathic lesion of 
HUS that is found in renal vessels is not observed in 
brain endothelium.42,43 However, early work describes 
Stx-induced ischaemic brain lesions in rabbits44 and 
brain arteriolar necrosis and endothelial cell injury in 

piglets.21 These findings indicate that different types 
of endothelium react in distinctive ways to Stx. For 
example, transformed human intestinal microvascular 
endothelial cells are more susceptible to the cytotoxic 
effects of Stx than are macrovascular endothelial cells 
from human saphenous veins.45

Inflammatory cytokines have a pivotal role modulat-
ing the susceptibility of HBECs to the adverse effects 
of Stx. Shiraishi et al.46 suggest that various inflamma-
tory proteins predict CNS involvement in patients with 
STEC-HUS. sTNFR1 and TIMP-1 reach considerably 
higher serum concentrations in patients with HUS 
and encephalo pathy than in those with HUS without 
encephalo pathy, those with acute colitis and no HUS,  
and healthy controls. Of note, serum levels of sTNFR1 and  
TIMP-1 are significantly higher in patients with HUS 
without encephalopathy and in those with acute colitis 
without HUS than in healthy controls. Preincubation 
of HBECs with TNF prior to the exposure to Stx elicits 
a decrease in protein synthesis and in cell viability47 
as well as an approximately 103-fold reduction in the 
cytotoxic dose of Stx.48 Furthermore, Eisenhauer et al.47 
demonstrated a threefold upregulation of Gb3 covalently 
linked to fatty acids after treatment with TNF. Stricklett 
et al.49 reported similar findings, namely that TNF and 
IL-1 individually and even more so in combination 
increased the cytotoxicity and inhibitory effect of Stx1 
on protein synthesis in HBECs. In addition, the investi-
gators showed that after treatment with a combination 
of the two cytokines, the concentration of Gb3 and the 
activity of the three enzymes involved in Gb3 synthesis 
were higher than after treatment with either cytokine 
alone. These results are supported by Ergonul et al.40 who 
describe increased activity of the proapoptotic enzyme 
caspase 3 and DNA fragmentation in endothelial cells 
after preincubation with TNF before the addition of 
Stx. The DNA fragmentation in the brain endothelial 
cells was reversed by the addition of a specific caspase 3 
inhibitor. The contribution of caspase 3 in brain endo-
thelial cell apoptosis contrasts with observations made 
in proximal tubule cells.36 These results indicate that 
apoptosis is exacerbated by the inflammatory response 
in STEC-HUS and has an important role in brain damage 
during the illness.

Activation of the complement system
The role of complement activation in atypical HUS 
is well established; however, its contribution to the 
pathogenesis of STEC-HUS is still a subject of contro-
versy.50 In vitro studies of endothelial cells have demon-
strated that exposure to Stx increases expression of 
P-selectin, which binds and activates C3 via the alter-
native pathway.51 The C3a that is produced following the 
cleavage of C3 potentiates the activation of the alterna-
tive pathway of complement, reduces the expression of 
thrombo modulin, and promotes thrombus formation. 
Similar findings were made in a murine model of HUS 
induced by combined injection of Stx and LPS.51 The 
process was attenuated by administration of a P-selectin 
antibody, an antagonist to the C3a receptor, and in 
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factor B-knockout mice. This observation links activa-
tion of the alternative pathway of complement to several 
of the key clinical features of STEC-HUS. Stx is able to 
bind factor H and reduce its cell surface cofactor acti-
vity in vitro; moreover, it induces the formation of the 
membrane attack complex.52 However, there are serine 
proteases that are produced by STEC that may down-
regulate the complement pathway.53 Thus, the net effect 
of STEC infection on the alternative pathway of comple-
ment in vivo is likely to represent a complex interaction 
between stimulatory and inhibitory processes.

Studies carried out in the 1980s involving small series 
of patients with STEC-HUS documented increased 
serum levels of complement degradation products C3 
and factor B. In a study of 17 patients enrolled in the 
SYNSORB Pk® (Synsorb Biotech, Calgary, AB, Canada) 
trial (a randomized clinical trial to assess the efficacy 
of an oral Stx-binding agent), plasma levels of Bb and 
sC5b–9 were significantly elevated at baseline compared 
with in healthy controls. The abnormal concentrations 
of the complement byproducts returned to normal by 
day 28 after discharge from the hospital following the 
acute episode.54 Ståhl et al.55 examined whether comple-
ment was activated on leukocyte–platelet complexes 
and microparticles in patients with STEC-HUS, and 
whether Stx and LPS (O157LPS) induced complement 
activation on leukocyte–platelet complexes and micro-
particles. Using flow cytometry, whole blood from a child 
with HUS had surface-bound C3 on 30% of platelet– 
monocyte complexes compared with 14% after recovery 
and 12% in paediatric controls. Acute-phase samples 
from 12 children with STEC-HUS exhibited high levels of 
platelet microparticles and, to a lesser extent, monocyte 
microparticles, both bearing C3 and C9. Levels decreased 
significantly at recovery. Both Stx and O157LPS induced 
the release of C3-bearing and C9-bearing microparticles 
from platelets and monocytes.55 These findings indicate 
that the complement system contributes to the abnormal 
vascular function during HUS. A more comprehensive 
discussion of the contribution of the alternative pathway 
of complement to STEC-HUS and its potential to serve 
as a target for treatment is reviewed elsewhere.56

Clinical aspects of STEC-HUS
Effects on the kidney
By definition, all patients with STEC-HUS manifest some 
degree of renal insufficiency. Approximately 30–40% of 
cases will require dialysis therapy for an average dura-
tion of approximately 10 days, whereas the remainder 
will have milder renal involvement without the need for 
dialysis therapy.12 In most published series, STEC enteri-
tis progresses to HUS in 5–15% of cases. Fever and a high 
white blood cell count may indicate patients at increased 
risk of developing HUS.1 In an epidemic of HUS linked 
to E. coli O103:H25 disease that occurred in Norway, 
10 patients (median age 4.3 years) of 16 infected with 
enterohaemorrhagic E. coli developed STEC-HUS.57 
Eight of these patients had persistent oligoanuria and 
required dialysis for a median duration of 15 days. The 
STEC-HUS resulted in irreversible AKI in one girl who 

subsequently received a kidney transplant. This out-
break of STEC was characterized by a high incidence of 
HUS among the infected children and more severe renal 
disease than is usually encountered in routine cases. A 
possible explanation is that the O103:H25 (Eae [adhe-
sion molecule] and Stx2-positive) strain is highly patho-
genic. A similar spectrum of severe AKI was reported in 
the May 2011 outbreak centred in Hamburg, Germany 
and linked to another uniquely virulent strain of E. coli, 
namely O104:H4 (discussed below).58 Although the data 
from these outbreaks are somewhat atypical, the find-
ings with these distinctive E. coli serotypes highlight the 
magnitude of renal injury that can occur in STEC-HUS.

In a series of 22 cases of HUS treated in the Paediatric 
Nephrology Unit at the Azienda Ospedaliero-
Universitaria Meyer in Florence, Italy between January 
1997 and December 2008, 60% of the patients had 
STEC-HUS and 40% had atypical HUS.59 The latter 
category represents a disease entity that is not linked to 
an antecedent gastrointestinal infection and that prob-
ably occurs secondary to genetic mutations in comple-
ment regulatory genes.56 This distribution may reflect 
the tertiary nature of care and the referral pattern to 
this centre. The age distribution of patients ranged 
from 12 days to 13 years. 20 patients (90%) had oligo-
anuria, lasting 6.4 ± 4 days for patients with STEC-HUS 
versus 11.8 ± 4 days for patients with atypical HUS.59 
This finding indicates that the renal disease at the time 
of diagnosis is more severe in children with atypical 
HUS than in those with STEC-HUS, which is consis-
tent with a report of all cases of HUS identified during 
the SYNSORB Pk® clinical trial.60 The risk of developing 
chronic kidney disease correlated with the blood pres-
sure level at presentation, the length of oligoanuria, and 
the duration of hospitalization.

The need for acute renal replacement therapy may 
be adversely affected by depletion of the extracellular 
fluid volume during the antecedent diarrhoeal illness. 
A retrospective study61 and a prospective observational 
study62 demonstrated that the intravenous administra-
tion of adequate volumes of fluid and sodium during the 
prodromal phase of STEC enteritis may markedly reduce 
the risk of developing oligoanuria and the requirement 
for temporary dialysis support. Neither study entailed 
randomization to different intravenous fluid regimens 
and the reported benefit may therefore represent selec-
tion bias whereby children received parenteral hydration 
because of unidentified confounding factors. STEC has 
been reported to cause upper urinary tract infections in 
patients with or without concurrent HUS,63 which indi-
cates that the bacteria can cause renal inflammation and 
disease without triggering HUS.

With regard to the long-term effects of STEC-HUS on 
renal function, Dobiliene et al.64 evaluated the kidney 
functional outcome of HUS in 20 children (eight boys, 
aged 3 months to 12 years) who were hospitalized and 
treated at the Clinic of Children’s Diseases at Kaunas 
University of Medicine Hospital in Lithuania between 
1995 and 2006. The course of acute disease and the 
health status were evaluated at discharge from hospital 
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and after 6, 12, and 36 months of follow-up. Children 
were divided into two groups based on the severity  
of the acute illness. Group A (severe course) consisted of  
15 patients with leukocytosis (white blood cell count 
>20 × 109/l) and signs of CNS involvement, who required 
renal replacement therapy. By contrast, Group B (mild 
course) was made up of five children who did not have 
such symptoms. 12 (60%) children underwent dialysis 
during the acute illness and two patients died (10%). 
Eight (61.5%) patients from Group A had renal insuf-
ficiency, nine (69.2%) had proteinuria, and two (15.4%) 
had arterial hypertension at discharge from hospital. 
3 years after onset of the disease, two (20%) patients 
still had arterial hypertension, proteinuria was detected  
in two (20%) patients, and renal insufficiency persisted in  
six (60%) children. In Group B, one (20%) patient had 
proteinuria, four (80%) had renal insufficiency, and 
three (60%) had arterial hypertension at discharge from 
hospital. Subsequently, these abnormalities resolved 
and 3 years later arterial hypertension was detected in 
only one (20%) patient.64 These data indicate that STEC-
HUS can have serious long-term ramifications for kidney 
function that are strongly influenced by the severity of 
the acute phase of the illness. In a meta-analysis, Garg 
et al.65 reported that 20–25% of patients have evidence 
of permanent kidney injury (proteinuria, hypertension, 
and/or reduced glomerular filtration rate) after recovery 
from STEC-HUS. However, these results may be over-
estimates that reflect a reporting bias for adverse out-
comes because of selective follow-up of patients with 
persistent abnormalities in kidney function.

Effects on the CNS
Neurological involvement is the most life-threatening 
acute complication of STEC-HUS and can cause sudden 
death. The complication occurs in 20–25% of patients 
with STEC-HUS.66 The disease is associated with a wide 
range of neurological disturbances, including lethargy, 
apnoea, coma, seizures, cortical blindness, and haemi-
paresis.1,39 Some evidence indicates that the frequency 
and severity of neurological complications might be 
related to the intensity of the antecedent enteritis, evi-
denced by the degree of bloody diarrhoea and gastro-
intestinal symptoms.39 The neurological manifestations 
represent a combined effect of Stx-induced vascular 
injury, endo thelial dysfunction, hypertension, and 
electro lyte disorders. This concurrence of multiple 
abnormalities simultaneously in the same patient may 
account for the severity of the neurological disease in 
patients with STEC-HUS. For example, in a recent report, 
a 4-year-old child with HUS caused by E. coli O157:H7 
developed posterior reversible leuko encephalopathy 
syndrome, which was diagnosed based on the presence 
of areas of high signal intensity in the bilateral occipi-
tal lobes on T2-weighted MRI testing. Despite adequate 
control of blood pressure, the syndrome did not resolve 
but progressed to multiple subcortical cavitations.67

The largest recent cohort study of CNS disease in 
STEC-HUS consisted of data from 52 children col-
lected over 33 years who had severe initial neurological 

involvement that occurred during the acute phase of 
the disease. Their clinical findings ranged from sei-
zures (71%) to alteration of consciousness (85%), and 
paresis (40%).68 In this retrospective multicentre series, 
24 patients had confirmed STEC infection. All but two 
patients had AKI that required temporary renal replace-
ment therapy, indicating the presence of severe disease. 
One group of eight patients maintained normal con-
sciousness, five of whom had protracted seizures. A 
second group of 23 patients had stuporous coma; five 
of these children had prolonged seizure activity, and 
18 had an evident neurological defect such as pyrami-
dal syndrome, haemiplegia or haemiparesis, and extra-
pyramidal findings. A third group of 21 patients had 
severe coma. Plasma exchange was undertaken in 25 
patients, 11 of whom were treated within 24 h after the 
first neuro logical sign. Of these patients, four died, two 
survived with severe permanent disability, and five sur-
vived without neurological defect. MRI was done in 29 
patients, revealing involvement of virtually every struc-
ture in the CNS. The overall prognosis for the children 
in this case series was severe, characterized by the death 
of nine patients and permanent sequelae in 13 patients. 
No correlation was found between a specific pattern of 
locali zation of injury in the early MRI and the final prog-
nosis. In the outbreak of O103:H25 in Norway described 
above, four patients had seizures and/or reduced con-
sciousness. Cerebral oedema and herniation caused the 
death of a 4-year-old boy.57

In addition to obvious morbidity, such as stroke, 
haemi plegia, cortical blindness, and psychomotor retar-
dation at the time of discharge after an acute episode of 
STEC-HUS, there may be milder, more subtle neuro-
psychological effects in children after they recover from 
the illness. In a multicentre case–control study of patients 
treated at six Canadian hospitals who survived an acute 
episode of STEC-HUS without recognizable neuro logical 
dysfunction at discharge (n = 91), no overall differences 
between patients with HUS and paired controls were 
evident on tests of IQ, behaviour, verbal abilities, or aca-
demic achievement, nor was there an increased risk of 
attention deficit disorder among patients with STEC-
HUS.69 However, the percentage of patients with abnor-
mal test findings in select domains of the neurocognitive 
profile was higher in patients with STEC-HUS than in the 
matched controls.69 Scores on some verbal ability tests 
were lower in those with the highest serum creatinine 
concentrations during illness. These findings substantiate 
the requirement for long-term follow-up of patients after 
an episode of STEC-HUS to identify those children with 
subtle neurocognitive defects that may interfere with 
learning and school performance. The acute and long-
term renal and neurological consequences of STEC-HUS 
are summarized in Figure 2.

STEC-HUS O104:H4 outbreak in 2011
The experience at one large referral centre in Germany 
that was involved in the unique outbreak of STEC-HUS 
O104:H4 in 2011 is described below in order to provide 
an up-to-date picture of the clinical manifestations and 
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consequences of STEC-HUS. This description high-
lights the approach to the care of patients with a life- 
threatening illness under emergent circumstances and 
provides a useful comparison to randomized clini-
cal trials performed under more standard conditions. 
Although STEC-HUS is not as rare an entity as atypical 
HUS and the size of the case series is generally larger, 
STEC-HUS is still an uncommon illness and caution is 
advised in applying any of the opinions and recommen-
dations made in this Review. The rarity of the disease 
and small sample sizes in most case series underscores 
the importance of creating international registries and 
biorepositories to share clinical data and biosamples 
in support of research and to perform clinical trials of 
promising therapies.

Epidemiology and microbiology
From May to July 2011, northern Germany experienced a 
massive outbreak of enterohaemorrhagic E. coli that had 
several distinctive features compared with previous epi-
demics. In earlier European epidemic outbreaks, 63–97% 
of STEC-HUS cases were attributed to O157 strains.70 
The 2011 epidemic was caused by an uncommon sero-
type, namely O104:H4,71,72 which had previously been 
reported to be responsible for only two cases of STEC-
HUS, one each in Korea73 and Germany.74 The genetic 
code was rapidly sequenced and showed a distinct viru-
lence profile combining characteristics of Stx-producing 
and enteroaggregative E. coli. This strain produced β-D-
glucuronidase and fermented sorbitol and was resistant 
to tellurite. Furthermore, the bacterium incorporated 
virulence genes coding for Stx2, adhesins, an iron uptake 
system, adherence fimbriae, the enteroaggregative 
E. coli global regulator AggR, dispersin, Shigella entero-
toxin 1, an autotransporter serine protease and both 

an extended-spectrum β-lactamase (ESBL phenotype) 
and resistance to trimethoprim–sulfamethoxazole.71,72 
Contaminated sprouts were considered to be the vector 
of the STEC based on epidemiological data; however, 
bacteria were not detected on any of the plants.75

During the outbreak, 3,816 infected patients were 
reported to the authorities. The incidence grew to a 
maximum of 30 per 100,000, peaking at 63 reported HUS 
cases per day in the beginning of May 2011. An unusu-
ally high percentage of patients (n = 845, 22%) developed 
STEC-HUS of whom 36 died (4.3%). The overall mor-
tality was 1.4%. In contrast to former epidemics, most 
affected patients were adults (88%) with a median age of 
42 years, and were predominantly women (68%).75

Clinical features
The following clinical description is based on 130 patients  
with STEC-HUS who were treated in the University 
Hospital in Hamburg–Eppendorf, Hamburg, Germany. 
The presentation might be biased because, as a referral 
centre, patients with severe illness may have preferen-
tially been sent there for management. Reports from 
other hospitals, such as the one by Loos et al.76 that 
focuses on paediatric cases, may display a different dis-
tribution of the clinical patterns. Prior to the onset of 
HUS, most patients did not have a fever and leukocyte 
counts were not strikingly elevated. Abdominal pain and 
bloody diarrhoea were very common. The diagnosis of 
STEC-HUS was made when the patients experienced 
platelet counts of <150 × 109/l, haemolytic anaemia 
with red blood cell fragmentation, and AKI. In some 
centres, urinalysis findings were considered diagnostic 
of renal disease whereas others required an abnormal 
serum creati nine concentration for diagnosis.2,76 The 
spectrum of the disease among patients was remarkably 
broad. About 50% of patients developed mild to mod-
erate disease with lactate dehydro genase (LDH) levels 
around 500 U/l, mildly elevated serum creatinine levels 
(1.3–2 mg/dl [99–152.5 μmol/l]) and no neurological 
symptoms. Other patients developed severe AKI with 
oligoanuria, LDH levels up to 1,500 U/l, and neuro logical 
symptoms (Figure 3). Care in the intensive care unit was 
required by 42% of patients and almost 50% of those 
patients required mechanical or noninvasive ventilator 
support (R. A. K. Stahl, unpublished work).

A total of 54% of the patients required acute renal 
replacement therapy. The remaining patients had an 
average serum creatinine concentration of 2.2 mg/dl  
(167.8 μmol/l) at the time of STEC-HUS diagnosis. 
Renal biopsies in select patients revealed the typical 
findings of thrombotic microangiopathy. A severe 
tubulo interstitial cell infiltrate was observed in addition 
to the glomerular and preglomerular vascular lesions. 
In this cohort and in patients with STEC-HUS at other 
hospitals in Hamburg, nearly half of the patients (104 
of 217, 48%) presented with neurological symptoms. In 
five cases, these symptoms occurred prior to identifica-
tion of HUS. The median age of the STEC patients with 
neurological findings was 39 years (range: 18–84 years). 
The most prominent initial neurological symptom was 

STEC-HUS

Renal dysfunction
100% of cases

Neurological dysfunction
20–25% of cases

Need for acute renal
replacement therapy

30–40% of cases

Residual neurological
dysfunction

Unknown percentage

Residual renal dysfunction
(low GFR, hypertension,

proteinuria) 20% of cases

Figure 2 | Acute and long‑term outcomes of renal and 
neurological involvement in patients with STEC‑HUS. Acute 
renal events include acute kidney injury and hypertension. 
Long‑term renal outcomes include hypertension, 
proteinuria, and reduced GFR. Acute neurological events 
include seizures, loss of consciousness, thrombotic 
strokes, and cortical blindness. Long‑term neurological 
outcomes include haemiparesis, blindness, seizures, and 
learning disabilities. Abbreviations: GFR, glomerular 
filtration rate; STEC‑HUS, Shiga toxin‑producing Escherichia 
coli‑associated haemolytic uraemic syndrome.
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altered mental status consisting of disorientation (49%). 
Other symptoms included headache (5.8%), myo clonus 
(5.8%), oculomotor disturbances (9.6%), paresis of 
extremities (18.3%), apraxia (22.8%), aphasia (46.2%), 
and epileptic seizures (34.6%). An abnormal electro-
encephalogram was recorded in 78% of the patients. 
MRI scans performed in 70 patients showed mainly 
symmetrical hyperintensity signals in the nucleus of the 
sixth cranial nerve (23%) and the lateral thalamus (30%). 
36% of patients had no abnormal MRI findings despite 
severe clinical disease. Neuropathological examinations 
performed in five patients who died revealed astro gliosis 
and microgliosis; there were no signs of thrombosis 
or microhaemorrhage.43

Treatment and outcome
In general, plasma exchange is not considered to be an 
effective treatment for STEC-HUS.2 Based on weak evi-
dence from an outbreak in Scotland in which treatment 
with plasma exchange was associated with a survival 
benefit,77 however, patients were treated with plasma 
exchange at the beginning of the 2011 outbreak. This 
therapy was implemented within 3 weeks of diagnosis 
and hospital admission in 108 patients who received 

on average 4.5 treatment sessions. Platelet counts were 
used as a clinical parameter to assess the efficiency 
of plasma exchange. In about 25% of patients, plate-
let counts increased to normal values within 7 days of 
treatment. However, there was no improvement in the 
remaining 75% of patients. Furthermore, renal function 
deteriorated in most patients during plasma exchange, 
the number of patients who needed dialysis increased, 
and the frequency of neurological symptoms increased.78 
Thus, there was no short-term benefit of plasma 
exchange on any clinical index of STEC-HUS disease 
severity. These findings confirmed the prevailing con-
sensus that plasma exchange is not an effective therapy 
in adult patients with STEC-HUS. Our experience con-
trasts with a published case series of five patients in the 
2011 O104:H4 outbreak who were treated in Denmark 
and in whom there was an inverse relationship between 
the time from onset of bloody diarrhoea to initiation of 
plasma exchange and reduction of LDH levels.79 These 
single-centre findings are at variance not only with our 
observations, but with the findings of a recently pub-
lished prospective study in 619 children with HUS in 
which an association was found between the use of 
plasma exchange and poor long-term outcome.80
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Figure 3 | Comparison of a mild case and severe case of STEC‑HUS treated at the University Hospital in Hamburg–
Eppendorf during the German outbreak in 2011. a | Platelet levels decreased and LDH levels increased during the early 
stages of disease in both the mild and severe cases of STEC‑HUS. The case with mild STEC‑HUS had no neurological 
symptoms whereas the patient with severe disease experienced neurological complications. b | Creatinine levels were only 
very slightly elevated in the case with mild STEC‑HUS whereas the case with severe STEC‑HUS had high levels of serum 
creatinine and required renal replacement therapy. Abbreviations: LDH, lactate dehydrogenase; STEC‑HUS, Shiga 
toxin‑producing Escherichia coli‑associated haemolytic uraemic syndrome.
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During the peak of the outbreak (25 May to 28 May 
2011) when the number of STEC-HUS cases in our insti-
tution was still rising and neurological symptoms con-
tinued to worsen in most patients, a Letter to the Editor 
of the New England Journal of Medicine was published 
describing three children, all 3 years of age, with severe 
STEC-HUS who were treated with the mono clonal 
antibody eculizumab.81 The patients had required dialy-
sis and two of them had been unresponsive to plasma 
exchange. The neurological status as well as the platelet 
count and LDH levels improved dramatically after the 
first administration of eculizumab. Dialysis could be 
discontinued within 16 days and all three children were 
discharged without neurological findings.81 Thus, like 
many other physicians in Germany, we approached the 
manufacturer of eculizumab (Alexion Pharmaceuticals, 
Cheshire, CT, USA) and requested a supply of the mono-
clonal antibody for off-label compassionate use in STEC-
HUS patients with the most severe clinical symptoms. 
Eculizumab is a humanized anti-C5 monoclonal anti-
body that inhibits complement activation and prevents 
the formation of the membrane attack complex. The 
biological agent is approved for the treatment of parox-
ysmal nocturnal haemoglobinuria and was approved by 
the FDA for the therapy of atypical HUS in September 
2011. Data about the efficacy of eculizumab in the treat-
ment of STEC-HUS during the German outbreak were 
obtained based on open-label use of the antibody. The 
etiologic bacteria had novel features that were not char-
acteristic of prevalent O157 strains. Thus, the effects of 
eculizumab may not be representative of its use to treat 
patients with episodes of sporadic disease linked to stan-
dard strains of E coli such as O157:H7. In addition, the 
outcomes after eculizumab treatment may vary from 
centre to centre,76 which will mandate careful analysis of 
aggregate outcomes in all patients regardless of how they 
were managed during the acute episode.

By early June 2011, together with Alexion Pharma-
ceuticals, the Paul–Ehrlich–Institut, and the local ethics 
committee in Hamburg, we initiated a multi centre, 
single-arm, open-label 28-week clinical study to test the 
safety and efficacy of eculizumab on clinical markers of 
thrombotic microangiopathy and serious organ complica-
tions in patients with STEC-HUS. The protocol involved 
intravenous administration of the antibody, 900 mg 
weekly for 4 weeks, then 1,200 mg biweekly for a total of 
seven doses, based on prior experience in treating atypical 
HUS (R. A. K. Stahl, unpublished work). Treatment could 
be extended for an additional 8 weeks based on clinical 
discretion in patients with persistent disease activity or 
abnormal laboratory tests. A total of 328 patients with 
STEC-HUS received eculizumab during the outbreak 
and 198 patients from 25 centres are included in the 
study.82 In this cohort, 137 patients (72%) needed dialy-
sis, 43 patients (25%) had seizures and 158 (80%) had 
brain and kidney involvement. The study will assess out-
comes at 8 weeks and 28 weeks. The data analysis is still 
in progress but will be presented at ASN Kidney Week in  
San Diego 2012.83 It is important to acknowledge the 
heroic efforts of all the clinicians who contributed to the 

care of the massive influx of patients with STEC-HUS 
during this outbreak and who confronted urgent pressure 
to intervene under these trying circumstances.84 However, 
regardless of the findings of the effect of eculizumab, it 
will be important to evaluate this agent in more controlled 
conditions. It is hoped that there will be extended follow-
up of all patients to document long-term renal and neuro-
logical sequelae comparable to the effort that was made 
after the outbreak in Walkerton, ON, Canada.85

During the German outbreak, other nonstandard treat-
ments were offered to adult patients with STEC-HUS who 
had severe neurological impairment. 12 patients were 
enrolled in a prospective noncontrolled trial involving 
two centres to assess the effectiveness of IgG immuno-
adsorption.86 The justification for this intervention is that 
the delayed onset of neurological symptoms indicates an 
immune-mediated mechanism for this complication. The 
neurological symptoms in this subgroup included delir-
ium, myoclonus, aphasia, and altered consciousness. Six 
patients had seizures and nine patients required mechani-
cal ventilation because of the neurological findings. 10 
patients developed new-onset or worsening of the neuro-
logical symptoms despite repeated plasma exchange. 
Eight patients received eculizumab of whom five showed 
worsening, two had no change, and one had improve-
ment of neuro logical findings. After immunoadsorption, 
there was neuro logical improvement in all patients. Six 
patients required a second course of immuno adsorption 
after a median of 7 days, one patient needed three courses, 
and two patients required four courses of immuno-
adsorption.86 The investigators did not test the specific-
ity of the removed antibodies toward any potential CNS 
antigens and thus it is not possible to explain how this 
intervention acted in this clinical circumstance.

The report of Loos et al.76 focuses on the clinical 
disease in 90 children affected by the epidemic and who 
were treated at centres that participated in the German 
HUS Registry. The median age, 11.5 years, was older 
than in previous outbreaks. 71% of the patients (64 of 90) 
required at least temporary renal replacement therapy 
and 23 of 90 patients (26%) had neurological symptoms. 
Most of the patients (67 of 90, 74%) received support-
ive care only, 17 received plasma exchange, and 13 were 
given eculizumab (together with plasma exchange in 
seven cases). Most of the patients recovered and only 
one child died. After a median follow-up of 4 months, 
kidney function in all but four patients had returned to 
normal and only five patients had residual neurological 
deficits that were slowly improving in all cases. Based 
on their findings, Loos and colleagues concluded that 
the clinical profile of O104:H4 STEC is comparable to 
the disease caused by the O157 serotype and that there 
is no need for novel treatments besides intensive sup-
portive care. In addition, Menne et al.87 have examined 
their experience treating 298 patients with STEC-
HUS at 23 hospitals in northern Germany during the 
massive O104:H4 outbreak. In this cohort, 160 (54%) 
of the patients required dialysis, 37 (12%) had seizures, 
54 (18%) required mechanical ventilation, and there 
were 12 (4%) fatalities. 251 (84%) of the patients were 
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treated with plasma pheresis (with or without concomi-
tant glucocorticoids) and 67 (23%) received eculizumab; 
however, there was no demonstrable benefit of either 
intervention on the course of the disease or the outcome 
at the time of discharge from the hospital. It is very dif-
ficult to draw definitive conclusions about the efficacy 
of eculizumab treatment for STEC-HUS from any of the 
published reports based on its emergent use on a com-
passionate basis during the outbreak because of poten-
tial biases in patient selection and because of the impact 
of concomitant therapy. This situation underscores 
the need for a controlled clinical trial to address this  
important question.

One major uncertainty during the German outbreak 
was whether or not to treat patients with bloody diar-
rhoea with antibiotics. The current recommendation 
is not to treat gastroenteritis associated with entero-
haemorrhagic E. coli with antibiotics because they 
increase the risk of developing HUS.1 This finding has 
been confirmed in a large prospective study of 259 chil-
dren with STEC enteritis treated in the Pacific Northwest 
region of the USA.88 However, data show that unlike the 
O157:H7 serotype, the O104:H4 strain does not release 
Stx after incubation with therapeutic concentrations 
of ciprofloxacin, meropenem, fosfomycin or chloram-
phenicol.89 During the German epidemic, patients who 
received eculizumab required antibiotic prophylaxis for 
the prevention of meningococcal infections until vac-
cination was effective and azithromycin was prescribed 
for this purpose. Patients who had STEC in their stool 
and who were given azithromycin eliminated the bacteria 
from their stool faster than did patients in the compari-
son group who did not receive antibiotics. After 35 days 
of observation, no STEC carrier could be found in the 
treated cohort whereas 58% of the untreated cohort were 
carriers.90 No signs of exacerbation or relapse of the HUS 
in the azithromycin-treated cohort were observed. The 
effect of antibiotics on the shedding of the O104:H4 
strain has been studied extensively; however, the role 
of late-in-illness treatment or gut decolonization after 
recovery from STEC-HUS is still uncertain.91

Conclusions
STEC-HUS continues to represent an important cause 
of AKI and severe neurological disease in children and 
adults. The outbreak in Germany in 2011 underscores 
the potential for the emergence of novel STEC serotypes 
with increased virulence and greater risk of causing HUS. 
General paediatricians, internists, and subspecialists 
need to be fully aware of the clinical manifestations and 
complications of STEC-HUS. Current therapy includes 
adequate hydration during the prodromal enteritis and 
intensive medical supportive care in those who progress 
to HUS. Timely intervention with renal replacement 
therapy and at the earliest signs of neurological dys-
function may improve outcomes. Recent data indicate 
that activation of the alternative pathway of complement 
contributes to the pathogenesis of the disease and inhi-
bition of the cascade with eculizumab can ameliorate 
the illness. Preliminary experience with eculizumab in 
a large outbreak of STEC-HUS indicates the feasibility 
of this treatment and although some of the early reports 
are encouraging, a comprehensive evaluation of effi-
cacy is ongoing. There are many unanswered questions 
such as which patients to treat, whether children and 
adults should be considered separately, when to initiate 
therapy, and the proper dose and duration of treatment. 
It is therefore advisable that the role of eculizumab in 
the routine treatment of STEC-HUS is evaluated in an 
international, multicentre, randomized clinical trial to 
validate the benefit of this costly novel therapy.
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