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Abstract

Hemolytic-uremic syndrome (HUS) is defined by the triad of microangiopathic hemolytic anemia, thrombocytopenia, and acute
kidney injury (AKI) and is caused, in 90% of pediatric cases, by Shiga toxin-producing Escherichia coli (STEC-HUS) infection.
While targeting complement component C5 using eculizumab has shown benefit in atypical HUS, its effect on STEC-HUS,
especially on neurological outcome, remains unclear. This systematic review and meta-analysis aimed to evaluate the impact
of eculizumab on neurological prognosis in pediatric STEC-HUS. The review was conducted in accordance with PRISMA
guidelines and was registered in PROSPERO (CRD42024496489). A comprehensive literature search was performed in Embase,
MEDLINE, Cochrane Library, CINAHL, clinicaltrial.gov, and grey literature sources up to February 28, 2025. Original stud-
ies involving pediatric patients (0—18 years) with STEC-HUS and neurological complications, treated with eculizumab, were
eligible. Two independent reviewers screened studies and extracted data. Seven studies were included, totaling 529 patients, of
whom 135 (25.5%) developed neurological complications. Among these, 44 patients (32.5%) had received eculizumab. Meta-
analysis showed a higher likelihood of receiving eculizumab therapy in patients with neurological involvement compared to
those without (OR 13.03, 95% CI 4.40-38.75). However, in patients with neurological involvement, no clinical benefit was
observed compared to those treated with standard therapies (OR 0.32, 95% CI 0.09-1.22, p=0.10). Conclusion: Our data did
not demonstrate a significant improvement in neurological outcomes for STEC-HUS patients treated with eculizumab. Findings
are limited by retrospective designs and potential confounding by indication; therefore, further studies are needed.

What is Known:

o Neurological involvement is a major contributor to morbidity in HUS, particularly in STEC-associated forms.

o Eculizumab is sometimes used off-label in severe cases, although its effectiveness in this setting remains uncertain.
What is New:

o This is the first systematic review and meta-analysis specifically addressing neurological prognosis in STEC-HUS.

o Current evidence does not demonstrate a clear neurological benefit of eculizumab over standard therapy, highlighting the need for further studies.
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Abbreviations

aHUS Atypical hemolytic uremic syndrome
AKI Acute kidney injury

CI Confidence interval

Gb3 Globotriaosylceramide

GRADE  Grading of Recommendation, Assessment,
Development and Evaluation

HUS Hemolytic uremic syndrome

KRT Kidney replacement therapy

MAC Membrane attack complex

NIH National Institutes of Health

OR Odds ratio

PCPC Pediatric Cerebral Performance Category

PRISMA Preferred Reporting Items for Systematic
Reviews and Meta-Analyses

RCT Randomized controlled trial

RR Risk ratio

STEC Shiga toxin-producing Escherichia coli

Stx Shiga toxin

TMA Thrombotic microangiopathy

Introduction

Hemolytic uremic syndrome (HUS) is a life-threatening
thrombotic microangiopathy (TMA) characterized by the
triad of non-autoimmune hemolytic anemia, thrombocyto-
penia, and acute kidney injury (AKI). Among its various
forms, Shiga toxin-producing Escherichia coli (STEC)-asso-
ciated HUS, or STEC-HUS, is the most common among
children and a leading cause of pediatric intrinsic AKI [1].
This condition is linked to morbidity and mortality, espe-
cially when accompanied by extra-renal complications [2].

The pathogenesis of STEC-HUS begins with the produc-
tion of Shiga toxin (Stx) by enterohemorrhagic E. coli. After
entering the bloodstream, the toxin binds to globotriaosyl-
ceramide (Gb3) receptors on endothelial cells, primarily
targeting the kidneys but also affecting other organs such as
the brain. This interaction inhibits protein synthesis, induces
endothelial apoptosis, and promotes a pro-thrombotic state,
culminating in TMA [3].

While kidney involvement is the hallmark of HUS, neuro-
logical complications occur in 17-34% of affected children.
These manifestations, ranging from mild cognitive changes
to severe outcomes like seizures, altered mental status, or
coma, result from thrombotic events in the cerebral micro-
vasculature, leading to ischemic injury [2]. Neurological
involvement is a critical determinant of poor prognosis, with
survivors often facing long-term disabilities [4].

Current treatment strategies of STEC-HUS are primarily
supportive. These include fluid resuscitation, correction of
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electrolyte imbalances, blood pressure management, kidney
replacement therapy (KRT), and blood transfusions. The
role of antibiotics remains controversial due to the potential
for exacerbating toxin release [5].

Emerging evidence highlights the role of complement
activation in the pathogenesis of STEC-HUS. Stx can acti-
vate the alternative complement pathway, exacerbating
endothelial damage and intensifying TMA. This is sup-
ported by observations of elevated complement breakdown
products (C3b, iC3b, C3c), reduced C3 and C4 levels, and
glomerular deposition of C3 and C5b-9 during the active
phase of the disease [5]. These insights have sparked interest
in complement-targeted therapies, particularly eculizumab,
a monoclonal antibody that inhibits complement component
C5, preventing the formation of the membrane attack com-
plex (MAC) and subsequent complement-mediated damage.

Although eculizumab has demonstrated efficacy in atypi-
cal HUS, its application in STEC-HUS remains an area of
active investigation. Small observational studies have shown
promising results, particularly in reducing kidney complica-
tions [6]. However, data on its effectiveness in mitigating
neurological outcomes remain inconclusive. Most studies
have primarily focused on kidney endpoints, leaving a gap in
understanding its potential role to address neurological com-
plications [4]. A recent randomized controlled trial (RCT)
explored the use of eculizumab in pediatric STEC-HUS,
finding no significant reduction in the need of KRT during
the acute phase, but suggesting potential benefits for long-
term kidney recovery [7]. However, neurological outcomes
were not comprehensively assessed, underscoring the need
for further research.

Given the high morbidity and mortality associated with
severe neurological complications in STEC-HUS, this study
aims to evaluate the available evidence on the impact of
eculizumab treatment in improving neurological outcomes
in affected children, specifically regarding symptom resolu-
tion and long-term sequelae.

Materials and methods
Study design

This systematic review and meta-analysis were conducted in
accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines [8]. The
review protocol was registered in the PROSPERO Interna-
tional Prospective Register of Systematic Reviews (Registra-
tion Number CRD 42024496489). The only deviation from the
registered protocol was the extension of the literature search
period, which was originally planned through October 2023.
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Search strategy

We performed a comprehensive search of Embase, MED-
LINE, and the Cochrane Library databases for relevant stud-
ies, up to February 28, 2025. In addition, we also performed
an expanded search of specialized databases (CINAHL),
clinical trial registries (clinicaltrial.gov), and grey litera-
ture (Google Scholar, OpenGrey). The search terms used
were “typical hemolytic-uremic syndrome” OR “STEC-
HUS” AND “eculizumab” AND “child” OR “pediatric.”
Detailed search strategies were provided in Supplementary
Material S1. No restrictions were applied in terms of year
of publication or language. However, non-English studies
were later excluded. In addition, the SCOPUS database was
searched to ensure no relevant studies were missed. The
reference lists of identified systematic reviews were also
screened for relevant studies. Systematic reviews, narrative
reviews, case reports, case series, and conference abstracts
were excluded a priori. Articles considered for inclusion
were original studies.

Eligibility criteria

Eligible studies included pediatric patients (0—18 years)
diagnosed with STEC-HUS, with documented neurological
complications in some participants, and eculizamab admin-
istered as part of the treatment regimen. STEC-HUS was
defined as presence of AKI (according to the most recent
KDIGO guidelines [9]), non-autoimmune microangiopathic
hemolytic anemia (hemoglobin < 10 g/dL with schistocytes
on peripheral blood smear), and thrombocytopenia (plate-
let count < 150.000/mm3), with suspected or proven STEC
infection. Neurological involvement was defined by the pres-
ence of clinical symptoms and/or radiological findings on
brain MRI and/or electroencephalographic abnormalities.
Neurological outcomes were evaluated descriptively and,
when available, using the Pediatric Cerebral Performance
Category (PCPC) score [10].

Study selection

Following PRISMA guidelines, two independent review-
ers (RS and AA) screened the titles and abstracts, followed
by full-text assessment, to determine eligibility. Any disa-
greements were resolved through discussion with a third
reviewer (MM). The reviewers were not blinded to the study
authors, journal name, or institutions. The same inclusion
and exclusion criteria were applied consistently to both the
systematic review and the meta-analysis.

Data extraction

Data extraction was performed by two authors (MM and RS)
independently using a standardized form designed for this
review as outlined in the protocol. Data extracted included
study characteristics, participant demographics, specifics of
neurological involvement, details of the intervention (ecu-
lizumab), and neurological outcomes. Additionally, data on
hematological and nephrological outcomes were collected
when available. Discrepancies in data interpretation were
resolved through collegial discussion with a third reviewer
(AA).

Risk of bias assessment

The risk of bias for observational studies was assessed using
the National Institutes of Health (NIH) risk of bias tool for
observational studies. Based on study type, different ver-
sions of the NIH tool were applied. The studies were rated
as “good,” “fair,” or “poor” based on a scoring system: tools
with 14 questions were classified as “poor” (score 0-5),
“fair” (score 6-10), and “good” (score 11-14), while tools
with 12 questions followed similar criteria (poor, 0—4; fair,
5-8; good, 9-12).

Statistical analysis

The meta-analysis was performed using RevMan 5.4 soft-
ware. Risk ratios (RRs) with 95% confidence intervals (CIs)
were calculated for categorical data. Heterogeneity across
studies was assessed using the /° statistic and Chi-squared
test. An I? value > 50% indicated substantial heterogene-
ity, prompting the use of a random-effects model for data
pooling. If heterogeneity was low (> < 50%), a fixed-effects
model was applied. Publication bias was assessed using
funnel plots, with symmetrical plots indicating a low likeli-
hood of bias. In cases where publication bias was suspected,
possible explanations, such as small-study effects, were
discussed.

Results
Study selection

The initial search process identified a total of 1629 arti-
cles. After removing 307 duplicates using a reference
management software, 1208 articles were excluded based
on title and abstract screening due to not meeting inclu-
sion criteria. Full-text reviews were conducted for 97
studies, excluding 17 that were available as abstracts only.
Twenty-two case reports, 15 systematic reviews, and 53
were original articles that were excluded either because
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they were non-English or did not pertain to the research
question. No additional studies were identified through
the SCOPUS database search. Ultimately, seven studies
were considered eligible for data extraction [11-17], all
conducted in European settings between 2012 and 2020.
Each study employed a retrospective cohort design; two
were multicentric, while the remaining five were single-
center studies. The study selection process is detailed in
Fig. 1, and Table 1 summarizes the characteristics of the
included studies.

Population description

The characteristics of the study population are summarized
in Table 2. The serotypes of E. coli most frequently reported
were EHEC O157 and 026, though incomplete data pre-
vented a clear identification of the predominant serotype
across studies. Only 42% (3/7) of the studies included
patients with a clinical and microbiological diagnosis of
STEC-HUS; the remaining studies classified STEC-HUS
cases based solely on clinical and laboratory criteria. Most
patients were younger than 5 years, except in the study by
Loos et al. [15], which included a cohort with a median

| Identification of studies via databases and registers

( Identification of studies via other methods |

Records removed before

Records identified from screening:
MEDLINE, Embase, Cochrane Duplicate records removed (n
Library and CENTRAL, =307)

Records marked as ineligible
by automation tools (n = 0)
Records removed for other
reasons (n = 0)

Clinicaltrial.gov:
Databases (n =1628)
Registers (n = 1)

Identification

Records identified from:
Websites (n=0)
Organisations (n=0)
Scopus survey and citation
searching (n =292 )

|

Records excluded
(Not meeting inclusion criteria)
(n=1208)

Records screened for

(n=1322)

Title/Abstract

Potentially relevant records for . Reports already present in our
full text screening Abftra;:ts only l?]ef(;r;sz sought for retrieval searching stralegy
2 (n=114) (n=17) (n=292) (n=33)
Reports assessed for eligibility Reports excluded: 90 Reports assessed for eligibility
(n=97) Case Reports (n = 22) (n=259) Reports excluded:
Systematic Review (n = 15) Title/Abstract (n = 191)
Others (not-English records, Full text (n = 68)
not relevant) (n = 53)
—
)
3 Studies included in review
S (n=7)
S Reports of included studies
= n=7)
-/
Fig. 1 PRISMA 2020 flowchart for selection of studies
Table 1 Selected studies meeting inclusion criteria
Authors Year of  Journal Country Design of the study Single or multicenter
publica-
tion
Agbas et al. [11] 2018 Pediatric Nephrology Turkey Retrospective cohort study Multicentric
Costigan et al. [12] 2021 European Journal of Pediatrics Ireland Retrospective cohort study Monocentric
Giordano et al. [13] 2018 Pediatric Nephrology Italy Retrospective cohort study Monocentric
Konopasek et al. [14] 2020 Klinische Padiatrie Czech Republic Retrospective cohort study Monocentric
Loos et al. [15] 2012 Clinical Infectious Diseases Germany Retrospective cohort study Multicentric
Monet-Didailler et al. [16] 2019 Nephrology Dialysis Transplanta- ~ France Retrospective cohort study Monocentric
tion
Ylinen et al. [17] 2020 Pediatric Nephrology Finland Retrospective cohort study Multicentric
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age of 11.5 years. A total of 529 patients were included, of
whom 135 (25.5%) developed neurological complications
ranging from mild irritability to seizures, stupor, and coma.
Eculizumab was administered to 59 patients (11.1%), while
470 (88.9%) did not receive the drug. Among those treated
with eculizumab, 44 patients exhibited some degree of neu-
rological involvement.

NI +ECU
—with
neurological
improvement
(

38

70

improvement

()]

NI +ECU
neurological

Risk of receiving eculizumab according
to the presence of neurological involvement

22

NI

—ECU +with
+@)

13

The analysis demonstrated a higher likelihood of receiving
eculizumab among patients with neurological involvement
with an odds ratio (OR) of 13.03 (95% CI 4.40-38.57) com-
pared to those without neurological symptoms, with mod-
erate heterogeneity (I>= 44%) and statistically significant
results (z= 4.64, p< 0.00001). In the eculizumab-treated
group, 44 out of 59 patients (74.5%) exhibited neurological
involvement, whereas in the non-treated group, 91 out of 470
patients (19.3%) showed similar symptoms. Figure 2 pre-
sents the comparison of neurological involvement between
the eculizumab-treated and untreated groups. The study by
Konopasek et al. [14] was excluded due to the absence of
data on patients without neurological involvement, thereby
lacking a comparator group for analysis.

NI
+ECU +ECU

-N)

39

91

+)

470 (88.9) 44

ECU +(N) ECU —(N) NI
85

Neurological improvement following eculizumab
administration

135 (25.5) 59 (11.1)

NI +(N)

41

Among patients with neurological involvement, 64% (22/34)
in the eculizumab-treated group demonstrated neurological
improvement, compared to 89% (70/78) in the non-eculi-
zumab group. The overall OR for improvement was 0.32
(95% CI 0.09-1.22), with low heterogeneity (I>= 25%).
However, the difference between the two groups was not
statistically significant (z= 1.66, p= 0.10). The study by
Loos et al. [15] was excluded from this analysis due to the
unavailability of data on neurological outcomes, which pre-
cluded the identification of a control group. The likelihood
of achieving an improved neurological outcome following
eculizumab treatment is illustrated in Fig. 3.

Patients
included (V)
529 (100)

neurological
symptoms,”
no further

neurological
detail

involvement
“Major

Sex (%) Definition of

F (63)
M (37)

Quality assessment

Age (median
[range])

NR

The risk of bias for the included observational studies was
assessed using the NIH risk of bias tool (see Supplementary
Material S2 and Table 3). In addition, to explore potential
publication bias, we constructed two funnel plots, each cor-
responding to one of the analyzed outcomes (Fig. 4). For
the outcome “association between neurological involve-
ment and eculizumab administration” (Fig. 4a), the funnel
plot exhibits significant asymmetry, with a right-skewed
distribution of studies, suggesting a potential publication

E. coli sero-
type (%)

NR

Table 2 (continued)
Total, N (%)

Authors
Ylinen et al.
[17]

18

Springer
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ECU+ ECU- . 0Odds Ratio (OR) Odds Ratio (OR)
Study NI+ ECU* | "Ny ECU- | Weight 95%CI M-H, Random, 95%CI
Agbas et al. [11] 5 9 3 23 19.2% 8.33 [1.39; 49.87) —_—
Costigan et al. [12] 8 8 14 194 | 104% 211.62 [11.62; _
& : : 3853.37)
@ —_—

Giordano et al. [13] 5 5 7 49 9.9% 62.33 [3.11; 1248.65]
Konopasek et al. [14] 4 4 6 6 Not estimable
Loos et al. [15] 10 13 13 77 23.9% 16.41 [3.96; 67.98] _
Monet-Didailler et al. o . ——
[16] 10 18 9 36 27.1% 3.75 [1.13; 12.42] .
Ylinen et al. [17] 2 2 39 85 9.6% 5.89 [0.27; 126.27] 4
Total (95%CI) 44 59 91 470 100.0% 13.03 [4.40; 38.57) R el
Heterogeneity: Tau® = 0.76; Chi> = 9.00, df =5 (p = 0.11); > = 44% ) , , ,
Test for overall effect: Z = 4.64 (p < 0.00001) 0.01 0.1 j 10 100

Fig. 2 Risk of receiving eculizumab according to the presence of neurological involvement. NI +, patients with neurological involvement; ECU
+, patients receiving eculizumab; ECU —, patients not receiving eculizumab

NI+ NI+ <
NI+ NI+ . 0Odds Ratio (OR) Odds Ratio (OR)
Study ECU+ ECU- _ | Weight » p
N.Imp. ECU+ N.Imp, ECU 95%CI M-H, Random, 95%CI
Agbas et al. [11] 4 5 3 3 11.9% 0.43 [0.01; 14.08]
Costigan et al. [12] 6 8 11 14 25.8% 0.82[0.11; 6.34] -
Giordano et al. [13] 4 5 7 7 12.1% 0.20 [0.01; 6.04] ‘
Konopasek et al. [14] 3 4 3 6 17.1% 3.00[0.19; 47.96]
Loos et al. [15] / / / / / Not estimable
{‘fg;‘e"l)‘da‘"“ el 4 10 8 9 20.6% 0.08 [0.01; 0.95] F
Ylinen et al. [17] 1 2 38 39 12.3% 0.03 [0.00; 0.80] ¢
Total (95%CI) 22 34 70 78 100.0% 0.32[0.09; 1.22] -.
Heterogeneity: Tau? = 0.68; Chi?> = 6.67, df =5 (p = 0.25); > = 25%
Test for overall effect: Z = 1.66 (p = 0.10) Ih 01 0:1 i llb 1.)0:

Fig.3 Likelihood of achieving an improved neurological outcome following eculizumab treatment. NI +, patients with neurological involve-
ment; ECU +, patients receiving eculizumab; ECU —, patients not receiving eculizumab. N.Imp., neurological improvement

Table 3 Application of the NIH risk of bias tool to assess study quality. NR, not reported

Q1 Q2 Q3 Q4 Q5 | Q6 Q7 | Q8 Q9 | Q10
Agbas et al. [11] Yes Yes | NR | Yes | Yes
Costigan et al. [12] Yes Yes | NR | Yes | Yes
Giordano et al. [13] Yes Yes Yes | Yes
Konopasek et al. [14] Yes Yes Yes | Yes
Loos et al. [15] Yes Yes Yes No
Monet-Didailler et al. [16] Yes Yes Yes | Yes
Ylinen et al. [17] Yes Yes Yes | Yes

bias favoring studies reporting positive results. This pattern
indicates that studies with significant findings may have
been preferentially published. In contrast, for the outcome
“neurological involvement following eculizumab adminis-
tration” (Fig. 4b), the funnel plot shows a more balanced
distribution of studies around the reference line, suggesting

a lower risk of publication bias. However, some residual
right-skewed asymmetry is still present, which may indicate
a tendency for studies with non-significant results to remain
unpublished.

Using the GRADE (Grading of Recommendation,
Assessment, Development and Evaluation) approach, we

@ Springer
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Fig.4 Funnel plot evaluating publication bias for the outcome “association between neurological involvement and eculizumab administration”
(a) and “neurological involvement following eculizumab administration” (b)

rated the overall certainty of the evidence for each outcome
analyzed in the meta-analysis as low. This rating reflects
observational nature of all included studies, along with
concerns regarding risk of bias, indirectness, and impre-
cision. Inconsistency was not considered a serious issue,
as the meta-analysis results were generally consistent and
showed only moderate heterogeneity. However, indirect-
ness was a notable limitation, since most studies did not
directly evaluate the effect of eculizumab on disease pro-
gression or neurological outcomes. Imprecision was rated as
not serious, with clearly defined outcome measures across
studies. Nevertheless, the certainty of evidence was further
limited by potential confounding factors, particularly due to
the rapid and acute progression of the disease, which might
have affected treatment timing and efficacy. The summary
of GRADE ratings is presented in Fig. 5.

Summary of findings:

Discussion

This systematic review and meta-analysis aimed to evaluate
the role of eculizumab in improving neurological outcomes
in pediatric patients with severe STEC-HUS. Although ecu-
lizumab has demonstrated efficacy in atypical HUS (aHUS),
its potential benefit in STEC-HUS remains uncertain and
appears to depend on the specific clinical context, with cur-
rent evidence being limited and inconsistent [6].

Our meta-analysis revealed a significantly higher likeli-
hood of eculizumab administration in children with neuro-
logical involvement compared to those without such com-
plications. This trend aligns with clinical practices where
eculizumab is often prioritized for severe cases, including
those with neurological manifestations, due to its role in
mitigating complement-mediated endothelial damage [18].

Eculizumab compared to Supportive therapy only for management of neurologic involvement in STEC-HUS

in STEC-HUS

Patient or 9 of 9
Setting:

Intervention: Eculzumab

Comparison: Supportive therapy only

Anticipated absolute effects” (95% CI)

Certainty of
Risk with Supportive Relative effect N of participants the evidence
therapy only Risk with Eculizumab (95% Cn (studies) (GRADE) Comments
76 per 100 527
Risk of pts with neurological OR 13.49 Eculizumab may result in 3 large Increase In risk of pts
t to be administered Ecy ¥ P 199 (55 to 90) (5.05 to 36.06) fe:0eh randorissd Lows®  with neurological involvement to be administered ECU.
12
Neurological improvement after ECU 74 per 100 ORO0.32 Eculiaimab exposure is associated with a poorer
administration 90 per 100 (44 o 91) (0.09 to 1.22) {6 non-randomised Low®® neurological prognosis.

studies)

*“The risk In the Intervention group (and its 95% confidence interval) Is based on the assumed risk In the comparison group and the relative effect of the Intervention (and its 95% C1).

Cl: confidence interval; OR: odds ratio

GRADE Working Group grades of evidence
High certainty: we are very confident that the true effect lies close to that of the estimate of the effect

Moderate certainty: we are moderately confident in the effect estimate: the true effect is likely to be close to the estimate of the effect, but there is a possibility that it is substantially different.
Low certainty: our confidence in the effect estimate is limited: the true effect may be substantislly different from the estimate of the effect
Very low certainty: we have very little confidence in the effect estimate: the true effect is likely to be substantially different from the estimate of effect

Explanations

8. The risk of bias has been evaluated with the NIH RoB tool and every study has been regarded as "good”; the serious risk of bias comes from the observational and retrospective design of most of the studies
b. Data have been collected from observational studies where eculizuman was administered. Only in some of them the prognosis and cutcome of patients was the actual study question.

Fig.5 Summary of findings with GRADE criteria
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This association, however, was accompanied by consider-
able variability, as indicated by a wide confidence interval,
suggesting uncertainty in the strength of this relationship.

While reports suggest clinical improvements in STEC-
HUS cases with neurological complications, the available
evidence is derived predominantly from retrospective stud-
ies and case reports, which raises concerns about publica-
tion bias [6, 18]. For example, Mahat et al. noted that 15
out of 21 patients with neurological involvement showed
rapid improvement following eculizumab treatment [18].
Conversely, larger studies in adult cohorts, such as the
open-label trial by Kielstein et al., reported no added ben-
efit of eculizumab over standard supportive care or plasma
exchange, even after adjusting for confounders [19].

Our findings corroborate the challenges highlighted
in prior research. Specifically, patients with neurological
involvement treated with eculizumab showed less improve-
ment compared to those receiving standard therapies,
although the difference did not reach statistical significance.
This disparity may reflect the greater severity of clinical
presentations in patients selected for eculizumab, as well as
inconsistencies in reporting the timing of its administration,
both of which could significantly impact its efficacy.

We acknowledge the recent publication of the ECUSTEC
randomized controlled trial, which assessed the efficacy of
eculizumab in pediatric STEC-HUS [20]. Although the
study could not be included in our meta-analysis—since
its outcomes were reported as part of a composite severity
score, preventing the extraction of data specific to neurologi-
cal involvement—it represents an important addition to the
existing literature. Notably, despite early termination and
limited statistical power, the trial found no significant dif-
ference between eculizumab and placebo groups in terms of
persistent neurological deficits at day 60, a finding consist-
ent with our results and further underscoring the current
lack of clear evidence supporting a neurological benefit of
eculizumab in this context.

The findings highlight important considerations for
managing pediatric STEC-HUS with neurological compli-
cations. While eculizumab may offer benefits for specific
subgroups, current evidence does not support its routine
use to improve neurological outcomes. Supportive care,
including fluid resuscitation, blood pressure management,
and kidney replacement therapy, continued to be the corner-
stone of treatment [1]. The high cost of eculizamab further
limits its feasibility, particularly in resource-constrained set-
tings, where cost-effectiveness is a paramount concern. In
this context, our finding may provide reassurance to clini-
cians working in low-resource environments, reinforcing that
the absence of eculizumab does not appear to compromise
neurological outcomes when high-quality supportive care is
provided. The recent availability of biosimilar forms could,
however, offer a lower-cost therapeutic option, potentially

expanding access. In weighing the risk and benefits of ecu-
lizumab, it is important to consider its safety profile. By
blocking complement component 5, eculizumab increases
susceptibility to infections, particularly those caused by
encapsulated organisms. To mitigate these risks, appropriate
vaccination and short-term antibiotic prophylaxis are recom-
mended prior to treatment [3, 5]. Despite these challenges,
the prognosis in patients with neurological involvement
often dictates treatment priorities. Considering the limited
alternative therapies, clinicians must carefully weigh the
benefits and risks of eculizumab on a case-by-case basis.

Our findings should be considered in the context of cer-
tain limitations. Despite implementing a comprehensive
search strategy and manually reviewing references to include
all relevant data, it is not possible to completely rule out
the existence of other studies that were not included in this
review. Another important consideration is the overall qual-
ity of the included studies. Most of the studies analyzed were
retrospective, introducing potential biases such as selection
bias, variations in patient management, and inconsistencies
in outcome reporting. The lack of RCTs limits control over
confounding factors, particularly regarding disease severity
at onset and the timing of eculizumab administration. Impor-
tantly, the absence of a significant benefit in neurological
outcomes should not be interpreted as evidence of ineffec-
tiveness of eculizumab; rather, it may reflect confounding
by indication, whereby eculizumab was more frequently
administered to patients with more severe disease, poten-
tially obscuring any treatment effect. Additionally, small
sample sizes and short follow-up durations restrict the abil-
ity to assess long-term neurological outcomes. Variability
in diagnostic criteria and neurological assessments across
studies further complicates result comparability.

The NIH risk of bias assessment indicated varying levels
of methodological rigor, with concerns regarding selection
bias and inconsistencies in outcome reporting. The heteroge-
neity in diagnostic criteria and neurological outcome assess-
ment across studies may have influenced the consistency and
comparability of results. Additionally, the observed publica-
tion bias suggests that studies with negative or inconclusive
results may be underrepresented in the literature, potentially
affecting the overall interpretation of the findings. Another
limitation was the lack of some data in certain studies. To
address this, we prioritized transparency in data reporting,
relying on the information available within the included
studies.

This variability in neurological outcomes may also reflect
limitations in the tools currently used to assess brain injury
in this population. Conventional clinical and radiological
evaluations may underestimate the extent of neurologi-
cal involvement, particularly in the acute setting. Recent
data suggest that early MRI combined with quantitative
apparent diffusion coefficient (ADC) measurements may
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improve the detection of cerebral involvement in STEC-
HUS. Biiltmann et al. demonstrated that ADC alterations,
indicative of microstructural brain changes, could be iden-
tified even in regions appearing normal on standard MRI
sequences. Moreover, more extensive ADC abnormalities
were observed in patients with poor neurological outcomes.
These findings suggest that early quantitative MRI could
help identify children at higher risk of persistent neurologi-
cal sequelae and should be considered in the design of future
interventional studies aiming to assess therapies such as ecu-
lizumab [21].

The limitations emphasize the need for high-quality RCTs
focusing on eculizumab’s effects on neurological outcomes
in pediatric STEC-HUS. Future research should aim to
establish clear indications, optimal timing, and potential
combination therapies. Long-term follow-up is also neces-
sary to assess chronic neurological sequelae and the persis-
tence of observed benefits. Understanding the pathophysi-
ology of STEC-HUS further could lead to more targeted
therapeutic interventions and improved patient selection
criteria. Future research should focus on identifying clini-
cal and laboratory predictors of severe neurological involve-
ment, allowing for better selection of patients who would
benefit most from specific treatment.

Conclusions

This systematic review and meta-analysis assessed the role
of eculizumab in managing severe pediatric STEC-HUS,
particularly its impact on neurological outcomes. Our find-
ings suggest that while eculizumab is more commonly used
in patients with neurological complications, its efficacy in
improving neurological outcomes remains uncertain, with
no significant advantage over standard supportive care
observed.

The evidence is limited by the retrospective design of
included studies, small sample sizes, and a lack of RCTs
focusing on neurological outcomes. These limitations high-
light the need for further well-designed research to deter-
mine the optimal use of eculizumab, including timing and
patient selection, and to better understand its long-term
effects.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00431-025-06160-2.

Acknowledgements This work is being supported by the
Research4Residents project within the Residency Program in Pediat-
rics at the University of Padova, Italy.

Author contributions R.S., A.A. and M.M. have equally contributed to
the research, the reading of the articles, and the writing of the manu-
script. A.A. and 1.B. oversaw the qualitative evaluation of the articles.
M.M. and N.B.P. took care of the statistical part and, in particular, the

@ Springer

meta-analysis of the data in the review. R.S. and E.V. reviewed and
corrected the manuscript. All authors contributed to the article and
approved the submitted version.

Funding Open access funding provided by Universita degli Studi di
Padova within the CRUI-CARE Agreement. This work is being sup-
ported by the Research4Residents project within the Residency Pro-
gram in Pediatrics at the University of Padova, Italy.

Data availability No datasets were generated or analysed during the
current study.

Declarations

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Walsh PR, Johnson S (2018) Treatment and management
of children with haemolytic uraemic syndrome. Arch Dis
Child 103(3):285-291. https://doi.org/10.1136/archdischi
1d-2016-311377

2. Khalid M, Andreoli S (2019) Extrarenal manifestations of the
hemolytic uremic syndrome associated with Shiga toxin-produc-
ing Escherichia coli (STEC HUS). Pediatr Nephrol 34(12):2495—
2507. https://doi.org/10.1007/s00467-018-4105-1

3. Freedman SB, van de Kar NCAJ, Tarr PI (2023) Shiga toxin-
producing Escherichia coli and the hemolytic-uremic syndrome.
N Engl ] Med 389(15):1402-1414. https://doi.org/10.1056/NEJMr
22108739

4. Percheron L, Gramada R, Tellier S, Salomon R, Harambat J, Lla-
nas B, Fila M, Allain-Launay E, Lapeyraque AL, Leroy V, Adra
AL, Bérard E, Bourdat-Michel G, Chehade H, Eckart P, Merieau
E, Pietrement C, Sellier-Leclerc AL, Frémeaux-Bacchi V, Dimeg-
lio C, Garnier A (2018) Eculizumab treatment in severe pediatric
STEC-HUS: a multicenter retrospective study. Pediatr Nephrol
33(8):1385—1394. https://doi.org/10.1007/s00467-018-3903-9

5. Liu Y, Thaker H, Wang C, Xu Z, Dong M (2022) Diagnosis and
treatment for Shiga toxin-producing Escherichia coli associated
hemolytic uremic syndrome. Toxins (Basel) 15(1):10. https://doi.
org/10.3390/toxins 15010010

6. Walsh PR, Johnson S (2019) Eculizumab in the treatment of Shiga
toxin haemolytic uraemic syndrome. Pediatr Nephrol 34(9):1485—
1492. https://doi.org/10.1007/s00467-018-4025-0

7. Garnier A, Brochard K, Kwon T, Sellier-Leclerc AL, Lahoche A,
Launay EA, Nobili F, Caillez M, Taque S, Harambat J, Michel-
Bourdat G, Guigonis V, Fila M, Cloarec S, Djamal-Dine D, de
Parscaux L, Allard L, Salomon R, Ulinski T, Frémeaux-Bacchi
V, Morin C, Olivier-Abbal P, Colineaux H, Auriol F, Arnaud C,
Kieffer I, Brusq C (2023) Efficacy and safety of eculizumab in


https://doi.org/10.1007/s00431-025-06160-2
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1136/archdischild-2016-311377
https://doi.org/10.1136/archdischild-2016-311377
https://doi.org/10.1007/s00467-018-4105-1
https://doi.org/10.1056/NEJMra2108739
https://doi.org/10.1056/NEJMra2108739
https://doi.org/10.1007/s00467-018-3903-9
https://doi.org/10.3390/toxins15010010
https://doi.org/10.3390/toxins15010010
https://doi.org/10.1007/s00467-018-4025-0

European Journal of Pediatrics

(2025) 184:331

Page110of 11 331

10.

11.

12.

13.

14.

pediatric patients affected by Shiga toxin-related hemolytic and
uremic syndrome: a randomized, placebo-controlled trial. J] Am
Soc Nephrol 34(9):1561-1573. https://doi.org/10.1681/ASN.
0000000000000182

Moher D, Liberati A, Tetzlaff J, Altman DG, PRISMA Group
(2009) Preferred reporting items for systematic reviews and meta-
analyses: the PRISMA statement. PLoS Med 6(7):e1000097.
https://doi.org/10.1371/journal.pmed. 1000097

Khwaja A (2012) KDIGO clinical practice guidelines for acute
kidney injury. Nephron Clin Pract 120(4):c179—c184. https://doi.
org/10.1159/000339789

Fiser DH, Tilford JM, Roberson PK (2000) Relationship of ill-
ness severity and length of stay to functional outcomes in the
pediatric intensive care unit: a multi-institutional study. Crit Care
Med 28(4):1173-1179. https://doi.org/10.1097/00003246-20000
4000-00043

Agbas A, Goknar N, Akinct N, Yildirim ZY, Tasdemir M, Benzer
M, Gokge I, Candan C, Kiiciik N, Uzuner S, Ozgelik G, Demirkol
D, Sever L, Caliskan S (2018) Outbreak of Shiga toxin-produc-
ing Escherichia-coli-associated hemolytic uremic syndrome
in Istanbul in 2015: outcome and experience with eculizumab.
Pediatr Nephrol 33(12):2371-2381. https://doi.org/10.1007/
s00467-018-4033-0

Costigan C, Raftery T, Carroll AG, Wildes D, Reynolds C, Cun-
ney R, Dolan N, Drew RJ, Lynch BJ, O’Rourke DJ, Stack M,
Sweeney C, Shahwan A, Twomey E, Waldron M, Riordan M,
Awan A, Gorman KM (2022) Neurological involvement in chil-
dren with hemolytic uremic syndrome. Eur J Pediatr 181(2):501-
512. https://doi.org/10.1007/s00431-021-04200-1

Giordano P, Netti GS, Santangelo L, Castellano G, Carbone V,
Torres DD, Martino M, Sesta M, Di Cuonzo F, Resta MC, Gaeta
A, Milella L, Chironna M, Germinario C, Scavia G, Gesualdo
L, Giordano M (2019) A pediatric neurologic assessment score
may drive the eculizumab-based treatment of Escherichia coli-
related hemolytic uremic syndrome with neurological involve-
ment. Pediatr Nephrol 34(3):517-527. https://doi.org/10.1007/
s00467-018-4112-2

Konopasek P, David J, Marejkova M, Simankova N, Vondrak K,
Zieg J (2022) The Czech experience with eculizumab in severe
paediatric Shiga toxin-producing Escherichia coli-associated
haemolytic uremic syndrome patients. Klin Padiatr 234(1):48-51.
English. https://doi.org/10.1055/a-1288-3597

. Loos S, Ahlenstiel T, Kranz B, Staude H, Pape L, Hartel C, Vester

U, Buchtala L, Benz K, Hoppe B, Beringer O, Krause M, Miiller
D, Pohl M, Lemke J, Hillebrand G, Kreuzer M, Konig J, Wigger
M, Konrad M, Haffner D, Oh J, Kemper MJ (2012) An outbreak of
Shiga toxin-producing Escherichia coli O104:H4 hemolytic ure-
mic syndrome in Germany: presentation and short-term outcome

16.

17.

18.

19.

20.

21.

in children. Clin Infect Dis 55(6):753-759. https://doi.org/10.
1093/cid/cis531

Monet-Didailler C, Chevallier A, Godron-Dubrasquet A, Allard
L, Delmas Y, Contin-Bordes C, Brissaud O, Llanas B, Haram-
bat J (2020) Outcome of children with Shiga toxin-associated
haemolytic uraemic syndrome treated with eculizumab: a matched
cohort study. Nephrol Dial Transplant 35(12):2147-2153. https://
doi.org/10.1093/ndt/gfz158

Ylinen E, Salmenlinna S, Halkilahti J, Jahnukainen T, Korhonen
L, Virkkala T, Rimhanen-Finne R, Nuutinen M, Kataja J, Arikoski
P, Linkosalo L, Bai X, Matussek A, Jalanko H, Saxén H (2020)
Hemolytic uremic syndrome caused by Shiga toxin-producing
Escherichia coli in children: incidence, risk factors, and clinical
outcome. Pediatr Nephrol 35(9):1749-1759. https://doi.org/10.
1007/s00467-020-04560-0

Mahat U, Matar RB, Rotz SJ (2019) Use of complement mono-
clonal antibody eculizumab in Shiga toxin producing Escherichia
coli associated hemolytic uremic syndrome: a review of current
evidence. Pediatr Blood Cancer 66(11):27913. https://doi.org/
10.1002/pbc.27913

Kielstein JT, Beutel G, Fleig S, Steinhoff J, Meyer TN, Hafer C,
Kuhlmann U, Bramstedt J, Panzer U, Vischedyk M, Busch V, Ries
W, Mitzner S, Mees S, Stracke S, Niirnberger J, Gerke P, Wiesner
M, Sucke B, Abu-Tair M, Kribben A, Klause N, Schindler R, Mer-
kel F, Schnatter S, Dorresteijn EM, Samuelsson O, Brunkhorst
R, Collaborators of the DGfN STEC-HUS registry (2012) Best
supportive care and therapeutic plasma exchange with or without
eculizumab in Shiga-toxin-producing E. coli O104:H4 induced
haemolytic-uraemic syndrome: an analysis of the German STEC-
HUS registry. Nephrol Dial Transplant 27(10):3807-15. https://
doi.org/10.1093/ndt/gfs394

Ives N, Woolley R, Saleem MA, Moakes CA, Waters A, Gilbert
RD, Jarrett H, Brettell E, Nash S, Farmer LK, Ourradi K, Johnson
SA (2024) Efficacy and safety of eculizumab in children with
Shiga-toxin-producing Escherichia coli haemolytic uraemic syn-
drome: the ECUSTEC RCT. Southampton (UK). Nat Inst Health
Care Res. https://doi.org/10.3310/RFTY4766

Biiltmann E, Zapf A, Mussgnug HJ, Kanzelmeyer N, Hartmann
H (2023) Cerebral microstructural changes in children suffering
from hemolytic uremic syndrome. Eur J Pediatr 182(10):4663—
4672. https://doi.org/10.1007/s00431-023-05130-w

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1681/ASN.0000000000000182
https://doi.org/10.1681/ASN.0000000000000182
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1159/000339789
https://doi.org/10.1159/000339789
https://doi.org/10.1097/00003246-200004000-00043
https://doi.org/10.1097/00003246-200004000-00043
https://doi.org/10.1007/s00467-018-4033-0
https://doi.org/10.1007/s00467-018-4033-0
https://doi.org/10.1007/s00431-021-04200-1
https://doi.org/10.1007/s00467-018-4112-2
https://doi.org/10.1007/s00467-018-4112-2
https://doi.org/10.1055/a-1288-3597
https://doi.org/10.1093/cid/cis531
https://doi.org/10.1093/cid/cis531
https://doi.org/10.1093/ndt/gfz158
https://doi.org/10.1093/ndt/gfz158
https://doi.org/10.1007/s00467-020-04560-0
https://doi.org/10.1007/s00467-020-04560-0
https://doi.org/10.1002/pbc.27913
https://doi.org/10.1002/pbc.27913
https://doi.org/10.1093/ndt/gfs394
https://doi.org/10.1093/ndt/gfs394
https://doi.org/10.3310/RFTY4766
https://doi.org/10.1007/s00431-023-05130-w

	Eculizumab in severe pediatric STEC-HUS and its impact on neurological prognosis—a systematic review and meta-analysis
	Abstract
	Introduction
	Materials and methods
	Study design
	Search strategy
	Eligibility criteria
	Study selection
	Data extraction
	Risk of bias assessment
	Statistical analysis

	Results
	Study selection
	Population description
	Risk of receiving eculizumab according to the presence of neurological involvement
	Neurological improvement following eculizumab administration
	Quality assessment

	Discussion
	Conclusions
	Acknowledgements 
	References


