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Abstract

Efficacy and safety of eculizumab in children with Shiga-toxin-
producing Escherichia coli haemolytic uraemic syndrome: the
ECUSTEC RCT
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Background: Shiga-toxin-producing Escherichia coli haemolytic uraemic syndrome affects ~100 United
Kingdom children each year. Around half need dialysis, a quarter develop serious complications with
long-term consequences and ~3% die. No effective intervention is known; however, some studies report
eculizumab, effective in atypical haemolytic uraemic syndrome, may be effective.

Objectives: To determine whether the severity of Shiga-toxin-producing Escherichia coli haemolytic
uraemic syndrome is less in those given eculizumab.

Design: Randomised, double-blind, placebo-controlled, parallel-group trial with internal pilot phase and
nested mechanistic laboratory studies.

Setting: Paediatric nephrology units in 12 United Kingdom hospitals.

Participants: Children aged 6 months to < 19 years weighing = 5kg, with presumed Shiga-toxin-
producing Escherichia coli haemolytic uraemic syndrome, including ‘injury’ or ‘failure’ category of the
acute kidney injury paediatric risk/injury/failure/loss/end criteria.

Intervention: Participants were randomised in a 1 : 1 ratio to receive intravenous eculizumab or placebo
on day 1 and 8. All received meningococcal vaccination and prophylactic antibiotics.

Main outcome measures: The primary outcome measure was a multidomain clinical severity score,
reflecting morbidity until day 60. Secondary outcome measures included survival, duration of renal
replacement therapy, persistent neurological defect (day 60) and presence of chronic kidney disease
at 1 year. Mechanistic studies assessed complement activation and vascular endothelial growth factor
profiles in plasma * urine samples. In vitro cell co-culture work assessed the effect of Shiga toxin on
endothelial cells.
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ABSTRACT

Results: Thirty-six participants from 10 sites were randomised: 17 to eculizumab and 19 to placebo.
The target sample size was 134 participants - recruitment stopped early due to low recruitment
(factors included reduced incidence and limited out-of-hours research infrastructure) and the COVID-19
pandemic. The mean clinical severity score for participants randomised to eculizumab was 11.5
(standard deviation 8.4) compared to 14.6 (standard deviation 7.7) for participants randomised to
placebo (adjusted mean difference: -2.5, 95% confidence interval -7.8 to 2.8, p = 0.3). Five participants
(three eculizumab, two placebo) experienced an adverse event; there were seven serious adverse events
in six participants (five eculizumab, one placebo). Urinary complement factor H and vascular endothelial
growth factor levels were high initially and subsequently normalised. Shiga toxin caused a podocyte-
dependent decrease in endothelial cell factor H levels.

Conclusions and limitations: There was no significant difference in mean clinical severity score
between eculizumab and placebo groups - since the trial was underpowered, this cannot be
interpreted as evidence of no effect. No significant safety concerns were observed. With further
validation, the Eculizumab in Shiga-toxin-producing Escherichia coli Haemolytic Uraemic Syndrome
clinical severity score may be an outcome measure for future trials. Our results imply that Shiga toxin
causes complement-dependent glomerular endothelial cell injury through its action on podocytes and
subsequent cellular cross-talk.

Future work: We will continue to investigate cross talk between podocytes and endothelial cells after
exposure to Shiga toxin and further develop plasma/urine biomarkers for diagnosis of Shiga-toxin-
producing Escherichia coli haemolytic uraemic syndrome.

Trial registration: This trial is registered as EudraCT-2016-000997-39 and ISRCTN89553116.

Funding: This award was funded by the National Institute for Health and Care Research (NIHR) Efficacy
and Mechanism Evaluation (EME) programme (NIHR award ref: 14/48/43) and is published in full

in Efficacy and Mechanism Evaluation; Vol. 11, No. 11. See the NIHR Funding and Awards website for
further award information.
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Plain language summary

Why did we do this study?

Annually, approximately 100 United Kingdom children develop Shiga-toxin-producing Escherichia coli
haemolytic uraemic syndrome after infection with a diarrhoea-causing bug. The bug makes a toxin (Shiga
toxin) that damages blood vessels, especially in the kidneys. Half need dialysis (artificial kidney support),
about a quarter suffer fits or a stroke and about 3% die. Most children fully recover, but about a quarter
suffer permanent kidney or brain damage. There are no known effective treatments. Eculizumab, a
medicine which blocks part of the immune system called complement, may work.

What was the question?

Does eculizumab reduce the severity of Shiga-toxin-producing Escherichia coli haemolytic uraemic
syndrome?

What did we do?

We planned to recruit 134 children, but difficulties with recruitment and the COVID-19 pandemic
meant the study was stopped early after 36 children had been recruited; 17 received eculizumab, 19
received a dummy medicine (placebo). We compared children in each group using a score that measured
how their kidneys and other organs were affected. We studied samples of their blood and urine, and also
how Shiga toxin damages kidney cells in the laboratory.

What did we find?

The severity of illness was similar in both groups; however, because we only studied a small number of
children, we cannot be sure this means that eculizumab does not work. Eculizumab appeared to be safe
in this condition. In the blood and urine samples, we saw evidence that complement is involved in the
illness. We also discovered a new way that Shiga toxin damages kidney cells.

What does this mean?

We have been unable to show whether eculizumab is a worthwhile treatment for children with this
condition. However, we have learnt lots about how the illness is caused and hope these results can be
combined with other studies to give us a clearer answer.
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Scientific summary

Background

Shiga-toxin-producing Escherichia coli haemolytic uraemic syndrome affects around 100 UK children
each year, following gastrointestinal infection with Shiga-toxin-producing E. coli. Around half of affected
children will need dialysis, about a quarter develop serious complications with long-term consequences
and about 3% die. All patients require long-term follow-up because of the risk of developing chronic
kidney disease (CKD).

No intervention has definitively been shown to reduce morbidity or mortality in this condition, and
therefore treatment is supportive. Case reports and case series suggest that eculizumab (Soliris®, Alexion
Pharmaceuticals, Boston, MA), an inhibitor of the complement system and an effective treatment for the
related condition, atypical haemolytic uraemic syndrome, may be effective in this condition. Until very
recently, there were no published data regarding the efficacy and safety of eculizumab in Shiga-toxin-
producing E. coli haemolytic uraemic syndrome, and yet despite this its use has risen globally. A recent
randomised phase 3 clinical trial reported comparison of eculizumab with placebo in 100 children with
Shiga-toxin-producing E. coli haemolytic uraemic syndrome (Garnier A, Brochard K, Kwon T, Sellier-
Leclerc A-L, Lahoche A, Allain Launay E, et al. Efficacy and safety of Eculizumab in pediatric patients
affected by Shiga Toxin-Related Hemolytic and Uremic Syndrome: a randomized, placebo-controlled
trial. J Am Soc Nephrol 2023;34:1561-73). Patients with severe multi-organ involvement were excluded.
Four patients in the placebo group were withdrawn and subsequently received eculizumab. There was
no difference between treatment groups in the proportion of children who required renal replacement
therapy 48 hours after randomisation, In addition, no differences between groups were seen in the
secondary outcome measures of extra-renal manifestations, duration of hospitalisation and mortality.
During follow up, there was a slight difference in the proportion who exhibited renal sequelae at 12
months post randomisation (20 patients in the eculizumab group (43.48%) and 29 patients (64.44%) in
the placebo group (P = 0.04). The authors concluded that eculizumab seemed to have no impact on the
course of acute kidney injury and interpreted the 12-month follow-up data with caution. No data have
been published which include the role of eculizumab in patients with severe manifestations of disease in
a controlled setting.

Objectives of the main trial

The Eculizumab in Shiga-toxin-producing Escherichia coli Haemolytic Uraemic Syndrome (ECUSTEC)
trial was designed to test the hypothesis that treatment with eculizumab reduces the severity of Shiga-
toxin-producing E. coli haemolytic uraemic syndrome in children aged 6 months-< 19 years. We also
wanted to assess the safety of eculizumab and test the hypothesis that treatment with eculizumab
reduces the incidence of CKD following Shiga-toxin-producing E. coli haemolytic uraemic syndrome.

Objectives of the mechanistic substudies
The mechanistic component of the trial had the following objectives:

e to investigate the time course of systemic complement activation in Shiga-toxin-producing E. coli
haemolytic uraemic syndrome and its relation to the severity of disease

e to determine whether thrombotic microangiopathy (TMA) in Shiga-toxin-producing E. coli haemolytic
uraemic syndrome occurs via a Shiga-toxin-mediated reduction in podocyte vascular endothelial
growth factor (VEGF) production, leading to loss of complement regulation
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SCIENTIFIC SUMMARY

e to test whether neutrophils derived from patients with acute Shiga-toxin-producing E. coli haemolytic
uraemic syndrome deliver Shiga toxin to podocytes

e to assess whether any genetic variations in patients with Shiga-toxin-producing E. coli haemolytic
uraemic syndrome point to novel pathogenic mechanisms.

Methods

Design

The trial was a randomised, double-blind, placebo-controlled, parallel-group trial of two doses of
eculizumab in children (aged 6 months-< 19 years) with Shiga-toxin-producing E. coli Haemolytic
Uraemic Syndrome. The trial had an internal pilot phase and included nested mechanistic laboratory
studies and a cost-effectiveness evaluation, although the latter was not undertaken following the trial
being stopped early.

The mechanistic substudies were optional; all participants in the main trial were offered the opportunity
to participate in the substudies, which involved providing blood and urine samples over the first 30 days
of the trial. Participant blood and urine samples were used to explore the evidence for, and time course
of, complement activation in this condition. Using both patient samples and an in vitro cell co-culture
model, evidence was sought to support the hypothesis that Shiga toxin causes a glomerular TMA as a
consequence of its effect on podocyte VEGF production. This included measurement of patient urine
and plasma complement factor H (CFH) and VEGF and plasma complement activation products [by both
enzyme-linked immunosorbent assay (ELISA) and a novel degradomics technique]. In the co-culture
experiments, glomerular endothelial cells were exposed to Shiga toxin in the presence and absence of
podocytes.

Setting
The trial was conducted in 12 sites in NHS hospital settings across the UK with the support of 88
Patient Identification Centres.

Participants

Informed consent was sought from parents/guardians of eligible children (those aged 6 months-< 19
years weighing 2 5 kg, with a clinical diagnosis of Shiga-toxin-producing E. coli haemolytic uraemic
syndrome, including acute kidney injury (AKI) equivalent to the ‘injury’ or ‘failure’ category of the
paediatric risk/injury/failure/loss/end criteria). Eligible young people aged 16-18 years provided their
own consent for participation in the trial, with assent from younger children if appropriate (according
to age).

Screening and randomisation

Screening began as soon as possible after a diagnosis of Shiga-toxin-producing E. coli haemolytic
uraemic syndrome was suspected. Once eligibility was confirmed and informed consent obtained, the
participants were commenced on prophylactic antibiotics, and unless contra-indicated or already
administered, participants were also vaccinated against meningococcal infection. Participants were then
randomised into the ECUSTEC trial via a secure online central randomisation system. Participants were
randomised at the level of the individual in a 1 : 1 ratio to either eculizumab or placebo, which was
commenced as soon as possible after randomisation. A minimisation algorithm was used to ensure
balance in the treatment allocation over the following variables: centre, severity of AKI and hydration
status. To avoid predictability in the randomisation, a random element was included in the minimisation
algorithm, so that each patient had a probability (unspecified here), of being randomised to the opposite
treatment that they would have otherwise received.
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Intervention

Each participant received two intravenous infusion doses of either eculizumab (dose according to first
two doses of induction regimen for atypical haemolytic uraemic syndrome) or placebo. The first dose
was given as soon as possible after randomisation (designated day 1), with the second dose given 7 days
later (i.e. on day 8). They also received vaccination against meningococcal disease and an 8-week course
of antibiotic prophylaxis. The participants, parents/guardians, clinical staff and research teams were blind
to randomised treatment allocation throughout the study.

Outcome measures

Primary

The ECUSTEC clinical severity score (CSS), a purpose-developed, multidomain score comprising severity
of AKI and extrarenal events. A single score is assigned at day 60 to reflect cumulative morbidity up until
that point. The score ranges from 1 to 69 with higher scores indicating greater disease severity.

Secondary

Overall survival.

Duration of renal replacement therapy (days).

Duration of thrombocytopenia (number of consecutive days until platelet count > 150 x 107/1).

Duration of haemolysis (number of days until lactate dehydrogenase within local centre

reference range).

e Number of packed red blood cell transfusions required and volume (ml/kg).

e Duration markers of inflammation present (number of days until neutrophil cell count and C-reactive
protein are in normal range for that centre).

e Persistent neurological defect at day 60 measured by structured expert assessment to include central
nervous system examination, vision, hearing and neuropsychological assessment.

e CKD at 52 weeks (a composite end point of the presence of hypertension, albuminuria or estimated
glomerular filtration rate (eGFR) < 90 ml/minute/1.73 m? at 52 weeks).

e eGFR measurement using a centralised cystatin C assay at 52 weeks.

Mechanistic studies

e Urine CFH levels.

e Urine VEGF levels.

e Presence of urine markers of podocyte damage (nephrin and Wilms tumour-1).

e Plasma VEGF and factor H levels.

e Plasma complement activation products (Bb, C3a, C4a and sC5b9 by ELISA and C3 and C4 activation
markers by degradomics).

e Glomerular endothelial surface levels of factor H and C3d (a marker of complement activation) in a
co-culture models of human conditionally immortalised podocytes and glomerular endothelial cells
exposed to Shiga toxin.

o Whole exome sequencing and serum anti-factor H antibody levels.

Results

The target sample size was 134 participants, but recruitment was stopped early due to low recruitment
and the impact of the COVID-19 pandemic. At the point the trial was stopped, 108 children had been
screened for participation, of whom 87 were deemed eligible to participate. Thirty-six children were
consented and randomised; 17 were randomised to eculizumab and 19 were randomised to placebo.
One participant withdrew from the trial and one participant died. The majority of baseline data of the
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participants were comparable across the two groups; however, the participants in the placebo group
were slightly older and consequently heavier than those in the eculizumab group.

Reasons for slow recruitment included a fall in the incidence of Shiga-toxin-producing E. coli haemolytic
uraemic syndrome during the trial period (up to a 37% reduction) and a lack of out-of-hours
infrastructure for undertaking acute interventional clinical trials in children.

The mean CSS at day 60 for participants randomised to eculizumab was 11.5 [standard deviation (SD)
8.4] compared to 14.6 (SD 7.7) for participants randomised to placebo [adjusted mean difference: -2.5,
95% confidence interval (Cl) =7.8 to 2.8, p = 0.3]. Five participants (three eculizumab, two placebo)
experienced an adverse event, and there were seven serious adverse events (SAEs) in six participants
(five eculizumab, one placebo). None of the SAEs were considered related to the trial treatment.

Mechanistic substudies

Of the 36 participants recruited to the main trial, 32 consented to take part in the mechanistic studies
and provided blood and/or urine samples. In anuric patients, only blood samples were collected.

Urine factor H and vascular endothelial growth factor levels in serial samples
The highest urine factor H levels were at day 1 (150 ng/ml), diminishing by day 4 (30 ng/ml), and
completely normalising by day 30 (undetectable).

The highest urine VEGF levels were at day 1 (average 1300 ng/ml) and by day 30 the levels were below
20 ng/ml.

Markers of podocyte damage
Western blots of urine cell pellets showed acute podocyte loss during active disease, which recovered
by day 8.

Plasma factor H and vascular endothelial growth factor levels
No difference was seen for plasma levels of either factor H or VEGF at day 1 or day 30.

Plasma degradomics analysis
In a sample of five patients, N-termini consistent with complement C3 and C4 activation were much
more abundant at day 1 compared with day 3.

In vitro cell co-culture

In response to Shiga toxin, there was a reduction in glomerular endothelial factor H levels, accompanied
by evidence of complement activation (increased C3d levels) and this was critically dependent on the
presence of podocytes. Shiga toxin had no effect when added to endothelial cells alone.

Plasma complement activation products

Mean plasma levels of Bb were elevated in both groups at baseline (4.38 mcg/ml in the eculizumab
group and 10.38 mcg/ml in the placebo group, normal range 0.48-1.62 mcg/ml). They were also
elevated at day 2 (5.91 mcg/ml in the eculizumab group and 4.09 mcg/ml in the placebo group) and day
4 (4.90 mcg/ml in the eculizumab group and 3.16 mcg/ml in the placebo group). At day 6 and day 8, Bb
levels remained elevated in the placebo group (6.21 and 3.47 mcg/ml respectively) but were normal in
the eculizumab group. In both groups, mean Bb levels were in the normal range at day 30.
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Mean plasma levels of C3a were elevated in both groups at baseline and at days 2 and 4. At days 6 and
8, mean levels remained elevated in the placebo group while mean levels in the eculizumab group were
in the normal range. Levels were in the normal range for both groups by day 30.

Mean plasma levels of C4a were elevated at all time points in both groups but fell significantly at day 30.
Mean levels were 3852, 3026, 3423, 3067, 3425 and 1623 ng/ml at days 1, 2, 4, 6, 8 and 30 in the
eculizumab group (normal range 110-699 ng/ml) and 3970, 3573, 2673, 4348, 2844 and 1992 ng/ml at
the same respective time points in the placebo group.

Mean plasma levels of sC5b9 were normal in both groups at all time points with the exception of day 4
and day 6 in the placebo group, which were elevated (487 and 514 ng/ml respectively, normal range
95-467 ng/ml).

In the placebo group, a linear relationship was not established between CSS and baseline Bb (r = 0.43,
p=0.2); C3a(r=-0.16,p = 0.7); C4a (r = 0.15, p = 0.7) or sC5b9 (r = -0.17, p = 0.7). Similarly, a linear
relationship was not established between CSS and the maximum value of Bb (r = 0.45, p = 0.1); C3a
(r=0.15,p=0.6); C4a(r=0.23,p = 0.4) or sC5b9 (r = -0.22, p = 0.5).

Delivery of Shiga toxin to podocytes from patient-derived neutrophils
Insufficient patient samples were obtained to complete this part of the work.

Genetic variations in patients with Shiga-toxin-producing Escherichia coli haemolytic
uraemic syndrome
Data from whole exome sequencing have been obtained and analysis is ongoing.

Conclusions

In children with Shiga-toxin-producing E. coli haemolytic uraemic syndrome, the mean CSSs at day 60
were similar between those randomised to eculizumab and those randomised to placebo. However,
since the trial was stopped early and did not recruit to the planned sample size, this cannot be
interpreted as evidence of no effect. In order to deliver successful clinical trials of investigational
medicinal products in acutely unwell children, a review of out-of-hours paediatric research infrastructure
may be required.

In the mechanistic substudies, we have established that urine factor H and VEGF levels are sensitive
measures of early disease activity, and have demonstrated complement activation in patient serum using
both ELISA and sophisticated proteomics technology. Urine factor H and VEGF levels and plasma
degradomics for C3 and C4 proteins could all be further explored as new biomarkers of acute Shiga-
toxin-producing E. coli haemolytic uraemic syndrome. Our co-culture cell work has demonstrated that
podocyte cross-talk is responsible for factor H and complement activation levels on endothelial cells.
Collectively this strongly supports the mechanistic hypothesis of a complement-mediated disease driven
via the podocyte as the target cell.

Trial registration

This trial is registered as EudraCT2016-000997-39 and ISRCTN89553116.
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Chapter 1 Introduction

Clinical background

Shiga-toxin-producing Escherichia coli haemolytic uraemic syndrome (STEC HUS) is the most common
single cause of paediatric acute kidney injury (AKI), and affects approximately 100 UK children

each year.! The hallmark features of HUS are a triad of microangiopathic haemolytic anaemia,
thrombocytopenia and AKI.2 This clinical presentation occurs due to acute thrombotic microangiopathy
(TMA), most commonly in the renal microvasculature. STEC HUS has a 2-3% mortality rate and
considerable morbidity, with 50-60% of children requiring renal replacement therapy (RRT).
Approximately 20-25% of children with STEC HUS develop severe disease with extrarenal involvement,
including colonic necrosis and perforation (requiring laparotomy and bowel resection), central nervous
system (CNS) disturbance including seizures, focal neurological defects and coma, pancreatitis (including
temporary or permanent glucose intolerance) and myocardial dysfunction (including infarction).® While
not as common as renal involvement, neurological dysfunction represents the major cause of mortality
in HUS.47

Luna et al. described the phenotype of the most critically ill children with STEC HUS presenting to

a single centre in Argentina over a 15-year period.® From a total cohort of 362 patients, the report
focuses on the 44 patients (12%) with severe disease. These were patients who had required admission
to the paediatric intensive care unit (PICU) within 2 days of presentation for indications including
haemodynamic instability, and severe multiorgan involvement (one or more of the following conditions:
major neurological involvement, serious gastrointestinal, cardiovascular, respiratory complications and/
or sepsis). Most of these critically ill patients (84%) received therapeutic plasma exchange. The mortality
rate was 12/362 (3.3%) in the whole cohort, and all those who died were from the critically ill group
(12/44; 27%). The 32 surviving critically ill patients were followed up prospectively. Eleven of the 32
(34%) survivors had significant neurological sequelae (3% of the whole cohort), and 5 (16%) had reached
end-stage kidney disease at last follow-up - no later than 15 years of age (1.4% of the whole cohort).

This and other reports reveal that long-term complications such as chronic kidney disease (CKD) or
more rarely permanent brain injury occur in up to one-third of survivors of STEC HUS.? A meta-analysis
demonstrated that 12% of patients with STEC HUS died or developed end-stage kidney disease by

4.4 years of follow-up, with long-term sequelae [hypertension, proteinuria, impaired glomerular filtration
rate (GFR)] in approximately 25% of survivors.” Consequently, all cases require lifelong renal follow-up.

Pathophysiology of Shiga-toxin-producing Escherichia coli haemolytic
uraemic syndrome

Shiga-toxin-producing E. coli infection usually occurs as a result of ingestion of contaminated food or
water.1® STEC colonise the intestinal mucosa, adhere to colonic enterocytes and produce Shiga toxin
(stx).'* The main cellular target for stx is the Globotriaosylceramide (Gb3) receptor located on the
microvascular endothelium within the brain, gut and kidney.? Once bound to Gb3, stx enters the cell
and inhibits ribosomal activity, leading to activation of apoptotic pathways, induction of inflammatory
cytokines and cellular necrosis.'? All these processes lead to the generation of a pro-inflammatory
environment within the microvasculature.

The field of HUS has been transformed through the delineation of causative genes for the closely related
condition, atypical haemolytic uraemic syndrome (aHUS).'® aHUS describes patients with HUS without
STEC infection, approximately 60% of whom have defects of the alternative complement pathway.
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The alternative complement pathway, part of the innate immune system, is described further in

Chapter 4.1 Following activation of the pathway by cleavage of the complement protein C3, the final
product is a pore-like structure, the membrane attack complex (MAC), which is a complex of complement
proteins C5, C6, C7, C8 and C9. This structure forms a permeable pore in the cell membrane leading

to cell lysis. Damage to host cells from over-activity of the pathway is prevented by regulator proteins.
Failure of complement regulation is the key pathogenic factor in the development of aHUS.

The role of complement in Shiga-toxin-producing Escherichia coli haemolytic
uraemic syndrome

While there is clear evidence that stx mediates glomerular endothelial TMA,** there is increasingly
compelling evidence that complement plays a role in the pathogenesis of STEC HUS. Complement
activation was first observed in STEC HUS over 30 years ago, when it was demonstrated that children
with STEC HUS had higher plasma levels of alternative complement activation products.'®” Patients
with STEC HUS may exhibit transiently low plasma complement C3 levels during acute disease,

which return to normal during convalescence, indicating complement activation and consumption.
Low admission plasma C3 levels have repeatedly been shown to correlate with several measures of
disease severity including dialysis requirement, neurological and other extrarenal complications, PICU
admission and length of hospitalisation.'®-2° Adding to evidence for complement activation, serum
complement activation products are elevated in the acute phase and correlate with disease severity.?1-2
Further evidence of complement involvement in STEC HUS is supported by the presence of circulating
complement-containing microvesicles from platelets, leucocytes and erythrocytes in individuals with
STEC HUS,?*?> suggesting a direct interaction between these cells and complement.

Results from animal studies are mixed. In a murine model of STEC HUS, complement blockade was
protective against severe disease.?¢ In contrast, no evidence of complement activation was detected in
a nonhuman primate model of STEC HUS.?” A mouse model that recapitulates STEC HUS was recently
developed by targeting stx to the glomerular podocyte by exclusively expressing the Gb3 receptor on
this cell type.?® In this model, inhibition of the terminal complement pathway by C5 blockade prior to stx
exposure prevented the development of STEC HUS, although no data is currently available regarding
rescue C5 inhibition treatment.

Treatment of Shiga-toxin-producing Escherichia coli haemolytic uraemic syndrome

Children with confirmed or suspected STEC HUS are managed with supportive therapy (as reviewed

by Walsh),2 including blood transfusion, nutritional support, RRT and PICU support if required. Despite
numerous attempts, many previous studies have failed to demonstrate improved short-term or long-term
outcomes in STEC HUS with interventions such as anticoagulation, plasma infusion, corticosteroids or oral
therapy with a stx-binding agent.?” Therapeutic plasma exchange has been used to treat severe STEC HUS,
usually with extrarenal manifestations, based upon the rationale that it might remove proinflammatory
cytokines and prothrombotic factors.”830-33 However, no definitive answers concerning its efficacy can be
given within the available evidence. There is emerging evidence that early volume expansion with 0.9%
saline may reduce the incidence of oligoanuria in STEC HUS and the need for RRT.34-%”

Eculizumab in Shiga-toxin-producing Escherichia coli haemolytic uraemic syndrome
Eculizumab is a humanised monoclonal antibody that binds to C5, preventing formation of the MAC.%®
Eculizumab was first approved for use in aHUS in 2011. Eculizumab is highly effective for the treatment

of aHUS in both adults and children®-#! with transformational outcomes. Given the evidence for
complement in the pathogenesis in STEC HUS, several authors have reported the experimental use
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of eculizumab in STEC HUS. In May 2011, Lapeyraque et al. described the use of eculizumab in three
children with STEC HUS who had severe CNS involvement,*? all of whom showed dramatic resolution of
CNS symptoms.

Including that 2011 report, a total of 30 publications have reported the use of eculizumab in STEC HUS
outside of randomised controlled trials®17323342-¢7 including 1 prospective study,* 10 retrospective
cohort studies,?324344:48.30,38.59.6263 9 retrospective case control studies,?3¢! 8 case series®4249.55:57.60.6567 and
9 individual case reports.#>#7:51-54636466 Together, the 30 reports contain details of the use of eculizumab
in 450 patients with a diagnosis of confirmed or suspected STEC HUS. From careful analysis of the
papers, it is likely that five of these patients (all children) are doubly reported - three patients within

two overlapping cohorts have the same age, STEC serotype and neurological score,*%® and two patients
were reported within a paper focusing on neurological involvement,>> who had previously been reported
in an earlier paper.*® Therefore, data are available on 445 patients.

Of these 445 patients, 307 were adults, including 268 who were among over 800 cases of STEC HUS
that occurred in several European countries, mainly Germany, in 2011.32%%44 This outbreak was later
found to be caused by a novel STEC serotype (H4:0104). Most of these adult patients (n = 198) were
treated as part of a single-arm trial of the safety and efficacy of eculizumab in STEC HUS, which was
rapidly convened by the drug manufacturer, with participants receiving up to six doses of eculizumab
(www.clinicaltrials.gov/ct2/show/NCT01410916). The results of this trial were not published as a single
report - instead data on most of the patients are contained within several reports.3233444849.55 These
reports also contain data on patients who were treated off-label with eculizumab, which was provided
for compassionate use by the manufacturer outside of the clinical trial, and it is not always possible to
separate those within the industry trial from those treated off-label. The indications for treatment of
patients with eculizumab were broad and varied; however, it was often given after the development of
neurological symptoms or other extrarenal manifestations. Reporting of these patients focussed mainly
upon survival in the acute phase.

In the largest study to emerge from the outbreak, Kielstein et al. performed a retrospective cohort
analysis in 491 patients comparing the effectiveness of best supportive care (57 patients) with
therapeutic plasma exchange (241 patients) and therapeutic plasma exchange with eculizumab (193
patients).’? The authors used propensity scoring to address differences in disease severity between
treatment groups. They found no significant difference in survival, neurological and renal outcomes
between the three groups. In another study from the 2011 outbreak, Menne et al. performed a
retrospective multicentre case control study on 298 adult patients with STEC-HUS, including 67
patients treated with eculizumab.?® These patients were compared with a control group of 65
patients with similar disease severity who did not receive eculizumab. No statistically significant
difference was noted between the groups for improvements in platelet count, lactate dehydrogenase
(LDH), creatinine or haemoglobin. The rate of complications - including hypertension, chronic renal
impairment, diabetes mellitus and neurological and psychiatric disease - was also similar between the
two groups. These studies had several limitations - patients were not randomised and the timing of
eculizumab administration was highly variable, often over a week after the onset of HUS. Long-term
outcome data were also not presented. With these caveats, the data from these largest retrospective
studies suggested that treatment with eculizumab did not result in significant improvement in
haematological, renal or neurological outcome in adult patients with STEC HUS. In addition to the adult
patients reported in these studies, 14 children who received eculizumab during the same outbreak
have also been reported,*4484%5> most of whom were treated with eculizumab because of severe
neurological involvement.

Although the data from the large studies that arose from the German outbreak did not suggest improved
outcomes with eculizumab treatment, its continued use has been reported in both adults and children
with severe STEC HUS. To date, the use of eculizumab has been reported in 138 children with STEC
HUS in 26 papers outside of randomised controlled trials and these are summarised in Table 1.
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TABLE 1 Summary of papers reporting use of eculizumab in children with STEC HUS

Renal sequelae
at last follow-

Patients
Eculizumab CNS
STEC serotype (n) firstline? sequelae

Eculizumab
regime

< 18 years Indication for
(n) eculizumab

Cholestasis Infections

NOILONAOYLNI

yn-oeayiuAlelqiisjeuinofmmm Aleiqr sjeunor YHIN

Lapeyraque 2011 3 CNS Not reported Not specified 1/2 0/3 0/3 2/3 Not Not reported
reported
Gitiaux 2013 7 CNS Not reported 0157 (3); 0121 5/7 2/7 0/5 3/5 Not Not reported
(2): 026 (1) reported
Loos, 2012, 13 CNS As per 2011 0104 6/13 1/13 8/9 Not reported Not Not reported
Bauer 2014 industry trial reported
Delmas 2014 1 Main organ As per 2011 0104 1/1 0/1 0/1 0/1 Not Not reported
involvement® industry trial reported
Ekinci 2014 2 CNS As per 2011  Not specified 1/2 0/2 0/2 2/2 Not Not reported
industry trial reported
Pape 2015 11(9F CNS As per 2011  Not specified 11/11: 1/11: 2/10: Not reported Not Not reported
industry trial 9/9¢ 1/9¢  2/8¢ reported
(2)°
Saini 2015 1 CNS Multiple 0157 0/1 1/1 N/A N/A Not Not reported
doses reported
Wijnsma 2017 1 Suspected aHUS Single dose 080 1/1 1/1 N/A N/A 1/ Not reported
Rasa 2017 1 CNS 3 doses 0157 1/1 0/1 0/1 1/1 Not Not reported
reported
Matthies 2016 2 CNS (1) Cardiac (1) Not reported Not specified 1/2 0/2 1/2 1/1 1/1f Not reported
Percheron 2018 33 Severe STEC HUSs Variable Not specified 21/33 4/33 5/24 12/19h Not Staphylococcal
guided by reported septicemia (1) severe
CH50 chicken pox (1)
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TABLE 1 Summary of papers reporting use of eculizumab in children with STEC HUS (continued)

Patients Renal sequelae
< 18 years Indication for Eculizumab Eculizumab CNS at last follow-
Author (n) eculizumab regime STEC serotype (n) firstline? sequelae Cholestasis Infections
Agbas 2018 9 Prolonged anuria and Not reported 0104 and O157°  9/9 1/9 8/8 5/8 Not Sepsis due to Gram-
severe haematological or reported negative bacillus’

extrarenal involvement

Keenswijk 2018 1 CNS Single dose 0157 0/1 0/1 1/1 0/1 Not Not reported
reported

Giordano 2019 5 CNS 2 doses 026(3); 0111 (2) Not 0/5 1/5 1/5 Not Not reported
specified reported

Mauras 2019 3 CNS (2) Suspected 1,20r3 026 (2); 0145/ 3/3 0/3 0/3 3/3 3/3k Not reported

aHUS (1) doses 080 (1)

Konopasek 2022 4 CNS Single dose 0157 (1); 026 (1); 4/4 1/4 0/3 2/3 Not Not reported
nt (2) reported

Netti 2020 10(7)¢ CNS Not reported 0111 (2:1);; 026 5/10:3/7¢ 1/10: Not Not reported Not Not reported
(5:3); 0157 (2); 1/7¢  reported reported

0103 (1)

Monet- 2020 18 Severe STEC HUS' As per 2011  Not specified 18/18 0/18 4/10 13/13 Not Not reported

Didailler industry trial reported

up to 5 doses

Costigan 2022 8 CNS Not reported  Not specified 5/8 1/8 1/7 Not reported Not Not reported
reported

Balestracci 2021 1 CNS Single dose 0157 1/2 0/1 0/1 Not reported Not Not reported
reported

Yesilbas 2021 1 Cardiac Single dose Not specified 0/1 0/1 0/1 Not reported 1/1m Not reported

Umscheid 2021 1 CNS 8 weeks 0157 1/1 0/1 0/1 1/1 0/1 Not reported

Santangelo 2021 2 CNS 2 doses 0111 (2) 2/2 0/2 2/2 Not reported 0/2 Not reported
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TABLE 1 Summary of papers reporting use of eculizumab in children with STEC HUS (continued)

Patients Renal sequelae
< 18 years Indication for Eculizumab Eculizumab CNS at last follow-
Author (n) eculizumab regime STEC serotype (n) firstline? Died sequelae up? Cholestasis Infections
Weber 2021 1 CNS 2 doses Not specified 1/1 0/1 1/1 Not reported Not Fever
reported
Wildes 2022 1 CNS 2 doses 026 (2); 045 (2) 4/4 0/4 0/4 0/4 Not Not reported
reported

eGFR, estimated glomerular filtration rate; nt, non-typable; pRIFLE, paediatric risk/injury/failure/loss/end-stage definition ofacute kidney injury.

a Data are presented for the whole eculizumab treated group rather than by individual patients and it is not possible to determine the proportion free of renal sequelae.

b STEC HUS-related main organ involvement was defined by the following criteria: (1) neurological involvement: coma, seizures, psychiatric or other neurological signs, (2) heart: serum

troponin C levels above normal, abnormal findings on ECG, (3) liver: serum transaminase or gamma-glutamyl transpeptidase levels above normal, (4) pancreas: serum lipase levels

above normal and (5) skin: vasculitic purpura not related to thrombocytopenia.

Number in parenthesis excludes previously reported cases; 2/11 children reported by Pape*’ were previously reported by Bauer (2014),%> and 3/10 children reported by Netti (2020)*

were previously reported by Giordano (2018).%®

Two as per 2011 industry trial, others received eculizumab as long as CNS symptoms and active HUS, according to standard aHUS regime.

Number reported: number after previously reported cases removed.

Required liver transplant.

Severe form of STEC HUS was arbitrarily defined by the association of AKI (defined by an eGFR < 35 ml/minute/1.73 m? according to the pRIFLE classification) (27) with acute

pancreatitis, and/or neurological manifestations of TMA (seizures, focalisation signs, coma) and/or cardiac failure.

Twelve patients had eGFR < 60 ml/minute/1.73 m? and 9 patients had significant proteinuria/albuminuria, not clear of overlap between these groups.

Proportion not specified.

j Patient died.

k Two patients required liver transplant and one recovered.

| STEC HUS with neurological involvement, cardiac injury (elevated troponin, ECG or echocardiographic abnormalities), pulmonary oedema, severe pancreatitis (lipase > 3 times the
upper limit of normal) and severe enterocolitis associated with persistent renal failure despite 4 days of RRT.

m Recovery without liver transplant.
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In these children, the indication for eculizumab treatment was purely CNS involvement in 79/138
patients, purely cardiac involvement in 1/138 patient and multisystem TMA (not always specified and
including severe haemolysis in some) in 52/138 patients. Two patients received eculizumab due to a
possible diagnosis of aHUS and one patient had HUS with no specific features of severity. The indication
was unknown in 3/138 patients. E. coli serotypes were: 0157 in 11 patients, 0104 in 14 patients;

026 in 12 patients; O111 in 5 patients; O121 in 2 patients; other in 5 patients and the serotype

was unknown or not specified in 89 patients. The eculizumab dosing regimen given to the patients

was highly variable. Forty-five patients received eculizumab according to the regime in the industry-
sponsored trial, but some of these received a shortened course if the haematological features settled.
Fourteen patients had a single dose, 13 patients had 2 doses, 2 patients had 3 doses, one patient
received 8 weeks' treatment and 28 patients had a regime of multiple doses (up to 9 infusions) guided by
haemolytic activity (CH50). The regime was not stated in 37 patients. Ninety-eight of the 138 patients
received eculizumab as the first line treatment, while 35 patients received eculizumab following a
variable length course of therapeutic plasma exchange. In five patients this information was not known.

Following eculizumab treatment for STEC HUS, 14/138 (10.1%) children are reported to have died. Of
the surviving 124 patients, CNS outcome was unknown in 25 patients. For those in whom the outcome
was known, 77/99 (77.8%) had a normal CNS outcome following treatment with eculizumab and 22/99
(22.2%) had an abnormal CNS outcome. It should be noted that not all of the patients who received
eculizumab had CNS involvement, but the data do not permit further examination. As in the first report
on the use of eculizumab,*? it is noteworthy in several reports that the improvement in neurological
symptoms occurred rapidly following the first dose of eculizumab.*?52545759

Data regarding renal outcome were reported for only 57 of the 124 surviving patients. In these 57
patients, there were no renal sequelae at last follow-up in 24 patients (42.1%) and 33 patients (57.9%)
had CKD, proteinuria or hypertension, including 2/57 (3.5%) who were known to have developed end-
stage kidney disease at last follow-up.

The two largest paediatric studies discussed above are presented in more detail below.>*¢! The largest
paediatric cohort to date involved 33 children with STEC HUS treated with eculizumab at 15 French
centres.”® The authors divided patients based upon their outcome; favourable (n = 15) and unfavourable
(n = 18) - meaning death or persistent neurological abnormalities or elevated pancreatic enzymes or
estimated glomerular filtration rate (€GFR) < 60 ml/minute/1.73 m? or proteinuria > 0.1 g/mmol at last
follow-up. Baseline characteristics were comparable. The main finding was that patients who reached
complete complement blockade (assessed by CH50 activity prior to the second dose of eculizumab)
were more likely to be in the favourable outcome group compared with those who did not reach
complete blockade. However, this did not reach statistical significance (p = 0.12), which investigators
contributed to the small size of the cohort.

Monet-Didailler reported 18 children treated with eculizumab for STEC HUS in a single centre and
compared them with a historical matched control group (for age, sex, severity of renal impairment) of 36
children who did not receive eculizumab.é! The groups were not matched with regard to neurological,
cardiac and gastrointestinal complications. Indications for use of eculizumab included severe
neurological involvement, cardiac injury, pulmonary oedema, severe pancreatitis and severe enterocolitis
associated with persistent renal failure despite 4 days of RRT. After both short-term (1 month) and
longer-term (12 months) follow-up, the evolution of haematological and renal parameters did not differ
between the groups. Four of 10 children with CNS involvement who were treated with eculizumab
showed long-term neurological sequelae compared to one of nine untreated patients. The authors
concluded that it was not possible to determine the efficacy of eculizumab because of the retrospective
observational design of the study.

In summary, the published evidence from large case-control and cohort studies in adult patients does
not suggest that eculizumab improves haematological, renal or neurological outcome in STEC HUS.
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INTRODUCTION

In paediatric patients, a number of small cohorts, case reports and case series do report spontaneous
resolution of clinical symptoms, but the absence of controlled studies makes it difficult to interpret
whether this improvement in clinical status is due to administration of eculizumab or due to the highly
variable natural history of STEC HUS, including spontaneous resolution of clinical symptoms.

Safety of eculizumab in children with Shiga-toxin-producing Escherichia coli
haemolytic uraemic syndrome

Eculizumab is licensed for children = 5 kg with aHUS. The eculizumab doses administered within the
Eculizumab in Shiga-toxin-producing Escherichia coli Haemolytic Uraemic Syndrome (ECUSTEC)

trial were the same as those given in the Summary of Product Characteristics for aHUS.¢® As such,
eculizumab for STEC HUS was a re-purposed intervention and the safety profile in the trial age group
was well established. According to pharmacokinetic data, two doses of eculizumab result in complement
blockade for at least 14 days, which corresponds to the timing of complement activation in STEC
HUS.?2 Eculizumab is currently indicated for chronic administration in aHUS. Since STEC HUS is an
acute disorder, and evidence shows that complement activation is transient,?? there is no rationale for
chronic administration.

The most important side effect of treatment with eculizumab is an increase in the risk of infection
with encapsulated organisms, in particular Neisseria meningitidis (meningococcus). Long-term
pharmacovigilance has quantified this risk as approximately 0.25 cases of meningococcal disease per
100 patient years of eculizumab use.®’

Generally, there have been few safety concerns following the use of eculizumab in STEC HUS. However,
of the 138 children who have been reported to have received eculizumab in STEC HUS outside

of clinical trials, 6 have developed significant cholestasis.®>3¢0¢3 Of these six patients, three have
subsequently undergone liver transplant,®¢° and one died from liver failure.>® Pathological examination
of the native liver in one of these cases found TMA, but the authors could not completely rule out

that eculizumab may have worsened the liver lesions. Interestingly, a 2-year-old child with STEC

HUS (serotype O157) was reported to have developed secondary sclerosing cholangitis and portal
hypertension as a late complication, without use of eculizumab.” Serious infections have been reported
in three patients (including one death from Gram-negative bacterial sepsis,*® one case of staphylococcal
septicaemia and one case of severe varicella zoster infection).”® No cases of meningococcal disease in
patients with STEC HUS treated with eculizumab have been reported.

Rationale for the ECUSTEC trial

The use of eculizumab for the treatment of severe STEC HUS has been increasing internationally,
without objective evidence of efficacy or safety, and at a significant cost to the NHS and other
healthcare systems. A single dose of eculizumab costs between £3000 and £9000 (although the
availability of biosimilar drugs may reduce this cost), and most publications have reported a multiple
dose regimen. Until recently, there were no published prospective, controlled evaluations of eculizumab
in STEC HUS. There was therefore a need to evaluate the efficacy and safety of eculizumab in children
with STEC HUS in a prospective randomised controlled trial (RCT). Two recent trials have attempted

to do this - the UK ECUSTEC trial (reported here) and the French Eculizumab in Shiga-toxin Related
Hemolytic and Uremic Syndrome Paediatric Patients (ECULISHU) trial. The trials ran simultaneously
and the results of the ECULISHU trial have recently been reported.” In the phase 3 RCT, 100

children were randomised to treatment with eculizumab or placebo. Patients with severe multi-organ
involvement were excluded. Four patients in the placebo group were withdrawn and subsequently
received eculizumab. There was no difference between treatment groups in the proportion of children
who required renal replacement therapy 48 hours after randomisation. In addition, no differences
between groups were seen in the secondary outcome measures of extra-renal manifestations, duration
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of hospitalisation and mortality. During follow-up, there was a slight difference in the proportion

who exhibited renal sequelae at 12 months post-randomisation (20 patients in the eculizumab group
(43.48%) and 29 patients (64.44%) in the placebo group (P = 0.04). The authors concluded that
eculizumab seemed to have no impact on the course of AKl in this cohort of patients with relatively mild
disease and interpreted the 12-month follow-up data with caution. No data have been published which
include the role of eculizumab in patients with severe manifesations of disease in an RCT setting.

There are several important differences in the study design of the ECUSTEC and ECULISHU trials as
shown in Table 2. ECULISHU was a single-blind RCT that examined whether giving three to five doses
of eculizumab reduced the severity of renal disease in children with STEC HUS, but without extrarenal
involvement. In contrast, ECUSTEC is a double-blind RCT comparing two doses of eculizumab (as

per the first two doses of the aHUS schedule) in patients with severe extrarenal disease. In both

trials, eculizumab was administered early in the disease course (corresponding with the peak of
complement activation according to experimental data). This is in contrast with many of the previous
retrospective studies where eculizumab was administered late in the disease process and after other
therapeutic strategies. In 2013, the Clinical Studies Group of the British Association for Paediatric
Nephrology, including parent representatives, identified eculizumab in STEC HUS as one of its highest
research priorities.

Clinical research questions
In children aged 6 months-< 19 years:

Does eculizumab reduce the severity of STEC HUS compared with placebo?

What is the safety profile of eculizumab in STEC HUS?

Does eculizumab reduce the incidence of CKD following STEC HUS compared with placebo?

To evaluate the cost-effectiveness of administration of eculizumab in STEC HUS from the perspec-
tive of the NHS.

AP

Mechanistic substudy research questions

1. What is the time course of systemic complement activation in STEC HUS and is it related to the
severity of disease?

2. Does TMA in STEC HUS occur via a stx-mediated reduction in podocyte vascular endothelial
growth factor (VEGF) production, leading to loss of complement regulation?

3. Do STEC HUS patient neutrophils deliver stx to podocytes?

4. Are there genetic variations in patients with STEC HUS that point to novel pathogenic mechanisms?

TABLE 2 Comparison of the ECULISHU and ECUSTEC trials

ECULISHU ECUSTEC

Blinding of parents/carers and clinical team Single blinded Double blinded
Extrarenal manifestations Not eligible Eligible
Number of doses of eculizumab Three to five Two
Eculizumab for patients in control group who Yes No

develop severe disease

Primary outcome measure Renal only - absence of dialysis requirement Multidomain CSS
48 hours after randomisation

CSS, clinical severity score.
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Chapter 2 Methods

Trial design

The trial was a multicentre randomised, double-blind, placebo-controlled, parallel-group trial of two
doses of eculizumab in children (aged 6 months-< 19 years) with STEC HUS. The trial had an internal
pilot phase and included nested mechanistic laboratory studies and a cost-effectiveness elevation,
although the latter was not undertaken following the trial being stopped early. The trial had a favourable
ethics opinion from the North East - Newcastle and North Tyneside 1 Research Ethics Committee (REC
reference number 16/NE/0325, date of approval 23/01/2017). The full trial protocol can be accessed
at www.birmingham.ac.uk/research/bctu/trials/renal/ecustec/index.aspx (last accessed 13 July 2022). A
summary of protocol amendments during the course of the trial is given in Appendix 1.

Internal pilot and stopping rules

The trial included an internal pilot phase of 18 months (12 months recruitment, 6 months follow-up),
the purpose of which was to determine whether the substantive trial would continue. At the end of the
pilot phase, the following progression rules were used to guide the decision process as to whether the
trial continued:

e that 26 participants were recruited in 12 months

e that 20 of the 26 recruited participants (i.e. 10 of 13 participants in each group) received the planned
2 doses of trial treatments as per the trial protocol

e that at least 22 of the 26 recruited participants had completed 26 weeks follow-up including the
completion of the primary outcome at 60 days

e that the independent Data Monitoring Committee (DMC) had reviewed the safety and efficacy data
on the first 26 participants, and did not identify any tolerability or safety concerns

e that the DMC were satisfied there was sufficient evidence to continue the trial based on the interim
data and a futility analysis of the primary outcome.

Recruitment

Trial participants were recruited from paediatric nephrology units in 12 participating NHS sites across
the UK, with the support of 88 Patient Identification Centres (PIC). Because the intervention needed

to be given early in the disease course, screening began as soon as possible after a diagnosis of STEC
HUS was suspected. If potential participants were receiving care at a PIC, their parents/guardians were
provided with a brief participant information sheet prior to transfer for clinical care at a paediatric
nephrology unit. At an appropriate time after transfer to the paediatric nephrology unit, if potential
participants fulfilled the eligibility criteria, they were referred, with their parent/guardian’s permission, to
the local research teams by their attending paediatric nephrologist. This plan of approach was made in
conjunction with parents who had experience of having a child with STEC HUS.

Once eligibility was confirmed, parents/guardians/patients were approached, with permission, by
researchers who were trained in Good Clinical Practice and specifically in taking consent for this trial.
Parents/guardians were provided with a participant information sheet. Age-appropriate information
sheets for children and young people were also available. The patient-facing documents were
co-designed with parents of children who had experienced STEC HUS. Parents/guardians/patients
were reassured that declining participation would not affect their child’s/their normal clinical care, and
that they could withdraw from the trial at any point without this affecting their child’s/their care. Time
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was given to consider their involvement. If parents/guardians and, where (age) appropriate, potential
participants agreed to participate in the clinical trial, written, informed consent was sought. Eligible
young people aged 16-18 years provided their own consent for participation in the trial, with assent
from younger children if appropriate (according to age). The mechanistic substudies were optional,
all participants in the main trial were offered the opportunity to participate in the substudies, which
involved providing blood and urine samples over the first 30 days of the trial.

Eligibility criteria

Participants were assessed for eligibility by an appropriately trained doctor. The participants needed to
meet the following inclusion criteria:

1. Aged 6 months < 19 years.
2. Weight = 5 kg.
3. Diagnosis of HUS:
a. Micro-angiopathic haemolytic anaemia (indicated by fragmented red cells on blood film OR
plasma LDH above local centre reference range).
AND
b. Thrombocytopenia (platelets < 150 x 107/1). (If the patient had received a platelet infusion prior
to randomisation, the lowest documented platelet count prior to platelet infusion was used.)
AND
c. AKI: ‘injury’ or ‘failure’ category of paediatric risk/injury/failure/loss/end-stage definition
ofacute kidney injury (pRIFLE) criteria [The eGFR for use in the pRIFLE criteria’ was calculated
either from serum creatinine measured at the referring hospital or at the renal unit using the
modified Schwartz formula: eGFR = height (cm) x 36.5/plasma creatinine (umol/l).”® If height
could not be measured this was estimated from the corresponding centile from the child’s
weight.] despite correction of hypovolaemia. [Patients who had not already received at least
10 ml/kg 0.9% saline since the diagnosis of STEC HUS were given 10 ml/kg 0.9% saline or
equivalent (unless evidence of hypervolaemia) and eligibility criteria 3c was then reassessed.]

4. EITHER

e Reported diarrhoea within 14 days prior to diagnosis of HUS (defined according to World Health
Organization as ‘the passage of three or more loose or liquid stools per day - or more frequent
passage than is normal for the individual’).

OR

e Passage of blood per rectum within 14 days prior to diagnosis of HUS.

OR

e Stool culture or stx polymerase chain reaction (PCR) or STEC serology result indicating STEC in the
patient. (STEC positivity was not a prerequisite for eligibility since testing for STEC infection can
sometimes be falsely negative.)

OR

e Stool culture or stx PCR or STEC serology result indicating STEC in a close contact (household
or institutional).

5. Patient intended to be able to receive trial drug within 48 hours of the on-call paediatric nephrolo-
gist formally taking over the care of the patient at the trial site providing diagnosis of HUS is met, or
within 48 hours of meeting diagnosis of HUS if not met at the time the on-call paediatric nephrolo-
gist takes over the care of the patient. Note: since the speed with which eculizumab can be admin-
istered is believed to relate to the effectiveness, the initial aim was to keep the treatment window
as short as possible. However, during the course of the trial, it became apparent that having a
short treatment window was operationally unviable and therefore subsequent amendments to the
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protocol extended the period from 36 to 48 and then to 72 hours. The 72-hour amendment was
approved, but was not be implemented due to early closure of the trial

6. Sexually active male or female patients must agree to be practising an effective, reliable and
medically approved contraceptive regimen for 6 months after enrolment.

7. Sexually active female patients have provided a negative pregnancy test < 48 hours prior to
randomisation.

8. Patient/parent/guardian reported that vaccinations are up to date according to the routine UK
(or equivalent) immunisation schedule. Note: it was required that vaccination against Haemophi-
lus influenzae type b and pneumococcus were complete. If vaccination against other organisms
e.g. MMR (measles, mumps and rubella), HPV (human papilloma virus) was incomplete, the patient
remained eligible.

9. Written informed consent obtained from the patient’s parents/guardians and written assent
obtained from patients (where age appropriate). Patients aged 16 years and above will provide their
own written consent.

The following were exclusion criteria:

family history of aHUS

previous episode of HUS

known pre-existing eGFR < 90 ml/minute/1.73 m?

known or suspected pneumococcal infection

known or suspected meningococcal infection

prior to diagnosis, patient taking a drug known to be associated with HUS, for example calcineurin

inhibitors, chemotherapy, quinine, oral contraceptive pill

7. hypersensitivity to eculizumab, murine proteins or any of the excipients listed in the Summary of
Product Characteristics

8. pregnancy or lactation

9. malignancy

10. known disseminated intravascular coagulopathy. Note: Testing of coagulation was not mandatory
for inclusion in trial.

11. refusal of consent, including consent for pregnancy testing, meningococcal vaccination or antibiotic
prophylaxis

12. currently participating in another clinical trial of an investigational medicinal product (CTIMP).

ok owbde

Randomisation method and minimisation variables

Once eligibility was confirmed and informed consent obtained, the participants were commenced

upon prophylactic antibiotics, and unless contraindicated [platelet count < 50 x 10?/1 or on systemic
anticoagulation (in which case vaccination was deferred until clinically appropriate but before
discharge)] or already administered, participants were also vaccinated against meningococcal infection.
Participants were then randomised into the ECUSTEC trial via a secure online central randomisation
system at the Birmingham Clinical Trials Unit. Participants were randomised at the level of the individual
ina 1: 1 ratio to either eculizumab or placebo, which was commenced as soon as possible after
randomisation. A minimisation algorithm was used to ensure balance in the treatment allocation over
the following variables:

e recruiting centre
e pRIFLE category (Injury or Failure category)
e volume of 0.9% saline received in the 48 hours prior to randomisation (< 20 ml/kg or > 20 ml/kg).

To avoid predictability in the randomisation, a random element was included in the minimisation
algorithm, so that each patient had a probability (unspecified here), of being randomised to the opposite
treatment that they would have otherwise received.
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Investigational medicinal product information

The investigational medicinal product (IMP) was eculizumab (Soliris®, Alexion Pharmaceuticals, Boston,
MA\) in the form of an intravenous (IV) infusion made up according to the manufacturer’s instructions,
using 0.9% saline as diluent.®® A total of two doses were administered by an appropriately trained
professional according to the dosing regimen for aHUS in paediatric patients (Table 3). The weight of the
child at randomisation was used to determine both doses. The first dose was given as soon as possible
after randomisation (designated day 1), with the second dose given 7 days later (i.e. on day 8 + 1 day).

The placebo was an equivalent volume of 0.9% saline (see Table 3) administered on day 1 and day 8.
There was no detectable difference between IMP and placebo.

All participants received meningococcal vaccination (with tetravalent N. meningitidis vaccine - Nimenrix®
or Menveo® - and Bexsero®), unless they had already been vaccinated as part of a routine immunisation
programme, and an 8-week course of prophylactic antibiotics to reduce the risk of meningococcal
infection (phenoxymethylpenicillin or erythromycin if penicillin allergy). Participants/parents/guardians
were provided with an ECUSTEC Meningitis Warning Card containing information regarding the signs
and symptoms of meningococcal disease, and were advised how to access medical care immediately if
suspected. They were also provided with an ECUSTEC Participant Card to alert healthcare practitioners
to the risk of meningococcal infection. These precautions were taken for all participants, whether
randomised to receive eculizumab or placebo, in order to ensure that administration of IMP was the only
difference between groups and to maintain the blinding of the trial.

In addition to the trial interventions, all participants received standard supportive care as follows:

e RRT for refractory electrolyte imbalance, hypervolaemia, fluid restriction preventing sufficient
nutrition, oligoanuria

e red cell transfusion if haemoglobin < 70 g/l or if < 75 g/l with fall of > 20 g/I evidenced in previous
24 hours

e a 3-month course of oral folic acid therapy was prescribed to prevent folate deficiency following
acute haemolysis.

Plasma exchange was not permissible under the trial protocol and plasma infusion was only permitted
when essential for correction of coagulopathy.

TABLE 3 Eculizumab and placebo dosing and infusion schedule

Day 1 Day 8 (+ 1 day)
Placebo arm Active arm Placebo arm Active arm
Patient Volume of Dose of Total infusion volume Volume of  Dose of Total infusion volume
bodyweight 0.9% saline eculizumab (made up with 0.9% 0.9% saline eculizumab (made up with 0.9%
(kg) (ml) (mg) saline) (ml) (ml) (mg) saline) (ml)
> 40 180 900 180 180 900 180
20-< 40 120 600 120 120 600 120
10-<20 120 600 120 60 300 60
5-<10 60 300 60 60 300 60
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Blinding

All site personnel and participants/parents/guardians were blind to the randomised treatment
allocation, apart from those responsible for preparing the IMP (e.g. clinical trials pharmacy). After
randomisation, the pharmacy staff received the treatment allocation electronically and prepared an IV
infusion bag containing either 0.9% saline with eculizumab or sodium chloride 0.9% saline (placebo)
alone using aseptic technique. The prepared infusion bag was labelled, using labels approved by the
Sponsor’s pharmacy and the Medicines and Healthcare products Regulatory Agency (MHRA), in an
identical manner to maintain blinding. Researchers at the co-ordinating centre also remained blind

to the randomised treatment allocations. The blinded trial treatment allocation was only broken for
valid medical or safety reasons, such as meningococcal sepsis or pregnancy. If aHUS was suspected,

it was recommended that the principal investigator (Pl) or delegate contact the consultant on-call for
the National aHUS Service prior to unblinding to discuss the case. In case the allocation was required
immediately to assist in the medical management of a participant, clinicians were provided with a secure
login and password to access the ECUSTEC online system where the allocation could be revealed. This
would automatically alert the ECUSTEC Trials Office that the participant has been unblinded, but the
treatment allocation would not be revealed. If it became necessary to unblind, only those who needed
to know the treatment allocation would be informed, subject to clinical need. Unblinded participants
remained in the trial and continued with trial follow-up assessments.

Outcome measures

The primary outcome measure was a multidomain clinical severity score (CSS) (see Appendix 2). The
ECUSTEC CSS is a purpose-developed, multidomain score comprising severity of AKI and extrarenal
events, developed for the trial using pilot data from 96 consecutive historic STEC HUS patients treated
at 5 of the trial centres. A single score was assigned at day 60 which reflected the cumulative morbidity
up until that point. The score ranges from 1 to 69; with higher scores indicating greater disease severity.
Since severity of AKl is a significant prognostic factor in STEC HUS, the score was weighted for severity
of the AKI. The severity score was considered an appropriate outcome measure by parents of children
who had experienced STEC HUS.

Development of the ECUSTEC clinical severity score

Previous interventional trials in STEC HUS had failed to demonstrate an effective intervention. The
ECUSTEC team reviewed the primary outcome measures used in these trials, including mortality and
evidence of CKD at last follow-up, as candidate outcome measures. The outcomes had low event

rates, and therefore would require a large number of participants to show a difference. Isolated kidney
outcome measures such as number of days of dialysis or oligoanuria were also considered; however,
since only 50% of children develop oligoanuria and/or the need for dialysis, many children would not
reach the primary end point. In addition, number of days of dialysis does not reflect overall disease
severity because it takes no account of extrarenal disease, which is strongly associated with adverse
outcomes. Since no single outcome measure accurately reflected disease severity, the team developed a
CSS for use as the primary outcome measure. Advice on the development of the score was provided by
Dr Joanna Elson, Newcastle University.

Domains (organ systems) were selected for inclusion in the score based on the frequency of their
involvement and their association with long-term sequelae, namely kidney, CNS, gastrointestinal tract,
pancreas and heart. The highest score in each domain was assigned to events with permanent sequelae,
thus linking higher scores with poorer long-term outcome.
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Since most children with STEC HUS develop isolated kidney involvement, the kidney score was given
the most weighting (maximum score 24, out of total of 69). This facilitated a wider range of scores

for the kidney domain, in order to differentiate severity even at the milder end of the spectrum (e.g.

a child who did not develop oligoanuria scored less than a child who did develop oligoanuria but did
not need dialysis). The score increased with duration of dialysis, since duration of dialysis is linked with
long-term outcome.

The CNS domain was developed in collaboration with Professor Bobby McFarland, Newcastle University.
This domain was given the second highest weighting since it is linked with adverse long-term outcome

- maximum score 15, out of total of 69. Children who displayed CNS features during the acute phase
underwent assessment at day 60 for evidence of persistent CNS defect. Higher scores were assigned to
denote persisting focal or global defects, whereas lower scores reflected transient involvement.

The pancreas and gastrointestinal domains were developed in collaboration with Dr Julian Thomas,
Newecastle University. Lower pancreatic scores reflected transient, but increasingly significant
involvement, whereas higher scores denoted requirement for substantial treatment and long-term
sequelae (such as development of diabetes mellitus).

The cardiac domain was developed in collaboration with Dr Zdenka Reinhardt, Newcastle Hospitals
and was based upon standardised echocardiogram (ECHO) and electrocardiogram (ECG) assessment of
cardiac failure, ischaemia and infarction.

The key requirement of the score was to determine whether there was a meaningful clinical benefit
from the IMP. We determined that a difference of five points in CSS equated to a meaningful clinical
benefit, since this represented avoidance of significant morbidity (e.g. either a 5-day reduction in dialysis
duration, avoiding a surgical laparotomy or avoiding development of cardiac failure).

Pilot data were collected on 94 consecutive historic STEC HUS patients treated at 5 of the planned trial
centres to assess data collection and completeness. These data gave a mean CSS of 13.16 [standard
deviation (SD) = 9.66; range: 2-45].

Secondary outcome measures were as follows:

overall survival
duration of RRT (days)
duration of thrombocytopenia (number of consecutive days until platelet count > 150 x 107/1)
duration of haemolysis (number of days until LDH within local centre reference range)
number of packed red blood cell (RBC) transfusions required and volume (ml/kg)
duration markers of inflammation present [number of days until neutrophil cell count and C-reactive
protein (CRP) are in normal range for that centre]
7. persistent neurological defect at day 60 measured by structured expert assessment to include CNS
examination, vision, hearing and neuropsychological assessment
8. CKD at 52 weeks [a composite end point of the presence of hypertension (> 95th centile for sys-
tolic blood pressure over an average of 3 readings by manual method using centile charts’ for age/
sex/height), albuminuria (urine albumin-creatinine ratio > 2.5 mg/mmol on early morning urine)
or eGFR < 90 ml/minute/1.73 m? at 52 weeks]; presence of any of these will constitute CKD at
52 weeks
9. eGFR measurement using a centralised cystatin C assay at 52 weeks
10. economic evaluation of cost per CSS point, and cost per quality-adjusted life-year (QALY) gained,
using Paediatric Quality of Life Inventory (PedsQL) and Child Health Utility-9D (CHU-9D) assess-
ments to measure health-related quality of life (HRQoL). (Due to the early closure of the trial, the
economic evaluation was not undertaken. The PedsQL and CHU-9D are measures of HRQolL, and
since the economic evaluation was not being undertaken, it was decided to summarise and analyse
the PedsQL and CHU-9D as part of the clinical data analysis.)

ok owbde
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Scheduled trial assessments

Trial participants completed a variable number of assessments, depending upon the length of
hospitalisation. After the baseline assessment (immediately prior to administration of IMP), daily
assessments were carried out until either hospital discharge or day 14 (whichever was soonest). If
hospital admission lasted > 14 days, then assessments continued weekly from day 14 to discharge or
day 60 (whichever was soonest). The information from the in-patient assessments was collated into a
single case report form (CRF). All participants underwent four further assessments at 30 and 60 days,
and then at 26 and 52 weeks post randomisation. This visit schedule was designed in consultation

with parents of children who had experienced STEC HUS. At assessments up to and including day 60,
participants/parents/guardians were reminded of the signs and symptoms of meningococcal disease. At
each visit, the participant’s and/or parent/guardian’s willingness to continue in the trial was ascertained
and documented. The schedule of trial procedures and assessments is given in Box 1.

BOX 1 Schedule of trial assessments

Day1
ENROLMENT

e Eligibility assessment
e Informed consent
e Randomisation and allocation of study number

INTERVENTIONS

e Eculizumab or placebo
e Prophylactic antibiotics?
e Meningococcal vaccines®

ASSESSMENTS
Day 1

Medical history

Height and weight and blood pressure

Targeted physical exam

Full blood count (FBC)

Blood film

Plasma biochemistry©

Plasma complement C3 and C4

STEC investigation-stools

STEC investigation-serum

Concomitant medication check

Review signs and symptoms for meningococcal disease
Documentation of targeted events®

Completion of PedsQL and CHU-9D questionnaire
Blood sample obtained for DNA

Urine and plasma samples for exploratory studies (optional)

Day 2, 4 and 6 (optional, if still in hospital)
e Urine and plasma samples for exploratory studies
Day 8

e Eculizumab or placebo
e Completion of PedsQL and CHU-9D questionnaire
e Urine and plasma samples for exploratory studies

Copyright © 2024 Ives et al. This work was produced by Ives et al. under the terms of a commissioning contract issued by the Secretary of State for Health and Social Care.
This is an Open Access publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use, distribution, reproduction
and adaptation in any medium and for any purpose provided that it is properly attributed. See: https:/creativecommons.org/licenses/by/4.0/. For attribution the title, original
author(s), the publication source - NIHR Journals Library, and the DOI of the publication must be cited.

17



18

METHODS

BOX 1 Schedule of trial assessments (continued)

Day 2 to day 14 (if still in hospital)®

FBC

Plasma biochemistry*

Concomitant medication check

Review signs and symptoms for meningococcal disease
Documentation of targeted events¢

Day 30 (+ 7 days)

Height and weight and blood pressure

Targeted physical exam

Plasma biochemistry©

Concomitant medication check

Review signs and symptoms for meningococcal disease
Documentation of targeted events¢

Completion of PedsQL and CHU-9D questionnaire
STEC investigation - stool sample

Urine and plasma samples for exploratory studies

Early morning urine sample (albumin:creatinine ratio)

Day 60 (-3/+ 7 days)

Meningococcal vaccines if applicable

Height and weight and blood pressure

Targeted physical exam

Plasma biochemistry*

Concomitant medication check

Review signs and symptoms for meningococcal disease
Documentation of targeted events¢

Optional anonymised feedback questionnaire
Completion of PedsQL and CHU-9D questionnaire
CNS examination if applicablef

Early morning urine sample (albumin:creatinine ratio)

Week 26 (+ 7 days)

Height and weight and blood pressure

Targeted physical exam

Plasma biochemistry©

Concomitant medication check

Documentation of targeted events¢

Completion of PedsQL and CHU-9D questionnaire
Early morning urine sample (albumin:creatinine ratio)

Week 52 (+ 7 days)

Height and weight and blood pressure

Blood sample for cystatin C

Targeted physical exam

Plasma biochemistry©

Concomitant medication check

Documentation of targeted events¢

Completion of PedsQL and CHU-9D questionnaire
Early morning urine sample (albumin:creatinine ratio)

a

b
c
d

DNA, deoxyribonucleic acid.

Antibiotic prophylaxis commenced prior to randomisation and IMP administration. Administered daily until week 8 (day 56).
Meningococcal vaccine administered prior to trial drug unless contraindicated or already received.

Plasma biochemistry comprising electrolytes, urea, creatinine, LDH, glucose, amylase, CRP, alanine transaminase.

Targeted events including RRT, urine output, administration of blood products, concomitant medication, need for abdominal
surgery, occurrence of CNS symptoms, occurrence of hyperglycaemia and insulin use, need for parenteral nutrition,
myocardial infarction and additional infections.

Daily assessments until hospital discharge, if admission = 14 days then weekly assessments from day 14 to discharge or day
60, whichever was soonest.

CNS examination at day 60 (-3/+ 7 days) if the participant had CNS features during acute disease.
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Between day 1 and day 8, a blood sample was obtained for deoxyribonucleic acid (DNA) analysis of
genes previously associated with HUS, including: complement factor H (CFH), complement factor |,
CD46, complement C3, complement factor B and diacylglycerol kinase (e). To determine whether
eculizumab leads to prolonged STEC excretion, a stool sample was collected at day 30 to be analysed
for STEC.

Health-related quality of life was measured at specific time points (see Box 1) using the parent
completed CHU-9D and PedsQL questionnaires (dependent upon the participant’s age).

In order to determine the CNS component of the CSS, participants who had CNS features during acute
disease underwent a comprehensive CNS assessment by a Consultant Paediatric Neurologist, a visual
assessment by an optometrist and ophthalmologist, a hearing assessment by an audiologist and a
neuropsychology assessment (supervised parental completion of the Adaptive Behaviour Assessment
System Third Edition form) by a neuropsychologist at the day 60 assessment. If impairment was
detected by any of these assessments, the assessor was asked to make a judgement about whether this
impairment had occurred since the onset of STEC HUS from the information available (e.g. parental
history). The results of the four assessments were collated by the paediatric neurologist and a CNS score
was assigned.

At the week 52 assessment, a blood sample was obtained and sent to a central laboratory for
measurement of Cystatin C to permit estimation of GFR.

In light of the COVID-19 global pandemic, a protocol amendment was submitted so that when follow-up
visits were unable to be conducted face to face, staff were able to collect as much follow-up information
as possible via telephone contact, providing the family concerned were happy to be contacted in

this way.

Details of how and when the data for the trial outcome measures were collected is given in Table 4.

Adverse events and serious adverse events

Targeted adverse events (AEs) were collected and recorded on the trial CRFs. These comprised the
development of any significant infections, infusion reactions to trial interventions and the presence of
STEC in a stool sample collected at day 30. All serious adverse events (SAEs) occurring within 90 days
of the first dose of meningococcal vaccination or prophylactic antibiotic (whichever occurred first) were
e-mailed or faxed to the trial office within 24 hours of the research staff becoming aware of the event.
SAEs that were judged to be at least possibly related to the IMP were reported irrespective of how
long after IMP administration the reaction occurred. The local Pl (or nominated clinician) had to assign
severity, causality and expectedness (if deemed related) to the SAE before reporting. The coding of
SAEs was in accordance with Common Terminology Criteria for Adverse Events v4.03. A plan was made
to ensure that events categorised as suspected unexpected serious adverse reactions (SUSARs) were
unblinded and reported to the chief investigator, Sponsor, Main Research Ethics Committee (REC) and
MHRA within the required time frames.

Adherence monitoring
Adherence to the randomised treatment allocation was defined using the following criteria:

1. both the day 1 and day 8 doses were given and at least two-thirds of the intended dose was
administered at each time point
2. no plasma infusion during period: post randomisation and up to 1 week post second dose
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TABLE 4 Details of outcome assessments

Outcome assessed

ECUSTEC CSS

Survival

Duration of RRT

Duration of thrombocy-
topenia, haemolysis and
inflammation (CRP and
neutrophils)

Number of packed RBC
transfusions required and
volume (ml/kg)

Persistent neurological
defect

HRQoL

CKD at 52 weeks

eGFR measurement

AEs

Prolonged STEC excretion

Time point

Up to day 60

Up to 52 weeks

Up to 52 weeks

Daily until discharge from
initial admission or until day
56, whichever is the soonest

Up to day 60

Day 60

Day 1, day 8, day 30, day 60,
week 26 and week 52

Week 52

Week 52

Up to week 52

Day 30

Method

Clinical assessment of participant at
follow-up visit and medical records

Clinical follow-up

Clinical assessment of participant at
follow-up visit and medical records

Clinical assessment of participant at
follow-up visit and medical records

Clinical assessment of participant at
follow-up visit and medical records

Structured expert assessment to
include CNS examination, vision,
hearing and neuropsychological
assessment

PedsQL, CHU-9D

Clinical assessment of participant at
follow-up visit and medical records

Centralised cystatin C assay with
eGFRcys equation

Clinical assessment of participant at
follow-up visit and medical records

Stool culture and stx PCR

Reported by

Research nurse/
doctor

Research nurse/
doctor

Research nurse/
doctor

Research nurse/
doctor

Research nurse/
doctor

Paediatric neurol-
ogist, optometrist,
audiologist and

neuropsychologist

Study participant
or parent/carer

Research nurse/
doctor

Central laboratory

National refer-
ence laboratory

eGFRcys, estimated glomerular filtration rate using cystatin C.

3. no plasma exchange during period: post randomisation and up to 1 week post second dose
4. both doses were given in the intended time window (Table 5).

Adherence to the randomised allocated intervention was classified for each participant using

two definitions:

1. Criteria 1-3 are met (regardless of whether criterion 4 is met).

2. Criteria 1-4 are met.

Adherence to prophylactic antibiotics and meningococcal vaccination was also monitored.

Participant withdrawal

There were no clinical situations that would mandate withdrawal from the trial. Participants were made
aware that they could freely withdraw (discontinue participation) from the trial at any time. Participants
who withdrew consent from the trial discontinued trial follow-up and only data collected prior to their
withdrawal was used in the trial analysis. A participant who wished to cease to participate in a particular
aspect of the trial was considered as having changed their status within the trial to either ‘no trial
intervention’ (no further IMP but was willing to continue trial follow-up) or ‘no trial related follow-up’ (no
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TABLE 5 Administration windows for trial treatment

Time window for administration

Dose 1 Within 48 hours of arriving in the renal unit (or within 48 hours of eligibility if not eligible on arrival)

Dose 2 Seven days after the first dose (+ 1 day)

further IMP, did not wish to attend trial visits but was willing for data collected at standard clinic visits to
be used in the trial analysis).

Statistical considerations

Sample size

The planned sample size of 134 participants was based on retrospective pilot data collected on 94
consecutive historic patients with STEC HUS. These data gave a mean CSS of 13.16 (SD = 9.66; range:
2-45). A difference in CSS of five points is a moderate effect size (0.52) and equates to a meaningful
clinical benefit (e.g. 5-day reduction in dialysis duration, avoiding a surgical laparotomy or avoiding
development of cardiac failure). To detect a difference of 5 points in the CSS between groups using a
2-sided t-test and assuming a SD of 9.66, with 80% power and a type | error rate of 5% (a = 0.05), a
total of 60 participants per group needed to be randomised - adjusting for a 10% attrition rate, 134
participants (67 per group) were planned to be recruited.

Statistical analysis

A comprehensive statistical analysis plan (SAP) was produced. In light of the trial closing early to
recruitment, and the small sample size, statistical analysis is only presented for the primary outcome.
The analysis methods in the SAP for the secondary outcomes were followed in order to summarise the
data, but no statistical analysis of this data is presented.

Categorical baseline data were summarised using frequencies and percentages. Normally distributed
continuous variables were summarised using means and SDs; otherwise, medians and interquartile
ranges (IQRs) were presented. No formal statistical tests were performed on the baseline data.

The primary comparison groups are composed of those randomised to eculizumab versus those
randomised to placebo. In the first instance, participants were analysed in the treatment group to which
they were randomised (intention to treat), irrespective of adherence with the treatment protocol. For
primary and secondary outcomes, summary statistics were reported for each treatment group. Estimates
of differences between groups for the primary outcome are presented with two-sided confidence
intervals (Cls) and p-values. The placebo group is the reference group. All analyses were undertaken in
SAS (version 9.4).

For the primary outcome, the mean and SD of the CSS for each group were reported alongside an
adjusted mean difference (with a 95% Cl), which was estimated using a linear regression model adjusting
for the minimisation parameters (volume of 0.9% saline received in the 48 hours prior to randomisation,
pRIFLE category and recruiting centre; all included as fixed effects). Statistical significance of the
treatment group parameter was determined from the p-value generated by the model. In the first
instance, the primary analysis was only performed on participants with complete CSS data. For
participants who did not have a CSS due to death, a maximum score of 69 was assigned and a secondary
analysis was performed which included such participants.

Continuous secondary outcome measures [eGFR at 52 weeks, PedsQL, volume of RBC transfusions
(ml/kg)] were summarised using means and SDs. Binary outcomes (CKD at 52 weeks, overall survival
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and persistent neurological defect at day 60) were summarised using frequencies and percentages.

For secondary outcome measures which measure counts (number of RBC transfusions, number of

days on RRT), data were summarised using medians with IQRs. Time-to-event outcomes (duration of
thrombocytopenia, duration of haemolysis and duration markers of inflammation) were summarised
using medians and IQRs. A Kaplan-Meier plot was produced to assess the data visually where
appropriate. Time to event analyses for the duration of haemolysis and duration markers of inflammation
outcomes only included participants who had elevated values at baseline.

Sensitivity analyses were performed on the primary outcome. These included:

e A per-protocol analysis (using definition A and definition B as outlined in the adherence monitoring
section above).
e An analysis to assess the impact of missing outcome data. For participants who did not have a
CSS due to death a maximum score of 69 was assigned to these participants in all scenarios. For
participants who did not have a CSS due to missing scores in specific domains of the CSS, a maximum
or minimum score was applied to that domain (and subdomain where relevant). Four different
scenarios were considered:
1. Maximum score applied (in each missing component/domain) in both the eculizumab and
placebo groups.
2. Minimum score applied (in each missing component/domain) in both the eculizumab and
placebo groups.
3. Maximum score applied (in each missing component/domain) in the eculizumab group,
minimum score applied (in each missing component/domain) in the placebo group.
4. Minimum score applied (in each missing component/domain) in the eculizumab group,
maximum score applied (in each missing component/domain) in the placebo group.

e An analysis to assess the impact of timing of completion of follow-up assessments by excluding those
with assessments filled in outside of the mandated time window for completion.

A sensitivity analysis was also included for the secondary outcome measure of duration of RRT, where
days of RRT prior to randomisation (where the participant started RRT pre randomisation and remained
on RRT at the point of randomisation) were included in the count of the number of days on RRT.

Pre-planned subgroup analyses (limited to the primary outcome measure only) were completed for the
following: (1) pRIFLE category (injury/failure) and (2) volume of 0.9% saline received in the 48 hours
prior to randomisation (< 20 ml/kg/> 20 ml/kg). The effects of these subgroups were examined by
adding a subgroup by treatment-group interaction parameter to the linear regression model. The p-value
from the interaction terms were presented alongside the effect estimate and 95% CI within subgroups.

Trial oversight

Study oversight was provided by a Trial Steering Committee (TSC) that was chaired by Professor David
Jayne (Cambridge University) and a DMC that was chaired by Professor David Wheeler (University
College London). The TSC provided independent oversight of the trial, and provided advice to the chief
investigator and co-investigators on all aspects of the trial throughout the study. Parents of children
who had experienced STEC HUS were among the lay membership. The DMC adopted the DAMOCLES
charter to define its terms of reference and operation in relation to oversight of the ECUSTEC trial.

Interim analyses of effectiveness and safety outcomes were provided to the DMC during the trial at
approximately 6-month intervals, one of which occurred at the end of the internal pilot phase. Formal
stopping rules were not adopted, instead a difference of at least p < 0.001 (similar to Haybittle-Peto
stopping boundary) in an interim analysis of a major end point would have been needed to justify
halting, or modifying, the study prematurely.
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Chapter 3 Results of the clinical trial

Recruitment

Recruitment took place over 31 months in 10 UK NHS hospitals from July 2017 to July 2020. The
contribution from each site is shown in Table 6. Two sites were open to recruitment but did not recruit
any participants.

In agreement with the funder, the internal pilot phase was extended, and a revised review date of July
2019 was agreed. At this point:

e Twenty-four participants had been recruited in 24 months (July 2017-June 2019; rather than the
12 months originally planned).

e Twenty-two of 23 participants who had returned treatment forms at the point of data review had
received the planned two doses of trial treatments as per the trial protocol.

e Twenty-one of 24 participants had completed 26 weeks follow-up including the completion of
the primary outcome at 60 days. (Note: Two participants had not yet reached 26 weeks follow-up
assessment point, and another participant had withdrawn before this point.)

e The independent DMC reviewed the safety and efficacy data, and did not identify any tolerability or
safety concerns. They also reviewed the primary outcome data and a futility analysis of this outcome,
and were supportive of the trial continuing.

Although recruitment during the internal pilot phase was slower than anticipated, the DMC and TSC
were supportive of the trial continuing, and this was agreed with the funder. Unfortunately however,
recruitment remained a challenge throughout the trial (see below). Figure 1 shows that recruitment was
behind target prior to the start of the COVID-19 global pandemic. Recruitment was paused in March
2020 at the onset of the pandemic, and was then closed early following a review by the funder, due

to low recruitment and the impact of the pandemic. The last participant was therefore randomised in
February 2020, and the trial closed to recruitment with 36 participants randomised. The last follow-up
assessment visit of the final participant to be recruited took place in February 2021.

TABLE 6 Recruitment by centre

Centre Number of patients recruited

Bristol Royal Hospital for Children 6
Evelina Children’s Hospital 1
Great North Children’s Hospital 5
Great Ormond Street Hospital 5
Leeds General Infirmary 4
Nottingham University Hospital 4
Royal Hospital for Sick Children (Glasgow) 4
Royal Manchester Children’s Hospital 4
Southampton General Hospital 1
University Hospital of Wales 22

a One patient recruited at University Hospital Wales completed trial follow-up at Alder Hey Children’s Hospital.
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FIGURE 1 Number of participants randomised by month. Pts participants; Shaded areas correspond to STEC HUS peak
season.

Reasons for slow recruitment were explored and addressed throughout the trial. Our collaborations with
national public health bodies in participating nations enabled us to establish that the incidence of STEC
HUS fell during the trial. Based on the previous incidence, we would have anticipated approximately
230 cases of STEC HUS in children during the recruitment period. However, we were only aware of 145
cases occurring during that time. We are confident that our surveillance captured the majority of cases
of STEC HUS, and therefore this represents an approximate 37% reduction in incidence.

Another key reason for slow recruitment was a lack of out-of-hours infrastructure for undertaking acute
CTIMPs in children. Early administration of trial treatment was an essential part of the trial. Children
with STEC HUS typically present out of normal working hours and therefore this meant that the
treatment window often fell out of hours. Only 2 of 12 trial centres were able to facilitate out of hours
delivery of IMP. As a direct result of this, 22/108 (20%) of potentially eligible participants could not

be approached or recruited. We addressed this during the trial, by making a protocol amendment that
increased the treatment window from 36 to 48 hours, which was approved and implemented.

The flow of participants through the trial is shown in the Consolidated Standards of Reporting Trials
(CONSORT) diagram in Figure 2.7> At the point the trial was stopped, 108 individuals had been screened
for participation, of which 87 were initially considered eligible based on clinical criteria. Of these 87
individuals, 36 were randomised, 31 did not consent to participation, 10 were not able to receive
treatment in the required time frame, 2 patients died before being approached for the trial and 8 were
not randomised for other reasons. Of the 36 children consented and randomised (27% of the 134 target
sample size), 17 participants were randomised to the eculizumab group and 19 to the placebo group.
One participant withdrew from the trial (withdrew consent) and one participant died.

Participant characteristics
The baseline characteristics of the 36 randomised participants are shown in Tables 7 and 8. The
randomisation minimisation algorithm ensured balance between groups in terms of the proportion with

a pRIFLE category of Injury or Failure, the proportion of participants who had received > 20 ml/kg 0.9%
saline prior to randomisation and the treatment centre. The groups were well balanced and comparable
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Number considered for participation
(n=108)

Ineligible for the ECUSTEC trial (n=21)

e Unable to receive trial treatment in time,n = 12
e Diagnosis of HUS criterianot met,n=5

e Age not between 6 months and 19 years,n=1
e Diarrhoea not reported in 14 days prior,n =1

e Unknown, n =2

A 4

Eligible for the ECUSTEC trial
(n=87)
( Not consented to the ECUSTEC trial (n=51) A
e Parent declined - no reason given,n = 14
e Parent declined due to trial intervention
concerns,n =12
p{ e Study staff unavailable,n =10
e Parent declined due to other reasons,n =5
e Not UK residents,n=3
e Child died,n=2
e Other reason,n=5
. J
A
Randomised
(n=36)
v v
Eculizumab Placebo
(n=17) (n=19)
( Withdrawn (n = 0) Withdrawn (n = 0)
L Died (n = 12) Died (n=0)
v y
( Took both doses of intervention (n = 16) Took both doses of intervention (n = 18)
Did not take both doses of intervention (n = 0) Did not take both doses of intervention (n = 1) )
( Withdrawn (n = 0) Withdrawn (n = 0) )
Died (n=0) Died (n=0)
\\ J
v y
( Attended day 30 assessment (n = 16) j ( Attended day 30 assessment (n = 19) j
( Withdrawn (n = 0) Withdrawn (n = 0) )
L Died (n=0) Died (n=0)
A
Attended day 60 assessment (n = 15) Attended day 60 assessment (n = 19)
Data available for primary outcome (n = 15) Data available for primary outcome (n = 19)

( Withdrawn (n = 1)
L Died (n=0)

Withdrawn (n = 0)
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I
|
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FIGURE 2 The CONSORT diagram of the flow of participants through the ECUSTEC trial. 2Participant had taken day 1
dose of intervention.
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TABLE 7 Baseline characteristics by treatment group

Eculizumab

N =17 (%)

Placebo
N =19 (%)

Minimisation variables
pRIFLE category?
Injury
Failure
Volume of 0.9% saline (ml/kg)?
<20
> 20
Mean (SD, N)

Demographic and other clinical baseline variables

Age at randomisation (years)
Mean (SD, N)
Minimum-maximum
Sex
Female
Male
Weight (kg)
Mean (SD, N)
Minimum-maximum
Height (cm)
Mean (SD, N)
Minimum-maximum
Systolic blood pressure (mmHg)
Mean (SD, N)
Minimum-maximum
eGFR at randomisation (ml/minute/1.73 m?)
Mean (SD, N)
Minimum-maximum
Urine output < 0.5 ml/kg/hour for 16 hours®
Yes
No
Missing
Urine output < 0.3 ml/kg/hour for 24 hours®
Yes
No

Missing

2(12)
15(88)

13 (76)
4(24)
21.1(22.9,17)

4.8(3.2,17)
1.5-134

10 (59)
7 (41)

18.9 (10.6, 17)
8.8-53.9

107.5(22.3,17)
75.0-159.0

106.8 (13.6,17)
89-144

13.2(12.7, 14)
0-38
N=2

13 (68)
6(32)
25.7 (26.2, 19)

6.4(4.5,19)
0.7-14.7

10 (53)
9(47)

26.0(16.6,19)
7.8-67.6

118.2 (304, 19)
68.0-170.2

108.1 (14.0, 19)
82-140

12.9 (11.1, 19)
0-38
N=1
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TABLE 7 Baseline characteristics by treatment group (continued)

Urine output (ml/kg/hour)?

Eculizumab

N =17 (%)

Placebo
N =19 (%)

Mean (SD, N) 0.05 (0.05, 5) 0.15(0.10, 6)

Minimum-maximum 0.00-0.10 0.01-0.27
Anuria for 12 hours® N=15 N=18

Yes 9 (60) 2(11)

No 3(20) 11 (61)

Missing 3(20) 5(28)
CNS symptoms (in 48 hours pre randomisation) 3(18) 2(11)

Altered consciousness® 3/3(100) 2/2(100)

Single seizure 1/3(33) 1/2 (50)

Two or more seizures 24 hours apart 1/3(33) 0/2 (0)
RRT (pre randomisation) 8 (47) 13 (68)
STEC HUS diagnosis

Diarrhoea 17 (100) 19 (100)

Bloody diarrhoea 17/17 (100) 12/19 (63)
STEC positive

Yes 11 (65) 13 (68)

No 6(35) 6(32)
Household/institutional contact STEC positive

Yes 2(12) 2(11)

No 11 (65) 17 (89)

Missing 4(23) 0(0)
Medical therapy (in 7 days pre randomisation)

Paracetamol 16/17 (94) 16/19 (84)

Missing 0 0

Ibuprofen 2/16(13) 4/19 (21)

Missing 1 0

Codeine 1/16 (6) 2/19 (11)

Missing 1 0

Loperamide 0/16(0) 1/18 (6)

Missing 1 1

Other anti-motility agent 1/15(7) 0/18 (0)

Missing 2 1

continued
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TABLE 7 Baseline characteristics by treatment group (continued)

Eculizumab Placebo

ERVAVY N =19 (%)
Other antibiotics 8/17 (47) 3/19 (16)
Missing 0 0

BMI, body mass index.

a Minimisation variable.

b If pRIFLE category injury.

c If pRIFLE category failure.

d If urine output < 0.5ml/kg/hour for 16 hours (for pRIFLE category injury) or urine output < 0.3 ml/kg/hour for 24 hours
(for pRIFLE category failure).

e Agitation, irritability, hallucinations, confusion, excessive drowsiness.

TABLE 8 Baseline laboratory results by treatment group

Eculizumab Placebo
Treatment N =17 (%) N =19 (%)

Bloods and biochemistry at baseline (day 1)

Platelet count (x 107/I) at randomisation

28

Mean (SD, N) 43.9 (20.5,17) 64.1(36.8, 19)

Minimum-maximum 13-94 19-146
Neutrophils (10°/1)

Mean (SD, N) 11.3(8.9,17) 8.7 (4.8, 18)

Minimum-maximum 3.8-32.8 3.1-20.3

Not done 0(0) 1(5)

Within local normal range? 11/17 (65) 9/18 (50)
White blood cell count (10?/1)

Mean (SD, N) 16.5(10.1, 17) 15.2(7.0,19)

Minimum-maximum 7.2-44.8 6.2-31.4

Not done 0(0) 0 (0)

Within local normal range? 11/17 (65) 10/19 (53)
CRP (mg/l)

Mean (SD, N) 69.1(74.7,12) 33.8(27.4,13)

Minimum-maximum 5-241 8-99

Not done 5(29) 6(32)

Within local normal range? 2/12(17) 0/13(0)
LDH (U/1)

Mean (SD, N) 5218 (2621, 15) 5221 (2681, 17)

Minimum-maximum 1254-9158 2126-10,374

Not done 2(12) 2(11)

Within local normal range? 0/15 (0) 0/17 (0)
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TABLE 8 Baseline laboratory results by treatment group (continued)

Treatment

Creatinine (umol/l)

Eculizumab
[VER VAV

Placebo
N =19 (%)

Mean (SD, N) 346.2 (161.9,17) 428.6 (218.6, 19)
Minimum-maximum 83-690 106-898
Not done 0(0) 0(0)
Within local normal range? 1/17 (6) 0/19 (0)
Glucose (mmol/I)
Mean (SD, N) 5.1(1.2,10) 5.6 (1.8, 10)
Minimum-maximum 4.1-7.8 3.6-8.7
Not done 7 (41) 9 (47)
Within local normal range? 10/10 (100) 8/10 (80)
Amylase (U/I)
Mean (SD, N) 95.3(68.9,8) 156.5(107.0, 12)
Minimum-maximum 41-229 35-434
Not done 9 (53) 7 (37)
Within local normal range? 5/8 (63) 4/12 (33)

Alanine transaminase (U/I)
Mean (SD, N)

Minimum-maximum

151.5(99.7, 14)
20-303

137.4(129.3,17)
12-537

Not done 3(18) 2(11)

Within local normal range? 3/14(21) 4/17 (24)
Urea (mmol/I)

Mean (SD, N) 29.5(9.2,17) 30.6 (12.7, 18)

Minimum-maximum 8.1-47.2 7.4-49.8

Not done 0(0) 1(5)

Within local normal range? 1/17 (6) 1/18 (6)

Sodium (mmol/I)

Mean (SD, N) 136.3 (5.8, 17) 136.7 (4.7, 19)
Minimum-maximum 118-143 127-148

Not done 0 (0) 0(0)

Within local normal range? 15/17 (88) 13/18°(72)

Plasma C3 concentration (g/I)

Mean (SD, N) 1.06 (0.17, 11) 0.99 (0.29, 13)

Minimum-maximum 0.82-1.29 0.44-1.51

Not done 6(35) 5(26)

Within local normal range? 11/11 (100) 11/13(85)
continued
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RESULTS OF THE CLINICAL TRIAL

TABLE 8 Baseline laboratory results by treatment group (continued)

Eculizumab Placebo

Treatment N =17 (%) N =19 (%)

Plasma C4 concentration (g/I)

Mean (SD, N) 0.17 (0.05, 11) 0.23(0.19, 13)
Minimum-maximum 0.10-0.26 0.06-0.84
Not done 6 (35) 5(26)

Within local normal range? 7/11 (64) 8/13(62)

a If reading taken.
b One participant had reading taken, but whether it was within local normal range was not provided.

in all other baseline characteristics with the exception of age and weight - the eculizumab group had
a mean age of 4.8 years (SD 3.2) compared with 6.4 years (SD 4.5) in the placebo group. There was a
corresponding difference in weight with mean weight of 18.9 kg (SD 10.6) in the eculizumab group
compared with 26.0kg (SD 16.6) in the placebo group. There was also a difference in the proportion
of patients who were anuric for > 12 hours (9/15, 60% of the eculizumab group and 2/18, 11% of the
placebo group).

Adherence to trial treatment

Adherence to treatment allocation is shown in Table 9. According to definition A (detailed above), 16 out
of the 16 (100%) participants in the eculizumab group who could receive both doses were considered
adherent, compared with 18 out of 19 (95%) participants in the placebo group. One participant in the
eculizumab group received dose 1 but died prior to administration of dose 2 and therefore was not
assessed for adherence. One participant in the placebo group showed clinical improvement between
randomisation and planned administration of trial treatment, and a clinical decision was made not to
administer trial treatment. Trial follow-up was completed in this patient. According to definition B, 15
out of 16 (94%) participants in the eculizumab group were considered adherent, compared with 18 out
of 19 (95%) participants in the placebo group. One participant in the eculizumab group received the
second dose 9 days after the first dose which was outside the intended window (7 days + 1 day after the
first dose).

Adherence to vaccination and prophylactic antibiotics is summarised in Table 10. One participant

in the placebo group did not receive trial treatment, and therefore vaccinations and prophylactic
antibiotics were not administered. One participant in the eculizumab group received the first dose of
prophylactic antibiotics, but died before ACWY vaccination was able to be administered. The remainder
of participants in both groups (34 of 36) received prophylactic antibiotics for 8 weeks and ACWY
vaccination as part of the trial. All participants who received trial treatment received Bexsero vaccination
within the trial (21 of 35) or had previously received it as part of the UK immunisation programme

(14 of 35).

Primary outcome
The mean CSS at day 60 for participants randomised to eculizumab was 11.5 (SD 8.4) compared to 14.6

(SD 7.7) for participants randomised to placebo. The adjusted mean difference between the two groups
was —2.5 points (95% Cl -7.8 to 2.8; p = 0.3) shown in Table 11. When we included the participant in
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TABLE 9 Adherence to treatment and treatment data

Eculizumab
N =17 (%)
Adherent (definition A)
Yes 16 (100) 18 (95)
No 0(0) 12(5)
Unable to define 1° 0
Adherent (definition B)
Yes 15 (94) 18 (95)
No 1(6) 12(5)
Unable to define 1° 0
Dose 1
Received dose 1 17 (100) 182(95)
Received full intended dose 1 16/17 (94) 17/18 (94)
Proportion of dose 1 received®
Median (IQR, N) 0.74 (-, 1) 0.92(-, 1)
Minimum-maximum - -
Received dose 1 in intended time window? 17/17 (100) 18/18 (100)
Did not receive dose 1 0(0) 12 (5)
Dose 2
Received dose 2 16 (94) 18 (95)
Received full intended dose 2 14/16 (88) 18/18 (100)
Proportion of dose 2 received®
Median (IQR, N) 0.83(0.78-0.88, 2) -
Minimum-maximum 0.78-0.88 -
Received dose 2 in intended time window® 15/16f(94) 18/18 (100)
Did not receive dose 2 0(0) 1(5)
Plasma infusion (during period: post randomisation and up to 1 week post second dose)
Received plasma infusion 0(0) 0 (0)
Plasma exchange (during period: post randomisation and up to 1 week post second dose)
Received plasma exchange 0(0) 0 (0)

a Participant showed clinical improvement between randomisation and planned administration of IMP and a clinical
decision was made not to administer trial treatment. Trial follow-up was completed (same participant for dose 1 and 2).

b Participant died on day 2 and so did not receive second dose.

¢ In those participants who did not receive full dose. Proportion of dose received (of intended dose).

d Dose 1 due within 48 hours of arriving in the renal unit (or within 48 hours of eligibility if not eligible on arrival).

e Dose 2 due 7 days after the first dose (= 1 day).

f Dose 2 received 9 days after dose 1.
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RESULTS OF THE CLINICAL TRIAL

TABLE 10 Vaccinations and prophylaxis antibiotic data

Eculizumab Placebo

N =17 (%) N =19 (%)

Prophylactic antibiotics

Received first dose 17 (100) 18 (95)

Trial-mandated antibiotic cover for 2 weeks post-discharge prescribed 16 (94)° 18 (95)

Antibiotic cover by the GP confirmed, in line with the ECUSTEC Initial GP Letter 15 (88)° 17 (89)¢
ACWY vaccine

Received vaccination 16 (94) 18 (95)

Did not receive vaccination 1(6)P 1(5p

Bexsero vaccine

Received vaccination as part of the UK immunisation programme 8(47) 6(32)
Received vaccination as part of the ECUSTEC trial 9 (53) 12 (63)
Did not receive vaccination 0(0) 1(5)2

GP, general practitioner.

a One participant’s condition improved and they did not receive IMP, and so they did not receive vaccinations or
antibiotic cover.

b One participant died before this trial-mandated antibiotic cover was needed and before they were able to receive
ACWY vaccine.

¢ One participant died (same participant as in footnote b); one participant did not have it confirmed by GP but was
receiving antibiotics on day 30 and day 60 forms.

d One participant’s condition improved and they did not receive IMP, so they did not receive vaccinations or antibiotic
cover; one participant did not have it confirmed by GP but was receiving antibiotics on day 30 and day 60 forms.

TABLE 11 Primary outcome measure: CSS

Eculizumab, Placebo, Mean difference?
N =17 (%) N =19 (%) (95% Cl) p-value

CSS (excluding any participants who have died)"
Mean (SD, N) 11.5(8.4, 15) 14.6 (7.7, 19) -2.5(-7.8t02.8) 0.3
Minimum-maximum 1-28 2-29

CSS (including any participants who have died)"
Mean (SD, N) 15.1(16.5, 16) 14.6 (7.7, 19) 3.4 (-5.5t012.3) 0.4
Minimum-maximum 1-69 2-29

Domain scores

Renal domain

Lowest eGFR > 50 1(7) 0 (0) - -
Lowest eGFR 26-50, no oligoanuria 1(7) 2(11)

Lowest eGFR < 25, no oligoanuria 2(13) 1(5)

Oligoanuria (no RTT) 0 (0) 0 (0)

Dialysis/RRT < 48 hours 1(7) 0(0)

Dialysis/RRT 2 days 0(0) 0 (0)

Dialysis/RRT 3 days 2(13) 0 (0)
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TABLE 11 Primary outcome measure: CSS (continued)

Eculizumab, Placebo, Mean difference?
N =17 (%) N =19 (%) (95% ClI)
Dialysis/RRT 4 days 0(0) 0(0)
Dialysis/RRT 5 days 0(0) 3(16)
Dialysis/RRT 6 days 0(0) 1(5)
Dialysis/RRT 7 days 0(0) 0(0)
Dialysis/RRT 8 days 1(7) 1(5)
Dialysis/RRT 9 days 0(0) 2(11)
Dialysis/RRT 10 days 2(13) 1(5)
Dialysis/RRT 11 days 0(0) 0(0)
Dialysis/RRT 12-13 days 1(7) 2(11)
Dialysis/RRT 14-17 days 3(20) 4(21)
Dialysis/RRT 18-20 days 0(0) 1(5)
Dialysis/RRT 21-27 days 1(7) 0(0)
Dialysis/RRT 28-34 days 0(0) 1(5)
Dialysis/RRT 35-41 days 0(0) 0(0)
Dialysis/RRT 42-48 days 0(0) 0(0)
Dialysis/RRT 49-55 days 0(0) 0(0)
Dialysis/RRT > 55 days 0(0) 0(0)
CNS domain
No obvious CNS involvement 13 (86) 15 (80) - -
Altered consciousness 0(0) 1(5)
Single seizure 0 (0) 1(5)
Two or more seizures 24 hours apart 0(0) 0(0)
Transient focal neurological defect 1(7) 1(5)
Persistent focal neurological defect 1(7) 1(5)
Persistent global 0(0) 0(0)
Pancreas domain
No clinical/biochemical evidence 14 (93) 12 (63) - -
pancreatitis
Raised amylase and/or lipase without 1(7) 6(32)
clinical symptoms/signs
Hyperglycaemia without insulin 0 (0) 0(0)
requirement
Pancreatitis with sequelae 0 (0) 1(5)
Chronic sequelae of pancreatitis 0 (0) 0(0)
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RESULTS OF THE CLINICAL TRIAL

TABLE 11 Primary outcome measure: CSS (continued)

Eculizumab, Placebo, Mean difference?

N =17 (%) N =19 (%) (95% ClI)

Gastrointestinal domain
No abdominal surgery required 15 (100) 19 (100) - -

Laparoscopy/laparotomy required for 0(0) 0(0)
abdominal symptoms

Intestinal perforation AND/OR bowel 0(0) 0 (0)
resection required

Stoma formation 0(0) 0(0)

Cardiac domain

No cardiac involvement 15 (100) 19 (100) - -
Cardiac failure confirmed by ECHO 0(0) 0 (0)
Cardiac failure confirmed by ECHO with 0(0) 0(0)

dilated cardiomyopathy
Myocardial infarction 0(0) 0(0)

N, number of observations.

a Adjusted for minimisation variables [pRIFLE category, volume of 0.9% saline (ml/kg) and centre], values < O favour
eculizumab.

b Clinical severity score ranges from 1 to 69 where higher scores indicate greater disease severity. Participant who died
given highest score of 69.

the eculizumab group who died (assigned the highest possible severity score of 69), the adjusted mean
difference between groups was 3.4 points (95% Cl -5.5 to 12.3). The breakdown of CSS components in
each group is shown in Table 11.

Sensitivity analyses for the primary outcome are shown in Table 12. In the per-protocol analyses,
including only the participants defined as adherent to trial treatment (using both definition A and
definition B) and the analysis excluding assessments completed outside the time window, the mean
differences for the CSS changed only marginally from the intention to treat analysis. Not surprisingly,
the point estimates were more sensitive and changed more, when analyses were conducted to assess
the impact of missing data based on applying minimum and maximum scores to participants with
missing data.

TABLE 12 Sensitivity analyses for primary outcome measure

Eculizumab Placebo Mean difference®
N=17 N=19 (95% ClI)
Per-protocol analyses
CSS (definition A)P
Mean (SD, N) 11.5(8.4, 15) 15.3(7.3,18) -2.2(-8.2t03.7)
Minimum-maximum 1-28 2-29
CSS (definition B)®
Mean (SD, N) 11.9 (8.6, 14) 15.3(7.3, 18) -2.2(-8.2t03.7)
Minimum-maximum 1-28 2-29
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TABLE 12 Sensitivity analyses for primary outcome measure (continued)

Eculizumab Placebo Mean difference?

N=17 N=19 (95% ClI)

Missing responses analyses

CSS (scenario A)
Mean (SD, N) 18.1(20.2,17) 14.6 (7.7, 19) 6.6 (-3.5t0 16.8)
Minimum-maximum 1-69 2-29

CSS (scenario A)c excluding participant who died
Mean (SD, N) 14.9 (15.8, 16) 14.6 (7.7, 19) 1.4 (-6.9 t0 9.8)
Minimum-maximum 1-66 2-29

CSS (scenario B)<
Mean (SD, N) 14.9 (16.0, 17) 14.6 (7.7, 19) 2.8(-5.7t0 11.3)
Minimum-maximum 1-69 2-29

CSS (scenario B)< excluding participant who died
Mean (SD, N) 11.6 (8.1, 16) 14.6 (7.7, 19) -2.9(-7.9t02.2)
Minimum-maximum 1-28 2-29

Time of completion analysis

CSsd
Mean (SD, N) 13.5(8.5, 11) 14.8 (8.2, 13) -3.1(-10.9 to 4.7)
Minimum-maximum 1-28 2-29

N, number of observations.

a Adjusted for minimisation variables [pRIFLE category, volume of 0.9% saline (ml/kg) and centre], values < O favour
eculizumab.

b Clinical severity score ranges from 1 to 69, where higher scores indicate greater disease severity. Adherence defined on
page 25.

¢ Clinical severity score ranges from 1 to 69, where higher scores indicate greater disease severity. Scenario A -
maximum possible score assigned to one participant with missing data in eculizumab group. Scenario B - minimum
possible score assigned to one participant with missing data in eculizumab group.

d Clinical severity score ranges from 1 to 69, where higher scores indicate greater disease severity.

Two subgroup analyses (based on pRIFLE category and volume of saline prior to randomisation) were
carried out for the primary outcome. There was no evidence that the treatment effect differed across
the subgroup categories for either subgroup analysis (Table 13).

Secondary outcome results

There was one death (on day 2) reported during the trial. This participant received one dose of
eculizumab, and the death was considered disease related.

Participants in the eculizumab group received a median of 8 days of RRT (IQR 1-12) and those in the
placebo group received a median of 9 days of RRT (IQR 5-14). This analysis only included RRT following
randomisation. A secondary analysis including days of RRT prior to randomisation (where the participant
started RRT pre randomisation and remained on RRT at the point of randomisation) gave similar results
[median of 8 (IQR 1-12)] and 9 days (IQR 5-16) for the eculizumab and placebo groups, respectively
(Table 14).
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RESULTS OF THE CLINICAL TRIAL

TABLE 13 Subgroup analysis of primary outcome measure (excludes participant who died)

Interaction Mean difference?

Eculizumab Placebo p-value (95% Cl)

CSsP
pRIFLE category
Injury 1.5(0.7,2) 20(-,1) 0.83 -4.6 (-25.3 to 16.1)
Failure 13.1(7.9, 13) 15.3(7.3,18) -2.2(-8.2t03.7)
Volume of 0.9% saline (ml/kg)
<20 11.4(9.1,12) 14.5(7.5, 13) 0.65 -2.1(-8.4t04.2)
> 20 12.0 (6.2, 3) 14.7 (8.9, 6) -5.2(-17.8to 7.4)

N, number of observations.

a Adjusted for minimisation variables [pRIFLE category, volume of 0.9% saline (ml/kg) and centre], values < O favour
eculizumab.

b Clinical severity score ranges from 1 to 69, where higher scores indicate greater disease severity.

Several secondary outcomes assessed the time to resolution of abnormal parameters commonly seen

in STEC HUS - thrombocytopenia, raised LDH (marker of haemolysis) and raised neutrophil count and
CRP (markers of inflammation) (see Table 14). In those who resolved, the median time to resolution of
thrombocytopenia was 6 days (IQR 4-7) in the eculizumab group compared with 7.5 days (IQR 6-8) in
the placebo group. Figure 3 shows a Kaplan-Meier plot of the time to resolution of thrombocytopenia.
Ten participants in the eculizumab group and 13 in the placebo group had raised CRP at baseline. This
resolved in 6/10 participants after a median time of 10.5 days (IQR 4-13) in the eculizumab group
compared with 10/13 participants after 9.0 days (IQR 4-12) in the placebo group. Of the 32 participants

TABLE 14 Secondary outcome measures

Eculizumab Placebo
N=17 N=19
Number of days on RRT
Median (IQR, N) 8(1-12,17) 9(5-14,19)
Minimum-maximum 0-26 0-31
Time to resolution of thrombocytopenia (days)
Number who resolved? 13/17 18/19
Median (IQR, N) 6(4-7,13) 7.5(6-8, 18)
Minimum-maximum 1-13 1-12
Time to resolution of haemolysis (days)®
Number who resolved? 3/15 2/17
Median (IQR, N) 6(3-17,3) 11 (2-19, 2)
Minimum-maximum 3-17 2-19

Time to resolution of inflammation of neutrophil cell count (days)¢

Number who resolved? 5/6 9/9
Median (IQR, N) 4(2-6,5) 5(2-7,9)
Minimum-maximum 1-20 2-11
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TABLE 14 Secondary outcome measures (continued)

Time to resolution of inflammation of CRP (days)?

Efficacy and Mechanism Evaluation 2024 Vol. 11 No. 11

Eculizumab

N=17

Placebo
N=19

Number who resolved? 6/10 10/13

Median (IQR, N) 10.5 (4-13, 6) 9.0 (4-12, 10)

Minimum-maximum 3-17 1-17
Number of packed RBC transfusions

Median (IQR, N) 2(1-3,17) 2(0-2,19)

Minimum-maximum 0-4 0-8

Total volume of RBC transfusion (ml/kg)
Mean (SD, N)

Minimum-maximum

25.0(17.3,17)
0-62

23.6 (28.6, 18)
0-99

N, number of observations.

a Known to have resolved before discharge.

b In participants who had a LDH value outside local normal range at baseline.

¢ In participants who had a neutrophil value outside local normal range at baseline.
d In participants who had a CRP value outside local normal range at baseline.

with abnormal LDH levels at baseline, only 5 resolved prior to discharge (3/15 in the eculizumab group
and 2/17 in the placebo group). Baseline neutrophil count was only raised in 15/36 (41.7%) participants,
with 14 resolving before discharge (5/6 in the eculizumab group and 9/9 in the placebo group). The
number and volume of packed RBC transfusions were similar across the two groups.

Two participants (5.6% of the cohort) had a persistent neurological defect at day 60 - one in each
group. Both were persistent focal defects. At 52 weeks, the incidence of CKD was similar between the 2
groups: 5/15 (33%) in the eculizumab group compared with 6/19 (32%) in the placebo group. The eGFR
measured by centralised Cystatin C assay at 52 weeks was 84.9 ml/minute/1.73 m? in the eculizumab
group compared with 84.0 ml/minute/1.73 m? in the placebo group.
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FIGURE 3 Kaplan-Meier plot of time to resolution of thrombocytopenia (days).
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Quality of life

Since the health economic evaluation was not performed, it was decided to analyse the HRQoL PedQL
and CHU-9D data as part of the clinical outcomes. The PedsQL data are shown in Figures 4-6 and the
CHU-9D data are shown in. PedsQL is based upon recall of the past one month. For all PedsQL scores,
perhaps not surprisingly, there was a decrease in score (worsening in HRQoL) between baseline and day
8, and then an increase in score up to day 60, followed by a plateau. It was interesting that by 52 weeks,
the scores were not that dissimilar to those observed at baseline. CHU-9D score covers recall of today/
last night and scores were lowest at baseline (Figure 7).

Health resource utilisation

A full health economic evaluation was planned; however, due to the early closure of the trial this was
not completed. A summary of the health resource utilisation data collected for the evaluation is given in
Table 15.
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FIGURE 4 Longitudinal plot of PedsQL Psychosocial Health Summary Score by treatment group (with standard error bars).
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TABLE 15 Health resource utilisation data

Eculizumab N = 17

Placebo N = 19

Primary care visits
N (%) 12 (71) 9(47)

All visits N 31 23
Mean (SD, n) 2.6(2.4,12) 2.6(2.0,9)
Range 1-9 1-6

Visits related to HUS N 15 5
Mean (SD, n) 1.3(2.0,12) 0.6 (0.9, 9)
Range 0-5 0-2

GP visits Mean (SD, n) 2.2(2.4,10) 2.7(1.7,7)
Range 1-9 1-5

continued
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TABLE 15 Health resource utilisation data (continued)

Eculizumab N = 17 Placebo N = 19

40

Nurse visits Mean (SD, n) 1.0(0.0, 2) 1.0(- 1)
Range 1.0-1.0 1.0
Other visits Mean (SD, n) 3.5(0.7,2) 1.0(0.0, 3)
Range 3.0-4.0 1.0-1.0
Outpatient visits
N (%) 8 (47) 9 (47)
All visits N 49 29
Mean (SD, n) 6.1(9.5,8) 3.2(1.6,9)
Range 1-29 1-6
Visits related to HUS N 41 29
Mean (SD, n) 5.1(7.5,8) 3.2(1.6,9)
Range 1-23 1-6
Doctor visits Mean (SD, n) 5.8(5.8,5) 3.0(1.0,7)
Range 1-15 2-4
Nurse visits Mean (SD, n) 5.3(7.5,3) 1.4 (0.5, 5)
Range 1-14 1-2
Other visits Mean (SD, n) 2.0(0.0,2) 1.0(-, 1)
Range 2-2 1
A and E visits
Number participants (%) 6 (35) 5(26)
All visits N 9 10
Mean (SD, n) 1.5(0.8, 6) 2.0(1.7,5)
Range 1-3 1-5
Visits related to HUS N 6 9
Mean (SD, n) 1.0 (0.6, 6) 1.8 (1.9, 5)
Range 0-2 0-5
Hospital admissions
N (%) 6(35) 5(26)
N 7 7
Elective 1 42
Emergency 6 3
Mean (SD, n) 1.2 (0.4, 6) 1.4 (0.9, 5)
Range 1-2 1-3
Emergency length of stay Mean (days) (SD, n) 1.6 (1.3, 5) 3.0(-, 1)
Range 1-4 3

GP, general practitioner

a Elective admissions to remove PD (peritoneal dialysis) catheter.
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Genetic studies

Results of the genetic analyses were not complete at the time of publication - these will be published
within a subsequent manuscript.

Adverse events

Five participants (three eculizumab, two placebo) experienced an AE. The detection of STEC in a stool
sample was a targeted AE collected at day 30. It was not possible to obtain data regarding STEC in the
day 30 stool sample for all participants. Of 19 forms returned, there were four participants with STEC
detected in their day 30 stool sample. Three of these were in the eculizumab group (3/12, 25%) and

one was in the placebo group (1/7, 14%). One participant in the placebo group reported experiencing a
significant infection. There were seven SAEs in six participants. Five participants in the eculizumab group
experienced six SAEs (anaemia, rash, gastroenteritis, Horner syndrome, prolonged nasogastric feeding,
death due to severe brain injury) compared with one patient in the placebo group (serum amylase
increased, general anaesthetic for dialysis central line). All SAEs were assessed as either unrelated, or
unlikely to be unrelated, to the trial intervention. No participants experienced a SUSAR.
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Chapter 4 Results of the mechanistic
substudies

Introduction

Pathophysiology of Shiga-toxin-producing Escherichia coli haemolytic uraemic

syndrome

Shiga-toxin-producing E. coli infection usually occurs as a result of ingestion of contaminated food

or water.?® STEC colonise the intestinal mucosa and have a number of virulence factors that result

in adhesion to colonic enterocytes and subsequent production of stx.!* Once secreted, stx traverses

the intestinal wall and enters the bloodstream,'? where it binds to circulating polymorphonuclear
leucocytes and is transported to distal sites.” The main cellular target for stx is the Gb3 receptor located
on the microvascular endothelium within the brain, gut and kidney.? Within the kidney, in addition

to the endothelium, Gb3 is expressed on the surface of tubular cells, mesangial cells and, in primates,
podocytes.”” Once bound to Gb3, stx enters the cell via endocytosis and is trafficked through the Golgi
apparatus and endoplasmic reticulum, before being released into the cytosol.®” Once in the cytosol, stx
exerts its effect via inhibition of the ribosomal activity and subsequent blockage of protein transcription.
These events lead to activation of apoptotic pathways, induction of inflammatory cytokines and

cellular necrosis.*? All these processes lead to the generation of a pro-inflammatory environment within
the microvasculature.

The field of HUS has been transformed through the delineation of causative genes for the closely
related condition, aHUS.*® aHUS describes patients with HUS without STEC infection, approximately
60% of whom have defects of the alternative complement pathway.

The complement system

The complement system is a complex cascade of over 30 proteins that form part of the innate immune
system.! It is comprised of three pathways, namely the classical, alternative and lectin-binding
pathways. The alternative pathway is constitutively active at a low level via the spontaneous hydrolysis
of circulating C3 molecules, which interact with factor B and factor D to produce a C3 convertase which
forms the basis of a C3 amplification loop. The convertase cleaves further C3 into C3a and C3b, and the
C3b generated by this process binds to the C3 convertase, forming the C5 convertase (C3BbC3b).”® The
C5 convertase cleaves circulating C5-C5a (anaphylatoxin) and C5b. Finally, C5b complexes with C6, C7,
C8 and C9, forming the MAC. This structure forms a permeable pore in the cell membrane leading to
cell lysis. To prevent overactivity of the pathway and to protect host cells from damage by complement,
a number of fluid phase {CFH, | [CFI (complement factor I)]} and membrane-bound [CD46, DAF(decay
accelerating factor) and CD59] regulators exist.

The role of complement in Shiga-toxin-producing Escherichia coli haemolytic uraemic

syndrome

While there is clear evidence that stx mediates glomerular endothelial TMA,*> in STEC HUS there is
increasingly compelling evidence that complement plays a role in pathogenesis. Complement activation
was first observed in STEC HUS over 30 years ago, when it was demonstrated that children with
STEC HUS had higher plasma levels of the alternative complement activation products, C3b, C3c, C3d
and factor B.1¢17 Patients with STEC HUS may exhibit transiently low plasma complement C3 levels
during acute disease which return to normal during convalescence, indicating complement activation
and consumption. Low admission plasma C3 levels have repeatedly been shown to correlate with
several measures of disease severity including dialysis requirement, neurological and other extrarenal
complications, PICU admission and length of hospitalisation.'®-2° Adding to evidence for complement
activation, serum complement activation products are elevated in the acute phase and correlate with
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disease severity, including increased levels of C5 convertase and the common end point of complement
activation soluble C5b-C9 [or terminal complement complex (TCC)], a fluid phase form of MAC.?1-23
Further evidence of complement involvement in STEC HUS is supported by the presence of circulating
complement-containing microvesicles from platelets, leucocytes and erythrocytes in individuals with
STEC HUS,*25 suggesting a direct interaction between these cells and complement.

Experimental studies have been undertaken to understand the possible mechanism of this activation.
Activation of the alternative complement pathway by stx2 has been demonstrated.” In the same study,
stx2 was shown to bind to and inhibit the function of CFH. In a separate study, stx exposure reduced
the expression of CD59, a cell surface complement regulator.®° stx-treated microvascular endothelial
cells demonstrate C3 surface deposition via activation of the alternate complement pathway when
treated with human serum. Taken together, these results indicate that stx activates the alternative
complement pathway and may also result in increased susceptibility of microvascular endothelial cells to
complement-mediated damage through a reduction in complement regulation by CFH and CD59.

Prior to undertaking mechanistic studies within the ECUSTEC trial, results from animal studies were
mixed. In a murine model of STEC HUS, complement blockade was protective against severe disease.?
In contrast, no evidence of complement activation was detected in a nonhuman primate model of
STEC HUS.#

Most work on STEC HUS views the glomerular endothelial cell as the target of stx. However, our
previous work, both in vivo and in vitro, supports the hypothesis that the podocyte is a central

target of stx damage, which disrupts endothelial complement regulation via a reduction in podocyte
VEGF secretion, resulting in TMA 8! Podocytes normally produce VEGF, which maintains the healthy
glomerular endothelial phenotype.?? A concept changing study by Eremina et al.2® demonstrated that
reduced podocyte production of VEGF leads to glomerular endothelial TMA (the hallmark of HUS).
We have generated a considerable body of preliminary work showing that stx directly targets human
podocytes to reduce podocyte VEGF secretion. Alongside this we have shown that VEGF upregulates
protective complement factors on glomerular endothelial cells, and in vivo that podocyte specific VEGF
knock out results in decreased glomerular endothelial Factor H expression and increased complement
deposition in the glomerular endothelium.®

Objectives

e To investigate the time course of systemic complement activation in STEC HUS and its relation to the
severity of disease.

e To determine whether TMA in STEC HUS occurs via a stx-mediated reduction in podocyte VEGF
production, leading to loss of complement regulation.

e To test whether neutrophils derived from patients with acute STEC HUS deliver stx to podocytes.

e To assess whether any genetic variations in patients with STEC HUS point to novel
pathogenic mechanisms.

Methods

Urine samples were collected from patients at specified time points - some patients could not provide
urine samples at all time points because of anuria. Urine CFH levels were measured in urine samples
by enzyme-linked immunosorbent assay (ELISA) (Abcam) at days 1, 2, 4, 6, 8 and 30. Assays were
performed according to the manufacturer’s instructions.

Urine VEGF levels were measured by ELISA (R + D systems) at days 1, 2, 4, 6, 8 and 30. Assays were
performed according to the manufacturer’s instructions.
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Urine podocytes from two patients were spun and quantified by Western blot analysis of podocyte
specific proteins. Urinary markers of podocyte damage [nephrin and Wilms tumour-1 (WT-1)] were
measured by ELISA of urine cell pellets according to methods previously described.?>

Plasma CFH levels were measured by ELISA (Abcam) at days 1 and 30 according to the manufacturer’s
instructions. Plasma VEGF levels were measured by ELISA (R + D systems) at days 1 and 30 according to
manufacturer’s instructions.

Measurement of serum complement activation products (Bb, C3a, C4a and sC5b9) by ELISA was
outsourced to Exsera BiolLabs, Aurora, USA.

Complement activation was also assessed by a novel technique, termed ‘degradomics’, in collaboration
with Professor Markus Rinschen (University of Koln). This technique detects substrates degraded

by proteases (e.g. components of the complement activation pathway). This employs a new field of
positional proteomics or terminomics aimed at identifying protein N- or C-terminal modifications of
protease substrates using mass spectrometry. Degradomics was performed based on the techniques
described by the Rinschen group.®® The method was modified in order to use ethylenediaminetetraacetic
acid plasma samples from patients.

Exploration of the mechanism of stx on surface complement factor expression was performed using
co-culture experiments. Co-culture models of human conditionally immortalised podocytes and
glomerular endothelial cells were set up, to explore the hypothesis that stx acts via podocytes to

tune down complement regulators on the surface of endothelial cells, as shown in Figure 8.87:88 Cells
were cultured in endothelial media without VEGF. They were serum starved for one hour before stx
experiments. Co-cultures were performed in transwells with endothelial cells at the bottom, podocytes
at the top and stx added to podocytes. The final stx concentration was 0.1 ng/ul. Glomerular cell surface
CFH and C3d were assessed by confocal microscopy and semiquantified.

Insufficient patient samples were obtained to allow assessment of the delivery of stx to podocytes from
patient-derived neutrophils.

Whole exome sequencing for 30x coverage and variant calling was provided by Eurofins Genomics,
Wolverhampton, UK.

Serum anti-CFH antibodies were measured by ELISA as previously described.®’
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FIGURE 8 Schematic showing co-culture experiments using podocytes and glomerular endothelial cells.
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Outcome measures

e Plasma and urine VEGF and CFH levels.

e Urinary markers of podocyte damage (nephrin and WT-1).

e Plasma complement activation products.

e Immunofluorescence staining and quantitative ELISA for endothelial cell factor H and C3d following
co-culture experiments.

¢ Whole exome sequencing, plasma anti-CFH antibody levels.

Results

Of the 36 participants recruited to the main trial, 32 consented to take part in the mechanistic studies
and provided blood and/or urine samples. In anuric participants, only blood samples were collected.

Urine complement factor H and vascular endothelial growth factor levels in serial

samples

We explored the hypothesis that stx-mediated damage to podocytes will lead to shedding of CFH and
VEGEF in the urine during the acute phase of the disease. The highest urine CFH levels were at day 1
(150 ng/ml), diminishing by day 4 (30 ng/ml) and completely normalising by day 30 (undetectable) as
shown in Figure 9.

The highest urine VEGF levels were at day 1 (average 1300 ng/ml) and by day 30 the levels were below
20 ng/ml, as shown in Figure 10.
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FIGURE 9 Concentration of factor H in serial urine samples of participants in the ECUSTEC trial. Note: Factor H
concentration in serial urine samples for participants in the ECUSTEC trial. The number of samples at each time point is
indicated below the graph. Urine was available from 16 participants in total.
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Markers of podocyte damage

In both participants studied, nephrin and WT-1 were clearly evident in the urine at day 1 as shown in

Figure 11. WT-1 remained detectable in the urine until day 8 but was undetectable by day 30 in both
patients. This is compatible with acute podocyte loss during active disease.

Concentration of VEGF in ECUSTEC urine samples
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FIGURE 10 Concentration of VEGF in serial urine samples of participants in the ECUSTEC trial. Note: VEGF concentration

in serial urine samples for participants in the ECUSTEC trial. The number of samples at each time point is indicated below
the graph. Urine was available from 16 participants in total.
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FIGURE 11 Urinary cells from two participants in ECUSTEC trial probed with antibodies against podocyte specific
proteins, nephrin and WT-1. Note: Western blots of urine cell pellets from two participants at indicated time points.

(A) Day one urine samples after probing with an anti-nephrin antibody compared with control urine. (B) Serial urine
samples from two participants probed with an anti-WT-1 antibody.
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Plasma complement factor H and vascular endothelial growth factor levels

No difference was seen in the plasma levels of CFH (as shown in Figure 12) and VEGF (data not shown)
between day 1 and day 30.

Plasma degradomics analysis
We tested samples (at days 1 and 3) from five participants in a pilot experiment. The N-termini

consistent with C3 and C4 activation were much more abundant at day 1 (with overall estimated protein
abundance as the control) than at day 30, as shown in Figure 13.

Plasma complement activation products

Table 16 shows the results of ELISA assays for plasma levels of complement activation products at serial
time points.
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FIGURE 12 Concentration of factor H in plasma samples of participants in the ECUSTEC trial. Note: Plasma factor H
concentration at two time points for participants in the ECUSTEC trial.
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FIGURE 13 C3 and C4 degradomics data for five participants in the ECUSTEC trial. Note: Nt, N termini; P1-P5 patients
1-5; d3, day 3; dO, day 1 (baseline sample); log2 (d30/d0), log ratio between day 3 and day 1 levels of complement
fragments. Data show log of ratio between day 3 and day 1 levels of complement fragments.
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Mean plasma levels of Bb were elevated in both groups at baseline, day 2 and day 4. At day 6 and day
8, Bb levels remained elevated in the placebo group but were normal in the eculizumab group. In both
groups, mean Bb levels were in the normal range at day 30 (Figure 14).

Mean plasma levels of C3a were elevated in both groups at baseline and at days 2 and 4. At days 6

and 8, mean levels remained elevated in the placebo group while mean levels in the eculizumab group
were in the normal range. Levels were in the normal range for both groups by day 30 (Figure 15). Mean
plasma levels of C4a were elevated at all time points in both groups but fell at day 30 (Figure 16). Mean
plasma levels of sC5b9 were high throughout baseline to day 8 in both groups and fell by day 30, when
mean levels in the placebo group were normal and in the eculizumab group were marginally elevated

(Figure 17).

TABLE 16 Plasma complement activation products in ECUSTEC participants

Eculizumab Placebo

Analyte
Bb Day 1 Mean (SD, n) 4.38(2.06,9) 10.38(16.77,9)
Range 0.32-7.50 0.06-54.41
Day 2 Mean (SD, n) 5.91(7.41,9) 4.09 (3.47, 8)
Range 0.35-25.03 0.35-10.92
Day 4 Mean (SD, n) 4.90(5.53,7) 3.16(2.17, 6)
Range 1.31-16.88 0.29-5.92
Day 6 Mean (SD, n) 1.37(0.81, 5) 6.21(5.79, 6)
Range 0.33-2.25 1.01-14.41
Day 8 Mean (SD, n) 1.42 (0.62, 11) 3.47(6.14,9)
Range 0.32-2.34 0.89-19.81
Day 30 Mean (SD, n) 1.05(0.46, 8) 0.80(0.38, 6)
Range 0.62-1.96 0.33-1.23
C3a Day 1 Mean (SD, n) 175.55 (64.24, 9) 195.95(71.10, 9)
Range 84.88-259.61 134.41-371.61
Day 2 Mean (SD, n) 168.35(82.12, 9) 163.53 (92.44, 8)
Range 82.30-282.51 59.71-320.43
Day 4 Mean (SD, n) 134.53(87.20, 7) 203.44 (69.09, 6)
Range 33.62-256.84 102.19-292.20
Day 6 Mean (SD, n) 100.64 (48.82, 5) 253.35(163.03, 6)
Range 47.90-178.93 76.84-444.85
Day 8 Mean (SD, n) 173.94 (188.68, 11) 212.91(101.89, 9)
Range 51.22-721.40 92.69-377.40
Day 30 Mean (SD, n) 44.76 (10.02, 8) 68.39 (57.95, 6)
Range 35.79-61.88 33.77-181.05
continued
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TABLE 16 Plasma complement activation products in ECUSTEC participants (continued)

Eculizumab Placebo

C4a Day 1

Day 2

Day 4

Day 6

Day 8

Day 30

sC5b9 Day 1

Day 2

Day 4

Day 6

Day 8

Day 30

Mean (SD, n)
Range
Mean (SD, n)
Range
Mean (SD, n)
Range
Mean (SD, n)
Range
Mean (SD, n)
Range
Mean (SD, n)
Range
Mean (SD, n)
Range
Mean (SD, n)
Range
Mean (SD, n)
Range
Mean (SD, n)
Range
Mean (SD, n)
Range
Mean (SD, n)
Range

3852.01(1138.20, 9)
2559.29-6471.08
3025.55(791.09, 9)
2007.41-3945.87
3422.65(2292.23,7)
977.13-8089.71
3067.15(715.18, 5)
2125.91-3674.70
3424.80 (2203.63, 11)
1584.54-9614.02
1622.61 (453.32, 8)
856.26-2347.47
349.72(198.12,9)
29.77-721.67
255.62(127.24,9)
34.58-463.50
354.88(124.05, 7)
203.43-569.20
442.52 (323.09, 5)
127.99-794.18
282.74 (258.57, 11)
41.79-1017.96
222.86(136.62, 8)
116.92-541.47

3969.93 (1547.68, 9)
2260.00-7745.64
3572.99 (2545.37, 8)
1747.86-9447.02
2672.90(792.35, 6)
1445.92-3503.02
4347.56 (2865.62, 6)
2254.52-9966.68
2843.56 (974.85, 9)
705.28-3879.71
1992.23 (936.04, 6)
1161.74-3511.49
467.62(192.20, 9)
225.66-806.90
356.03 (241.36, 8)
36.99-790.98
487.14 (363.27, 6)
41.19-1100.19
514.44 (318.86, 6)
163.85-1093.58
367.11(193.06, 9)
183.63-838.15
117.57 (69.01, 6)
30.37-179.32

n, number of samples analysed.

Note

Normal ranges: Bb - low 0.48, high 1.62 mcg/ml; C3a - low 7, high 99 ng/ml; C4a - low 110, high 699 ng/ml;
sC5b9 - low 49, high 203 ng/ml.
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FIGURE 14 Plasma levels of Bb in ECUSTEC participants. Note: Upper limit of normal range indicated by dotted line.
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FIGURE 17 Plasma levels of sC5b9 in ECUSTEC participants. Note: Upper limit of normal range indicated by dotted line.

In the placebo group, a linear relationship was not established between CSS and baseline Bb (r = 0.43,
p=0.2); C3a(r=-0.16,p = 0.7); C4a (r = 0.15, p = 0.7) or sC5b9 (r = -0.17, p = 0.7) as demonstrated in
Figure 18. Similarly, a linear relationship was not established between CSS and the maximum value of Bb
(r=0.45,p=0.1); C3a(r=0.15,p = 0.6); C4a (r = 0.23, p = 0.4); or sC5b9 (r = -0.22, p = 0.5) also shown

in Figure 19.
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FIGURE 18 Relationship between baseline plasma complement activation products and CSS (placebo group only).
Note: Scatterplots show baseline (day 1) plasma levels of Bb, C3a, C4a and sC5b9 against CSS.

In vitro cell co-culture work to explore the mechanism of stx on surface complement

factor expression

In co-culture models of human conditionally immortalised podocytes and glomerular endothelial cells,
stx caused a decrease in CFH and an increase in C3d (a complement activation product) on glomerular
endothelial cells (as shown in Figure 20). The presence of podocytes was critical for this change since stx
had no effect on these factors when added to endothelial cells alone. We also showed that supernatant
from podocytes exposed to stx had the same effect on glomerular endothelial cells (Figure 21).

Genetic variations in patients with Shiga-toxin-producing Escherichia coli haemolytic
uraemic syndrome
Data from whole exome sequencing have been obtained and analysis is ongoing.

Discussion

Overall, we have explored the mechanistic hypothesis that complement activity occurs early in

the glomerulus in STEC HUS, and is initiated by stx targeting the podocyte, leading to cross-talk to
glomerular endothelial cells, potentially via the soluble mediator VEGF. We hypothesised that this cross-
talk leads to downregulation of the protective CFH on the surface of endothelial cells and concurrent
activation of complement on the endothelial cell surface. All of the lines of evidence we have gathered
strongly support this hypothesis.
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FIGURE 19 Relationship between maximum plasma complement activation products and CSS (placebo group only).
Note: Scatterplots show maximum measured plasma levels of Bb, C3a, C4a and sC5b9 against CSS.

Firstly, we tested the hypothesis that stx-mediated damage to podocytes leads to shedding of CFH
and VEGF in the urine during the acute phase of the disease. This led us to demonstrate that CFH and
VEGEF levels in the urine can be explored as biomarkers of the earliest phase of disease. As a control
experiment, there was no change in plasma levels of CFH or of VEGF.

Next, we tested whether we could detect complement activation in the plasma, again at the earliest
stage of disease. Using a novel proteomics technology that enables proteome-wide identification,
mapping and quantification of protein N-termini to comprehensively characterise cleaved plasma
proteins, we could demonstrate upregulation of activated fragments of C3 and C4 complement

components in a pilot study of five patient samples at days 1 and 3, with no change in overall abundance
of C3 and C4. In addition, we assessed a range of complement activation products using ELISAs. These
results showed evidence of both alternative and classical complement pathway activation in the acute
phase of disease.

Finally, we tested whether podocytes are responsible for initiating changes in glomerular endothelial
cell complement activation, by employing a co-culture model of human podocytes and glomerular
endothelial cells. The results clearly demonstrate that stx downregulates CFH levels on glomerular
endothelial cells and leads to loss of protection from complement activation only in the presence of
podocytes. We also showed that supernatant from podocytes exposed to stx had the same effect.
Therefore, we propose that there is a soluble mediator or mediators, released by the podocyte, that
downregulates glomerular endothelial CFH levels, thus rendering them susceptible to complement
activation (demonstrated in our model by C3d deposition). Further work has started to use proteomics
to analyse the podocyte supernatant in order to discover the soluble factor(s) responsible.
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FIGURE 20 Endothelial cell surface CFH and C3d levels after exposure to stx in co-culture with podocytes. Note: Pod,
podocytes; endo, glomerular endothelial cells. (a) Immunofluorescence on the surface of conditionally immortalised
glomerular endothelial cells after incubation with stx in the presence and absence of podocytes in co-culture. Red -
factor H, green - C3d, blue - nuclear staining with diamidino-2-phenylindole; and (b) Graphs showing semiquantitative
immunofluorescence of surface levels of factor H and C3d on conditionally immortalised glomerular endothelial cells after
incubation with stx in the presence and absence of podocytes in co-culture (arbitrary units) (n = 3).
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FIGURE 21 Surface endothelial factor H in response to supernatant from stx-treated podocytes. Note: Graph showing
semiquantitative immunofluorescence of surface levels of factor H on conditionally immortalised glomerular endothelial
cells after incubation media from podocytes treated with stx, with treatment of endothelial cells over a 60-minute time
course.

Conclusions

We have established that urine CFH and VEGF levels are sensitive measures of disease activity in STEC
HUS and could therefore be explored as new biomarkers of acute disease. We have demonstrated
complement activation early in disease in plasma from patients with STEC HUS using sophisticated
proteomics technology and ELISAs. Co-culture cell work demonstrated that podocyte cross-talk is
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responsible for reducing glomerular endothelial cell CFH expression and that this results in complement
activation on the glomerular endothelial cell surface. Collectively, this work strongly supports the
mechanistic hypothesis of a STEC HUS as a complement-mediated disease, driven via the podocyte as
the target cell for stx.

Future work

We plan to undertake proteomics analysis of podocyte supernatant after treatment with stx in order to
discover the relevant soluble cross-talk factors influencing endothelial cell complement regulators. We
also plan to further develop early plasma and urine biomarkers for clinical detection and diagnosis of
STEC HUS, including the degradomics-based complement assay and urine biomarkers such as CFH and
VEGF. One specific aim would be to test whether urine VEGF can be used as a biomarker of STEC HUS
versus aHUS, in order to make a definitive early diagnosis in cases where there is clinical doubt.

We will explore testing of patient plasma and neutrophils for the presence of outer membrane vesicles
containing stx.

Subsequent to this work, Professor Saleem and colleagues have developed a mouse model that
recapitulates STEC HUS by targeting stx to the glomerular podocyte by exclusively expressing the
Gb3 receptor on this cell type.?® In this model, inhibition of the terminal complement pathway by C5
blockade prior to stx exposure prevented the development of STEC HUS. They have also undertaken
further co-culture work to confirm that stx binds to Gb3 on human podocytes, leading to reduced
cell surface heparan sulphate expression and CFH binding on human glomerular endothelial cells, and
evidence of endothelial cell surface complement activation (C3b and C5b-9 deposition).
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Chapter 5 Discussion

Main findings

In this multicentre, randomised, double-blind, placebo-controlled trial in children with STEC HUS, we
found that two doses of eculizumab did not reduce disease severity. The mean CSSs at day 60 were
similar between those randomised to eculizumab and those randomised to placebo. However, the
trial was stopped early due to low recruitment, and only recruited 36 of the 134 target sample size,
meaning the trial was under powered, and so this cannot be interpreted as evidence of no effect of
the intervention.

Although a reduction in disease incidence contributed to the low recruitment to the trial, the lack of
out-of-hours infrastructure to deliver a CTIMP that required urgent intervention in children is important
to consider when developing future trials for children with this and other acute conditions. STEC HUS

is a rare disease and small outbreaks can have a moderate impact on annual incidence. A reduction

in incidence during the trial period could have been due to a minor difference in the number of small
outbreaks and does not necessarily mean that there is a permanent reduction in incidence.

In the mechanistic studies, we have established that urine CFH and VEGF levels are sensitive measures
of disease activity in STEC HUS. We have demonstrated complement activation in plasma from patients
with STEC HUS using sophisticated proteomics technology. Co-culture cell work demonstrated that
podocyte cross-talk is responsible for reducing glomerular endothelial cell CFH expression and that

this results in complement activation on the glomerular endothelial cell surface. Collectively, this work
strongly supports the mechanistic hypothesis of STEC HUS as a complement-mediated disease, driven
via the podocyte as the target cell for stx.

Strengths

The robust study design included blinding of the treatment allocation to participants and investigators.
In addition, all participants received vaccination and prophylactic antibiotics regardless of treatment
allocation in order to maintain blinding. All investigators demonstrated true equipoise regarding the
intervention, in that no patients in the control group were unblinded and given eculizumab.

The primary outcome measure, the ECUSTEC CSS, captured overall disease severity at day 60. Previous
trials in STEC HUS have used purely renal outcome measures, which only represents part of the disease
course. This CSS gives a global assessment of disease severity. We believe that this CSS is a promising
tool to test future treatments for STEC HUS, although further validation of the score is required.

The involvement of patients and families in all stages of our trial design and implementation was a

key strength. Approximately 50% of families who were approached for the trial consented to their
child’s participation. In any trial setting, this would be an excellent acceptance rate, but given the acute
circumstances, this demonstrates the success of patient and family involvement in the trial design, and
the skill and sensitivity of the clinical teams across the country.

The trial protocol was developed with and approved by representatives from all trial centres (which
comprised 12 of the 13 UK centres), including an agreement to standardise supportive care, which
demonstrates the commitment of clinical teams to testing a potential treatment in this condition.
Adherence to the protocol was very high, with only one patient who did not receive treatment
according to protocol. The retention of participants and the completeness of their follow-up following
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randomisation was also very high. This further demonstrates the commitment of clinical teams to
the trial.

The inclusion of mechanistic substudies is also a strength of this study. These have furthered the
evidence for complement activation in STEC HUS and show a clear mechanism for this activation. They
have also provided novel biomarkers of STEC HUS for further exploration, which may lead to clinically
useful predictors of severe disease.

Limitations

The main limitation of our study was that, due to the trial being closed early to recruitment, we had
limited data and the study was under-powered to conclude whether there was a difference between
groups. We calculated the sample size based upon achieving a clinically meaningful reduction in CSS
score of 5 points. The original sample size of 134 participants would have provided 80% power to detect
such a reduction. Since the trial recruited only 36 participants, there are insufficient data and power to
make any conclusions on the use of eculizumab in this clinical setting.

A number of strategies were employed to increase recruitment. The administration window for the
treatment was increased. Consideration was also given to international collaboration, but this was not
considered feasible. The onset of the COVID-19 pandemic meant that any mitigation strategies were
unlikely to make up for previous poor recruitment, and a decision was made to close the trial early by
the funder.

It is possible that some differences between treatment groups at baseline may have affected outcome
measures (see Table 7). The groups were well balanced and comparable in all baseline characteristics
except for age, weight and proportion with anuria - the eculizumab group had a lower mean age than
the placebo group (4.8 years compared with 6.4 years) and there was a corresponding difference in
mean weight (18.9 kg in the eculizumab group compared with 26.0kg in the placebo group). A higher
proportion of patients in the eculizumab group were anuric for > 12 hours (9/15, 60% of the eculizumab
group and 2/18, 11% of the placebo group). These are likely to be chance imbalances, since patients
were randomised into the trial, and is likely to have occurred due to the small number of participants.
There is conflicting evidence about whether age at onset impacts outcome of STEC HUS - some studies
indicate that younger age is associated with worse outcome, while other studies do not. The trial did

not show a difference in severity score between groups, and it is unlikely that the imbalance in age,
weight and proportion with anuria > 12 hours between groups is of significance in the interpretation of
these data.

Interpretation of findings

Due to the ECUSTEC trial being closed early to recruitment, we are unable to answer the research
question of whether treatment with eculizumab reduces the severity of STEC HUS in children aged

6 months-< 19 years. Following our experience with this trial, we recommend that consideration is
given to reinforcing children’s research infrastructure, so that CTIMPs can be delivered out of standard
working hours, so that treatments for acutely unwell children can be assessed in clinical trials in this
setting, and thus improve the future treatment of these children.

Public and patient involvement

We have been supported before and during the trial by the charity HUSH (HUSH haemolytic uraemic
syndrome) E. coli and in particular its founder. We were also supported by parent members of the
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paediatric nephrology clinical studies group and parents whose children had experienced STEC HUS.
Patient and parent involvement (PPI) was crucial for designing a trial that was acceptable to the families
of acutely unwell children. Our patient and parent information material was reviewed and modified by
our patient and parent partners, both at the outset of the trial and when an amendment was required
after feedback from local teams. Our patient and parent partners helped us to gather participant
experience from the trial in order to review acceptability as the trial progressed. We particularly
appreciate the support of our partners when liaising with the funder regarding continuation of the trial.
We will engage with our partners regarding the reporting and dissemination of this study. We are sorry
that we have been unable to answer the primary research question for our patient and parent partners.
A summary of the PPI for the ECUSTEC trial is presented in Table 17.

Equality, diversity and inclusion

Our trial centred upon acutely unwell children and their families - children are an under-represented
group in research. In order to maximise participation, we included parents of children who had
experienced STEC HUS in the design of our protocol. We also set up participant identification centres in
referring units so that information could be given to families prior to their arrival at the renal unit.

The age profile of our participants reflects the typical age range of patients with STEC HUS, so we do
not think that particular age groups were under-represented in our trial. Local research teams were
permitted to utilise translators to recruit participants without English as a first language; however, we
could have improved representation by providing information sheets in a number of languages.

TABLE 17 Summary of patient, parent and public involvement for the ECUSTEC trial

Section and topic Item

1: Aim The aims of PPl in the ECUSTEC trial were to:

determine the correct research question

develop a primary outcome measure that had relevance to patients and families
develop an assessment schedule that would be acceptable to families
co-produce patient-facing materials for achieving informed consent

address possible reasons for low recruitment

provide direction to the trial by membership of the TSC.

2: Methods Parent members of the paediatric nephrology clinical studies group and families of children
who had experienced STEC HUS were approached.
The patient support group HUSH E. coli was also approached.
Interested individuals formed a focus group that worked with the chief investigator,
supported by PPI co-ordinator from the Sponsor organisation.
The focus group was convened at appropriate times during the course of the study.
The PPI partners devised a questionnaire to obtain feedback from participants in case any
aspects of the trial were distressing to families.

3: Study results PPI was a very positive factor in the trial. Our trial design was acceptable to families, and the
patient facing information contributed to a high participation rate in those approached for
the trial.

PPI was also crucial in us continuing the trial, despite recruitment difficulties, by helping
highlight the importance of the trial to the funder.

4: Discussion and We think the high acceptability of the trial and excellent retention were largely down to the
conclusions involvement of our PPI partners.

5: Reflections/critical It is important to start PPl as early as possible in the process, before even considering a
perspective research question or trial protocol. While it can take time to build the right group and ensure

good representation, it is an essential step in developing and delivering a high-quality trial.
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Gaps in prior evidence were identified by literature review and by informal consultation with
international colleagues with STEC HUS expertise and experience.

Our patient information was reviewed by a panel of parents and young people to make sure it was
inclusive and accessible to different age groups. The panel was geographically representative of the
patient population. During the trial, some of the information was simplified into an infographic following
feedback. In order to increase accessibility and inclusivity in future studies, it would be important to
ensure diversity in the patient panel.

Our research team was diverse in terms of age, gender, ethnicity and disability. Junior members of the
team were given opportunities to contribute with skilled supervision from senior members.
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Chapter 6 Conclusions

Implications for practice

No conclusions can be drawn about the efficacy of eculizumab in STEC HUS from the ECUSTEC trial,
and so unfortunately, the data are unable to inform clinical practice. However, it does add to the
knowledge base of the use of eculizumab in STEC HUS, and may contribute to future meta-analyses.

From our mechanistic studies, we have established that urine CFH and VEGEF levels are sensitive
measures of disease activity in STEC HUS and could therefore be explored as new biomarkers of acute
disease. We have demonstrated complement activation early in disease in plasma from patients with
STEC HUS using sophisticated proteomics technology and ELISAs. Co-culture cell work demonstrated
that podocyte cross-talk is responsible for reducing glomerular endothelial cell CFH expression and that
this results in complement activation on the glomerular endothelial cell surface. Collectively, this work
strongly supports the mechanistic hypothesis of STEC HUS as a complement-mediated disease, driven
via the podocyte as the target cell for stx.

Recommendations for future research

There remains a significant unmet need for children with STEC HUS which has no effective treatment.
We await the results of a trial of administration of a polyclonal antibody in children with STEC infection
prior to the development of HUS, which began subsequent to commencement of the ECUSTEC trial
(NCT04132375, Immunova S.A.), and of a trial of azithromycin in children with STEC HUS (ZITHROSHU)
(NCT02336516). However, as potential agents to treat STEC HUS arise, it is vital that the infrastructure
to deliver an intervention to acutely unwell children is in place. For future trials, we think that the
ECUSTEC CSS is a useful tool for future studies. We also think that overall survival, duration of
thrombocytopenia, evidence of CKD at 52 weeks, eGFR measurement using a centralised cystatin

C assay at 52 weeks, and persistent neurological defect at day 60 measured by structured expert
assessment are feasible end points in this clinical group.

This trial attempted to evaluate an urgent intervention in acutely unwell children. One of the main
factors leading to low recruitment was insufficient out-of-hours children’s research infrastructure.
Specifically, IMP could not be administered outside of normal working hours due to a lack of suitably
trained research staff on duty. We recommend that this provision is reviewed in order to successfully
deliver similar trials in the future.

With regard to mechanistic studies, work is planned to undertake proteomics analysis of podocyte
supernatant after treatment with stx in order to discover the relevant soluble cross-talk factors
influencing endothelial cell complement regulators. We also plan to further develop early plasma
and urine biomarkers for detection and diagnosis of STEC HUS, including the degradomics-based
complement assay and urine biomarkers such as CFH and VEGF.
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Appendix 1 Summary of ECUSTEC trial
protocol amendments

Amendment Date of Protocol version Type of
number amendment number amendment Summary of amendment

1 12 December Version 2.0 Substantial Changes to the initial protocol requested by the MHRA
2016 including information about contraception, pregnancy
testing, more frequent CNS examinations and SUSAR
reporting.

2 1 April 2017  Version 3.0 Substantial Changes to incorporate those requested by REC for
Version 1.0 7 September 2016 and MHRA requested
changes for Version 2.0 12 December 2 reviewed
the updated stool SOP 016. Additional inclusion
criteria and wording of an exclusion criteria. Further
detail added regarding confirmation of vaccinations.
Amendments to the assessments schedule, data col-
lection, samples guidance and AE reporting sections.
Other minor changes.

3. 18 January Version 4.0 Substantial The treatment window has been extended by 12 hours
2018 due to the operational difficulty of treating patients.
Other minor changes.

4, 24 June 2019 Version 5.0 Substantial The wording for inclusion criteria 4 has been amended
to include ‘OR Passage of blood per rectum within
14 days prior to diagnosis of HUS'.
Also refined household contact to: Stool culture or
Shiga toxin PCR or STEC serology result indicating
STEC in a close contact (household or institutional).
Other changes include an update to the UK Data
Protection Act 2018, re-wording of events that do not
require expedited reporting and other minor changes.

5. 20 May 2020 Version 6.0? Substantial The treatment window has been extended by 24 hours
due to the operational difficulty of treating patients
within the current window. Other minor changes.

a Protocol amendment version 6.0 was submitted during the COVID-19 pandemic, while recruitment was suspended, in
order to improve recruitment once the trial was able to resume. The trial did not subsequently reopen to recruitment in
agreement with the funder.
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Appendix 2 ECUSTEC clinical severity score

Renal Lowest eGFR > 50 1
Lowest eGFR 26-50, no oligoanuria® 2
Lowest eGFR < 25, no oligoanuria? 3
Oligoanuria® but no dialysis (or RRT) required 4
Dialysis/RRT < 48 hours 5
Dialysis/RRT 2 days 6
Dialysis/RRT 3 days 7
Dialysis/RRT 4 days 8
Dialysis/RRT 5 days 9
Dialysis/RRT 6 days 10
Dialysis/RRT 7 days 11
Dialysis/RRT 8 days 12
Dialysis/RRT 9 days 13
Dialysis/RRT 10 days 14
Dialysis/RRT 11 days 15
Dialysis/RRT 12-13 days 16
Dialysis/RRT 14-17 days 17
Dialysis/RRT 18-20 days 18
Dialysis/RRT 21-27 days 19
Dialysis/RRT 28-34 days 20
Dialysis/RRT 35-41 days 21
Dialysis/RRT 42-48 days 22
Dialysis/RRT 49-55 days 23
Dialysis/RRT > 55 days 24

CNS No obvious CNS involvement 0
Altered consciousness (agitation, irritability, hallucinations, confusion, 2
excessive drowsiness)

Single seizure 4
Two or more seizures 24 hours apart® 6
Transient focal neurological defect (> 24 hours but < 1 week) 7
Persistent focal neurological defect (present at day 60 and persistent for 10
more than 1 week)

Persistent global (> 2 brain functions - vision/hearing/cognitive/motor/ 15

sensory/memory) neurological defect at day 60
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APPENDIX 2

Pancreas No clinical or biochemical evidence pancreatitis 0
Raised amylase and/or lipase® without clinical symptoms/signs 2
Hyperglycaemia without insulin requirement 6
Pancreatitis with sequelae (laparotomy, parenteral nutrition, insulin 8
required)
Chronic sequelae of pancreatitis at day 60 (parenteral nutrition,® insulin, 10
other)

Gastrointestinal No abdominal surgery required (except related to peritoneal dialysis 0
catheter)
Laparoscopy/laparotomy required for abdominal symptoms 5
Intestinal perforation AND/OR bowel resection required 8
Stoma formation 10

Cardiac No cardiac involvement (normal CVS examination - except hypertension/ 0
volume overload)
Cardiac failure confirmed by ECHO' (impaired systolic ventriculare function 4
or chamber enlargement” or valve regurgitation’)
Cardiac failure confirmed by ECHO with dilated cardiomyopathy 6
Myocardial infarction (on standard ECG + troponin £+ ECHO evidence) 10

CVS, cardiovascular system; LVEDD, left ventricular end-diastolic diameter.
a Oligoanuria defined as urine output < 0.5 ml/kg/hour for 12 hours.
b Multiple seizures occurring within a 24-hour period considered part of the same event.
¢ Todd'’s paresis following a seizure should resolve within 24 hours.
d Lipase measurement not mandatory; however, if measured and found to be elevated this would count.
e Only if parenteral nutrition is required because of pancreatitis, not for other indications.
f Echocardiogram only mandatory if clinical signs of cardiac failure or myocardial infarction.
g Impaired systolic ventricular function: left ventricular ejection fraction < 55% (measured by volume estimation method
such as modified Simpson’s rule) OR fractional shortening < 25% (using two-dimensional or M-mode).?*
Chamber enlargement: LVEDD 2 2 z-scores (SD, using M-mode in parasternal long axis).*
Valve regurgitation: new mitral valve regurgitation > moderate (vena contracta width > 0.3 cm, regurgitant volume
> 30 ml/beat, regurgitant fraction > 30%, effective regurgitant orifice area = 0.2 cm?).2
j Diagnosis requires troponin evidence of myocardial infarction AND at least one of symptoms of ischaemia OR ECG
evidence OR Echo evidence:??
e Troponin evidence: any cardiac troponin measurement greater than the 99th centile upper reference limit.
e Electrocardiogram evidence: new significant localised ST-segment-T wave changes OR pathological Q waves OR left
bundle branch block.
e Echo evidence: new regional wall motion abnormality OR new mitral valve regurgitation due to papillary
muscle rupture.

Note

Within each domain, highest score at any point in first 60 days is recorded and score for each domain is added together
to give total CSS.

-

NIHR Journals Library www.journalslibrary.nihr.ac.uk






EME
HSDR
HTA
PGfAR
PHR

Part of the NIHR Journals Library
www.journalslibrary.nihr.ac.uk

This report presents independent research funded by the National Institute for Health and Care Research (NIHR).
The views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR or the
Department of Health and Social Care

Published by the NIHR Journals Library



	Efficacy and safety of eculizumab in children with Shiga-toxin-producing Escherichia coli haemolytic uraemic syndrome: the ECUSTEC RCT
	List of tables
	List of figures
	List of boxes
	List of abbreviations
	Plain language summary
	Scientific summary
	Chapter 1 Introduction
	Clinical background
	Pathophysiology of Shiga-toxin-producing Escherichia coli haemolytic uraemic syndrome
	The role of complement in Shiga-toxin-producing Escherichia coli haemolytic uraemic syndrome
	Treatment of Shiga-toxin-producing Escherichia coli haemolytic uraemic syndrome
	Eculizumab in Shiga-toxin-producing Escherichia coli haemolytic uraemic syndrome
	Safety of eculizumab in children with Shiga-toxin-producing Escherichia coli haemolytic uraemic syndrome
	Rationale for the ECUSTEC trial
	Clinical research questions
	Mechanistic substudy research questions

	Chapter 2 Methods
	Trial design
	Internal pilot and stopping rules
	Recruitment
	Eligibility criteria
	Randomisation method and minimisation variables
	Investigational medicinal product information
	Blinding
	Outcome measures
	Development of the ECUSTEC clinical severity score
	Scheduled trial assessments
	Adverse events and serious adverse events
	Adherence monitoring
	Participant withdrawal
	Statistical considerations
	Sample size
	Statistical analysis

	Trial oversight

	Chapter 3 Results of the clinical trial
	Recruitment
	Participant characteristics
	Adherence to trial treatment
	Primary outcome
	Secondary outcome results
	Quality of life
	Health resource utilisation
	Genetic studies
	Adverse events

	Chapter 4 Results of the mechanistic substudies
	Introduction
	Pathophysiology of Shiga-toxin-producing Escherichia coli haemolytic uraemic syndrome
	The complement system
	The role of complement in Shiga-toxin-producing Escherichia coli haemolytic uraemic syndrome

	Objectives
	Methods
	Outcome measures
	Results
	Urine complement factor H and vascular endothelial growth factor levels in serial samples
	Markers of podocyte damage
	Plasma complement factor H and vascular endothelial growth factor levels
	Plasma degradomics analysis
	Plasma complement activation products
	In vitro cell co-culture work to explore the mechanism of stx on surface complement factor expression
	Genetic variations in patients with Shiga-toxin-producing Escherichia coli haemolytic uraemic syndrome

	Discussion
	Conclusions
	Future work

	Chapter 5 Discussion
	Main findings
	Strengths
	Limitations
	Interpretation of findings
	Public and patient involvement
	Equality, diversity and inclusion

	Chapter 6 Conclusions
	Implications for practice
	Recommendations for future research

	Additional information
	References
	Appendix 1 Summary of ECUSTEC trial protocol amendments
	Appendix 2 ECUSTEC clinical severity score


