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Abstract

Background: Shiga toxin-producing Escherichia coli infection is the most common cause of haemolytic uraemic syndrome
in children - a form of thrombotic microangiopathy characterised by haemolysis, thrombocytopaenia, and acute kidney
injury. In most cases, Shiga toxin-producing Escherichia coli-induced gastroenteritis is self-limiting; however, approximately
5-15% of patients develop haemolytic uraemic syndrome. Methods: Focused narrative review based on PubMed/MEDLINE
searches covering the past 20 years, with emphasis on the last 5 years. Results and conclusions: The development of Shiga
toxin-producing Escherichia coli and haemolytic uraemic syndrome in children results from gastrointestinal infection with
Shiga toxin-producing bacteria, predominantly Escherichia coli, in combination with host susceptibility and modifiable
clinical factors. Shiga toxin plays a central role in pathogenesis by binding to the Gb;, receptor and inducing endothelial cell
injury, leading to thrombotic microangiopathy. This process is further amplified by the inflammatory response and
complement activation. The strongest determinants of severe disease and haemolytic uraemic syndrome development are
strains producing Stx2, particularly specific subtypes, which exhibit increased cytotoxicity toward endothelial cells. Virulence
factors that promote intestinal colonisation and attaching/effacing injury likely intensify mucosal damage and systemic toxin
exposure. The risk of haemolytic uraemic syndrome is higher in younger children, possibly due to increased Gb, expression
and immaturity of mechanisms regulating inflammation and complement activation. Available data also suggest a role for
host genetic factors, particularly those related to complement regulation and endothelial function. Potentially modifiable
clinical factors include delayed or insufficient hydration, as well as the use of antibiotics, antimotility agents, and nephrotoxic
drugs, all of which may increase the risk of haemolytic uraemic syndrome.
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From Shiga toxin-producing Escherichia coli infection to haemolytic uraemic syndrome — bacterial, host and atrogenic factors in children

Streszczenie

Wprowadzenie: Zakazenie Escherichia coli produkujaca toksyne Shiga jest najczestsza przyczyna zespotu hemolityczno-
-mocznicowego u dzieci — postaci mikroangiopatii zakrzepowej z hemolizg, matopltytkowoscig oraz ostrym uszkodzeniem
nerek. W wiekszosci przypadkéw zapalenie zoladkowo-jelitowe wywolane przez bakterie produkujace toksyne Shiga ustepuje
samoistnie, u okoto 5-15% pacjentéw dochodzi do rozwoju zespotu hemolityczno-mocznicowego zwigzanego z tym
zakazeniem. Metody: Przeglad narracyjny oparty na bazach PubMed/MEDLINE, obejmujacy prace z ostatnich 20 lat, ze
szczegolnym uwzglednieniem ostatnich 5 lat. Wyniki i wnioski: Rozwdj zespotu hemolityczno-mocznicowego u dzieci jest
konsekwencja zakazenia przewodu pokarmowego bakteriami produkujacymi werotoksyne (toksyne Shiga), gléwnie
Escherichia coli, w polaczeniu z indywidualng podatnoscia gospodarza oraz modyfikowalnymi czynnikami klinicznymi.
Wazng role odgrywa toksyna Shiga, ktora poprzez wigzanie z receptorem Gb, indukuje uszkodzenie komorek srédbtonka,
prowadzgc do mikroangiopatii zakrzepowej. Proces ten ulega nasileniu w przebiegu odpowiedzi zapalnej oraz aktywacji
ukladu dopelniacza. Najsilniejszym determinantem cig¢zkiego przebiegu i rozwoju zespotu hemolityczno-mocznicowego sa
szczepy produkujace toksyne Stx2, zwlaszcza jej okreslone podtypy (np. Stx2a, Stx2d), wykazujace wigksza cytotoksycznosé
wobec komorek srédblonka. Czynniki zjadliwosci zwigzane z obecnoscia genu eae (intimina) oraz bialka Tir sprzyjaja $cistej
adhezji bakterii do enterocytéw, zaburzeniu integralnoéci bariery jelitowej oraz zwiekszonej translokacji toksyny do krazenia.
Ryzyko rozwoju zespotu hemolityczno-mocznicowego jest wieksze u mlodszych dzieci, co moze by¢ zwiazane z wyzsza
ekspresjg Gb;, oraz niedojrzaloscig mechanizméw regulujacych odpowiedz zapalng i aktywacje dopelniacza. Dane sugeruja
ponadto udzial czynnikéw genetycznych gospodarza, szczegoélnie zwigzanych z regulacja uktadu dopelniacza i funkcja
$rédblonka. Do potencjalnie modyfikowalnych czynnikéw klinicznych naleza opéznione lub niewystarczajace nawodnienie
oraz stosowanie antybiotykéw, lekéw hamujacych perystaltyke jelit i substancji nefrotoksycznych, ktére moga zwigkszac¢
ryzyko rozwoju zespolu hemolityczno-mocznicowego.

Slowa kluczowe: czynniki ryzyka, zespot hemolityczno-mocznicowy, toksyny Shiga, zakazenia Escherichia coli

INTRODUCTION

aemolytic uraemic syndrome (HUS) is a throm-

botic microangiopathy (TMA) defined by the

triad of microangiopathic haemolytic anae-
mia, thrombocytopaenia, and acute kidney injury (AKI).
Detailed diagnostic definitions, relevant cut-off, and addi-
tional symptoms are summarised in Tab. 142,
HUS is typically classified into two categories. Typical HUS,
which follows a gastrointestinal infection caused by Shiga
toxin-producing Escherichia coli (STEC) or less frequently
from Shigella dysenteriae type 1 infection. All other causes
of HUS were referred to as atypical HUS, which is general-
ly attributed to uncontrolled complement activation asso-
ciated with mutations or autoantibodies that result in dys-
regulated complement activation®'".
STEC infection most often results from ingesting contam-
inated food or water, and, because the infectious dose is
very low, also frequently spreads person-to-person, espe-
cially among children. The main reservoir is cattle and other
ruminants; human infection is linked to undercooked beef,
unpasteurised milk, and secondarily contaminated prod-
ucts such as fresh juices/cider, fermented dairy, and raw
vegetables (e.g. lettuce, sprouts, tomatoes). Cases show clear
seasonality (peaking in summer—autumn) and mainly affect
young children, with increased risk also in older adults?.
The clinical features of STEC infection typically include
painful non-bloody diarrhoea that progresses to bloody di-
arrhoea within one to three days. Additionally, abdominal
pain, vomiting, and fever may occur prior to the onset of di-
arrhoea. Diarrhoea associated with STEC typically resolves
within approximately seven days, regardless of the devel-
opment of HUS. In cases where the patient develops HUS,
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symptoms typically manifest around the median of day 7 of
the illness, with a variability spanning from 5 to 13 days!'?.
Numerous surveillance reports and evaluations reveal that
a mere fraction of paediatric STEC infections advance
to HUS. The Colorado state health agency indicates that
5-15% of children with STEC infection develop HUS"*.
An examination of US Centers for Disease Control and
Prevention (CDC) FoodNet data revealed that 19% of chil-
dren with confirmed STEC O157:H7 infection in 2012 de-
veloped HUS (27 out of 144 cases)!®.

European surveillance data indicated 522 instances of HUS
among a total of 10,901 STEC cases, representing around
4.8%"9. The World Health Organization estimates that “up
to 10%” of all STEC infections, regardless of age, result in
HUSY7.

In HUS due to STEC infection, no specific treatment with
conclusively proven efficacy exists; thus, the primary ap-
proach is supportive care. This includes the early correction
of dehydration and volume expansion, particularly during
the diarrhoea phase and at the onset of the disease®. Close
monitoring of diuresis, fluid balance, and electrolyte and
acid-base disturbances is essential'®. Management of hy-
pertension which can occur in the course of the disease,
along with renal replacement therapy (dialysis) and trans-
fusion of red blood cells in cases of significant anaemia
is highly important. Platelet transfusion is typically re-
served for instances of impending bleeding or urgent sur-
gical needs". Complement blockade, such as eculizum-
ab, is not a standard treatment for STEC-associated HUS
(STEC-HUS) due to equivocal evidence. It is typically con-
sidered only in specific, selected situations, such as when
atypical haemolytic uraemic syndrome (aHUS) or overlap-
ping mechanisms are suspected!®.
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Component | Diagnostic definition

Practical cut-offs

| Common accompanying findings

The HUS triad

Non-immune haemolysis due to

MAHA mechanical RBC fragmentation®

Anaemia (age-adjusted ¥ Hb)

plus evidence of haemolysis: 4LDH,
¥haptoglobin, treticulocytes;
DAT/Coombs typically negative®

Peripheral smear with RBC fragments
(schistocytes); may be absent early;
repeat smear if evolving TMA suspected.
Indirect hyperbilirubinemia may occur®#

Thrombocytopaenia Platelet consumption within TMA®

Commonly PLT <150 x 10°/L
(or a clear fall from baseline)®

Platelet transfusion is generally avoided
unless significant bleeding/procedure
need®

Any of: #5Cr >0.3 mg/dL within 48 h
7 days OR U0 <0.5 mL/kg/h for =6 hV

AKI OR 45Crto >1.5 X baseline within prior

KDIGO staging (SCr/U0): Stage 1:
1.5-1.9 X baseline or +0.3 mg/dL;
U0 <0.5 mL/kg/h for 6-12 h.

Stage 2: 2.0-2.9x; U0 <0.5 for =12 h.
Stage 3: 3 or SCr >4.0 mg/dL or RRT;
U0 <0.3 for =24 h or anuria >12 h®

Haemoglobinuria/proteinuria
on urinalysis; oliguria/anuria;
fluid overload; electrolyte/
acid-base disorders®”

Additional

symptoms

Frequent clinical consequence of renal

Hypertension/volume overload . .
P / involvement in HUS®

BP >95™ percentile for age/sex/height®

Oedema, pulmonary congestion;
association with cardiac complications
reported®

(NS complications due to systemic

Neurologic nvolvement TMA/toxin-mediated injury®

No single cut-off; based on clinical exam
and neuroimaging as indicated

Seizures, encephalopathy, irritability,
coma; occurs in a subset of paediatric
STEC-HUS®)

Multi-organ manifestations

No single cut-off; based on clinical
exam and additional tests characteristic
for the symptoms

Pancreatitis, hepatic involvement/
cholestasis, cardiac microvascular
injury, stroke, ischaemia, arrhythmias,
cardiomyopathy, bowel necrosis,

perforation, ARDS, pulmonary
haemorrhage®')

Arrows: + — increased/elevated; ¥ — decreased/reduced.

AKI - acute kidney injury; ARDS — acute respiratory distress syndrome; BP — blood pressure; CNS — central nervous system; DAT — direct antiglobulin test; Hb — haemoglobin;
HUS — haemolytic uraemic syndrome; KDIGO — Kidney Disease: Improving Global Outcomes; LDH — lactate dehydrogenase; MAHA — microangiopathic haemolytic anaemia;
PLT — platelets; RBC — red blood cells; RRT — renal replacement therapy; SCr — serum creatinine; TMA — thrombotic microangiopathy; U0 — urine output.

Tab. 1. HUS triad and accompanying manifestations: definitions, practical cut-offs, and common clinical/laboratory findings

METHODS

This paper was prepared as a focused review on paediat-
ric STEC infection and risk factors of progression to STEC-
HUS. Literature was identified primarily through PubMed/
MEDLINE searches using combinations of terms such as:
STEC/EHEC, Shiga toxin (Stx1/Stx2), haemolytic uraemic
syndrome, thrombotic microangiopathy, children/paediat-
ric, risk factors, dehydration/haemoconcentration, leuco-
cytosis, antibiotics, antimotility agents (loperamide), com-
plement activation, and supportive care/renal replacement
therapy. In addition, citation snowballing was applied: ref-
erence lists of key reviews, landmark cohort studies, and
guideline-style papers were screened to identify further rel-
evant primary studies, and forward citation tracking was
used when applicable to capture newer work building on
foundational publications. Evidence was synthesised the-
matically into bacterial, host, and iatrogenic domains and
interpreted within a mechanistic framework linking intes-
tinal injury and toxin translocation with complement-in-
flammation-thrombosis-driven microangiopathy.

ETIOLOGY

Shiga toxins are AB_5 protein toxins composed of one en-
zymatically active A subunit and a pentameric B subunits.
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The B-pentamer interacts with host cell glycosphingolip-
id receptors, predominantly globotriaosylceramide (Gb,),
on target cells®. After binding, the toxin is endocytosed
and transported retrogradely to the endoplasmic reticulum,
where the A subunit is processed and released into the cyto-
sol®Y. The A subunit irreversibly cleaves a specific adenine
base from 28S ribosomal RNA, thereby inhibiting protein
synthesis. The “ribotoxic” effect induces stress signals and
apoptosis in susceptible cells@.

There are two primary Stx types: Stx1 and Stx2. Stx2 ex-
hibits differences in receptor binding and potency. Stx2 is
associated with more severe disease and exhibits a lethali-
ty that is 100-400 times greater than that of Stx1 in animal
models®?. Most STEC responsible for HUS typically pos-
sess Stx2 (commonly subtype 2a or 2c) in addition to Stx1
or exclusively; strains containing Stx2 have a higher likeli-
hood of inducing HUS®-2%),

Beyond Shiga toxin, STEC can express multiple virulence
determinants that promote intestinal colonisation and en-
hance pathogenicity as their genome is fluid®®. They can
present the intimin-encoding gene eae (E. coli attaching and
effacing), which lies within a pathogenicity island known
as the locus of enterocyte effacement (LEE). The suite of
proteins encoded by LEE coordinates bacterial adhesion
to the intestinal epithelium and drives microvillus damage
(effacement). This loss of absorptive surface compromises
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mucosal fluid reuptake, contributing to abdominal pain and
prolonged diarrhoea®2®.

The translocated intimin receptor (Tir) is a key STEC vir-
ulence factor, enabling the bacteria to adhere tightly to in-
testinal epithelial cells. Tir is an effector protein delivered
to the host cell and then incorporated into the cell mem-
brane, creating a “target” receptor for bacterial intimin on
the enterocyte surface. Binding of intimin to Tir stabilis-
es the bacterium-cell contact and initiates processes lead-
ing to characteristic attaching/effacing (A/E) changes, i.e.
damage/loss of microvilli and remodelling of the cytoskel-
etal structure at the site of adhesion. Therefore, Tir, along-
side Shiga toxins and intimin, is considered a more reli-
able marker of STEC infection, as it directly reflects the
mechanism of adhesion and colonisation of the intesti-
nal epithelium®.

Through coordinated delivery of these effectors, STEC in-
duces A/E lesions that disrupt epithelial barrier function
and trigger mucosal inflammation, contributing to diar-
rhoea®’. Additional accessory virulence factors include
plasmid-encoded enterohaemolysin (EhxA) and diverse au-
totransporters®*?. The serine protease EspP, a member of
the serine protease autotransporters of Enterobacteriaceae
(SPATE) family, can cleave complement components C3
and C5, potentially facilitating immune evasion®").
Following the colonisation of the colon by STEC, Stx are
picked up by polarised gastrointestinal cells via transcel-
lular pathways and translocate into the circulation®®.
The inflamed colonic mucosa frequently exhibits in-
creased permeability due to the effects of Shiga toxin and
lipopolysaccharides (LPS), thereby promoting toxin
translocation®"2),

Co-existing LPS from STEC synergistically enhances the ef-
fects of Stx, leading to an amplification of the toxin’s impact
and an upregulation of Gb, on target cells®>*%.

Once in the bloodstream, free Stx is infrequently detect-
ed in plasma; rather, Stx associates with circulating cells.
Erythrocytes, platelets, and monocytes can transport Stx
through surface Gb,©®>-7,

Human neutrophils, which do not express Gb,, inter-
act with Stx through Toll-like receptor 4 (TLR4). Blood-
cell carriers release microvesicles that contain Stx, and oc-
casionally complement factors, facilitating the delivery of
Stx to renal cells®%*), Stx utilises blood and microvesicles
to transport itself to the kidney and other target organs®.
Glomerular endothelial cells exhibit elevated expression of
the Gb, receptor, rendering them the principal target of Stx
in the renal system®“*4.

Upon Stx interaction: the transcription factor NF-kB is in-
creased, leading to enhanced production of adhesion mol-
ecules and proinflammatory cytokines. Elevated concen-
trations of intercellular adhesion molecule 1 (ICAM-1)
and vascular cell adhesion molecule 1 (VCAM-1), along
with the chemokines monocyte chemoattractant protein 1
(MCP-1) and fractalkine (CX3CL1), have been noted, pro-
moting leukocyte adherence to the endothelium@"#2-49),
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Concurrently, Stx diminishes the anticoagulant characteris-
tics of endothelial cells by promoting the release of throm-
bomodulin and enhancing the expression of P-selectin on
their surface. This facilitates platelet adhesion to the en-
dothelium, frequently in conjunction with multidomain
variants of von Willebrand factor, and the development of
platelet-fibrin clots within the glomerular capillaries*-47.
Consequently, TMA ensues, characterised by capillary ob-
struction and erythrocyte fragmentation/®"9.

Podocytes express Gb, and respond to Stx, leading to the se-
cretion of inflammatory cytokines such as interleukin 1 (IL-1)
and tumour necrosis factor alpha (TNF-a), which further
enhance Gb, receptor expression. Stx promotes the p38
and p42/44 mitogen-activated protein kinase (MAPK) sig-
nalling pathways in podocytes, as well as the transcription
factors NF-kB and activator protein 1 (AP-1)“?. This re-
sults in heightened synthesis of endothelin-1 (ET-1), a va-
soconstrictive peptide produced by podocytes. ET-1 func-
tions in an autocrine manner via endothelin A receptors
(ET_A), inducing cytoskeletal rearrangement and con-
traction of podocyte extensions. In vitro studies demon-
strate that the inhibition of ET_A receptors prevents Stx-2,
induced alterations in podocyte cytoskeletal structure.
Consequently, the podocyte extensions become distend-
ed (effacement), detach, and the filtration barrier is com-
promised“?. Comparable alterations have been noted
in vivo — podocytes exhibit swelling due to Stx, whereas the
basement membrane of the glomerular capillaries is char-
acterised by constriction and fusion of the podocyte slits.
These changes contribute to podocyte dysfunction, detach-
ment, and ultimately disruption of the glomerular filtration
barriert*->V,

The complement system amplifies vascular injury in
STEC-HUS. Clinical studies show that during acute STEC-
HUS, markers of alternative pathway activation are ele-
vated: plasma C3 levels are often low while split products
(C3b, C3a, C3d) and Bb are increased®*>>. Renal biop-
sies from HUS patients reveal glomerular deposits of C3
and membrane attack complex (C5b-9) along with fi-
brin®¢-*®, Experimentally, Shiga toxin itself can direct-
ly activate complement: Stx2 binds to factor H (FH) and
FH-related proteins, hindering FH regulation of C3b®>¢?.
Stx2 also downregulates endothelial CD59 (a membrane in-
hibitor of C5b-9). Thus, complement converts into a de-
structive force: generation of C3a/C5a (pro-inflammatory
anaphylatoxins) and C5b-9 (which damages cells and re-
leases tissue factor)©'-%. Activated complement contributes
to microvascular thrombosis. For example, platelet and red-
cell derived microparticles bearing C3 fragments and C5b-9
are found in HUS, linking complement to haemolysis and
coagulopathy .

Innate immune responses also amplify injury. Endothelial
release of cytokines and chemokines recruits neutrophils
and monocytes36%),

In HUS, neutrophils become primed: they adhere more
avidly to Stx-activated endothelium and can damage it.
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Neutrophils bind Stx via TLR4; genetic variations in TLR4
can affect HUS susceptibility©®7).

Shiga toxin and co-delivered LPS induces a cytokine storm
including TNF-a, interleukin 1 beta (IL-1p), interleukin 6
(IL-6) and others, which further activate endothelium and
leukocytes®). Together, complement and cytokines cre-
ate a feedback loop: endothelial injury leads to inflamma-
tion and complement activation, which in turn worsens
microvascular thrombosis.

EPIDEMIOLOGY

From January 2012 to June 2023, the Polish Registry of
Paediatric Haemolytic Uraemic Syndrome recorded a total
of 301 cases, yielding a mean incidence of 3.9 cases per mil-
lion in the age-related population”. In England, an analy-
sis of national surveillance data indicates an incidence rate
of 0.07 per 100,000 per year (0.07-0.08) for STEC-HUS,
with a total of 601 cases reported between 2009 and 20237V,
Between 1997 and 2021, the incidence rate in the USA was
0.6 cases per 100,000 children”. Ten-year observation pe-
riod of Northern Italy population brought a similar result
with 5.6 cases per million of the age-related population
(MARP) aged <18 years"”. The incidence of HUS is mini-
mal in Australia.

A clear correlation is observed between urbanisation levels
in a region and the prevalence of diseases, linked to insuf-
ficient sanitation conditions. The likelihood of STEC infec-
tions is reduced in urban regions®. Interaction with farm
animals significantly influences outcomes. Epidemiological
studies indicate that children residing in rural areas or in
proximity to farms with elevated densities of cattle, sheep,
and goats exhibit a higher likelihood of contracting STEC.
In the Netherlands, a greater prevalence of STEC O157 in-
fections was observed in rural regions compared to urban
regions, indicating a correlation between infection rates and
cattle density”™. A recent study conducted in Minnesota es-
tablished that the presence of each additional animal reser-
voir in a specific area correlates with an elevated risk of dis-
ease in children. Specifically, an increase in the number of
cattle or sheep on 10 acres was linked to an approximate
30-135% rise in the risk of STEC O157 infection. This ef-
fect was observed irrespective of the child’s direct inter-
action with animals, indicating pervasive environmental
contamination®.

Nevertheless, the risk of progression from STEC infection
to HUS does not seem to be significantly affected by these
factors. A prospective English study identified no signif-
icant correlation between socioeconomic status or rural
residence and the risk of developing HUS in children in-
fected with STEC. This suggests that while environmen-
tal and socioeconomic factors affect the incidence of the
infection, the progression to HUS in individuals’ post-in-
fection is mainly influenced by other variables, such as
the child’s age, the specific STEC strain, or the treatment
administered ™.
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RISK FACTORS
Bacterial factors

Infection with various STEC strains presents differing risks
for HUS. The primary bacterial determinants are the strain
type and the type of Shiga toxin. The serotype O157:H7 has
been previously recognised as the predominant cause of
HUS worldwide™. Additional serogroups, including 026,
055, 080, 0103, 0104, O111, and 0145, have been also
identified as causative agents. Nevertheless, serogroup O157
is slightly more likely to cause HUS"?).

The type of Shiga toxin also influences the likelihood
of HUS occurrence. Experimental studies demonstrate
the heightened nephrotoxicity of Stx2 class toxins, hence
strains possessing the stx2 gene, particularly the stx2a sub-
type, demonstrated a markedly elevated risk of HUS"#),
Experimental studies have shown a distinct dose-dependent
variation in the nephrotoxicity associated with Shiga toxins.
A single administration of Stx2 at a dose of 50 ng/kg
in a primate model resulted in a severe clinical presenta-
tion consistent with HUS and nearly 100% mortality within
5 days. In contrast, Stx1 showed lethal effects only at a sig-
nificantly higher dose of 100 ng/kg®". In a mouse mod-
el, consistent results indicated that oral administration of
Stx-II (functionally analogous to Stx2) led to acute renal
cortical necrosis and mortality, while Stx-I did not exhib-
it a lethal effect®. The data indicate that infections caused
by STEC strains that produce solely Stx2 are typically more
virulent than those caused by strains that produce only
Stx1. In clinical practice, the identification of the stx2 gene
in an E. coli isolate serves as a critical indicator of height-
ened risk for developing HUS, independent of other strain
characteristics®>*9.

The authors of the Finnish study performed an analysis
comparing the genes of different STEC strains associated
and not associated with HUS. Numerous genes were identi-
fied, including cytolethal distending toxins-encoding genes;
the autotransporter serine protease gene espP; and type III
secretion system effector-encoding genes; however, none
were associated with the severity of the disease®. As pre-
viously noted, the genomic fluidity of STEC allows for the
expression of additional pathogenic components, which can
influence whether an infected patient will develop HUS.
In practice, this means that clinical severity reflects not only
the presence of Shiga toxin, particularly Stx2 (often sub-
types 2a/2c), which is most consistently linked with HUS
risk and greater lethality®* but also the co-occurrence
of colonisation and mucosal-damage modules such as the
LEE-encoded A/E machinery (eae/intimin and its effector
Tir), which strengthens epithelial adherence, disrupts the
brush border, prolongs diarrhoea, and promotes inflamma-
tory barrier dysfunction®-?%?”). Accessory factors, includ-
ing plasmid-encoded EhxA, diverse autotransporters, and
the SPATE protease EspP, which is capable of cleaving com-
plement components C3/C5, potentially aiding immune
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evasion and can further amplify mucosal inflammation
and facilitate systemic toxin access®"2*?52% Collectively,
strains with a “high-risk” virulence constellation are more
likely to generate a permissive intestinal environment for
Stx translocation (aided by inflammation and LPS synergy)
and efficient delivery to renal targets, thereby increasing the
probability of the endothelial injury; thromboinflammato-
ry cascade that culminates in thrombotic microangiopathy
and HUS®Y.

Host genetics

Research shows that certain children infected with STEC
develop HUS not solely due to the strain’s virulence but
also due to their genetic predisposition to TMA. A popu-
lation-based CDC FoodNet study involving 641 individu-
als with diarrhoea due to STEC O157:H7, analysed 200 ge-
netic loci. The findings indicated that polymorphisms in
various genes, may influence the risk of developing HUS.
Notable associations were identified in genes influencing
various critical pathogenic mechanisms: platelet function
and haemostasis (e.g. GP1BA), endothelial activation and
integrity along with vascular tone regulation (EDN1), in-
nate immunity and pathogen recognition (e.g. TLR4), in-
flammatory/cytokine signalling (e.g. IL6R, ILIRN), and
iron transport alongside mechanisms of nutritional im-
munity (TFRC, B2M). This indicates that individuals with
particular genetic variants may experience a heightened
dysregulated inflammatory response, increased platelet ac-
tivation, endothelial damage, and microthrombi forma-
tion upon exposure to Shiga toxin, potentially resulting in
the development of HUS. The authors highlight that these
observations are exploratory and necessitate validation
in independent cohorts®®.

Age and demographics

The greatest risk of HUS is identified in the youngest pae-
diatric population. Recent data suggest that approximate-
ly two-thirds of HUS cases are observed in children un-
der the age of five®**). An underdeveloped immune system
among the youngest population is characterised by a dimin-
ished response to pathogens and reduced immune memo-
ry, hence younger children exhibiting greater susceptibility
to STEC infections and a diminished capacity to neutral-
ise Shiga toxin. Epidemiological studies indicate that chil-
dren’s heightened vulnerability to STEC is attributed to an
immature immune system and insufficient hygiene prac-
tices. This encompasses an absence of previous exposure to
toxin-producing E. coli and a deficiency of neutralising an-
tibodies, both of which exacerbate the severity of infection
and facilitate the onset of HUS®#5),

The Shiga toxin receptor, Gb,, located on renal and intesti-
nal endothelial cells, serves as the binding site for the toxin.
Research indicates that, contrary to earlier assumptions, the
quantity of Gb, in the kidneys does not significantly differ
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between children and adults. During the initial phase of in-
fection, variations in receptor expression on intestinal cells
or changes in bacterial adhesion factors may affect coloni-
sation and tissue damage in children®”.

The physiology and microbiome maturate for the first 3 to
5 years of children’s life. Their digestive system is charac-
terised by lower stomach acidity and a less stable intestinal
microflora, which promote bacterial survival and prolifer-
ation®*1%2), Studies demonstrate that the intestinal micro-
biome of children experiencing diarrhoea exhibits distinct
differences compared to that of healthy children, notably
marked by reduced diversity and an increased prevalence
of Enterobacteriaceae family bacteria. The disruption of the
microbiome diminishes the colonisation resistance of the
intestine, resulting in prolonged persistence of pathogenic
E. coli in the digestive tract®*%.

In vitro studies indicate that STEC strains are eliminated
at a slower rate in the simulated intestinal environment of
young children compared to adults, leading to extended
toxin release. The intestinal barrier in infants and young
children exhibits greater permeability, potentially allowing
toxins to enter the bloodstream more easily®.

Females have been reported in some paediatric datasets to
develop HUS more often than males, but the evidence is
inconsistent across studies. In the outbreak cohort by Bell
et al., demographic characteristics, including sex, were not
associated with HUS risk®. In contrast, in a multicentre
emergency-department cohort, girls were slightly overrep-
resented among children who subsequently developed HUS
(55.6% vs. 45.9%), although this difference was only bor-
derline significant®. Other observational paediatric stud-
ies have also noted a higher proportion of females among
HUS cases, suggesting a possible association®.

Severity of prodromal symptoms

Severe acute diarrhoea symptoms increase the risk of de-
veloping HUS. Research demonstrates that severe bloody
diarrhoea, persistent vomiting, leucocytosis and high fever
are enriched among children who subsequently develop
HUS"7-99)_In a US study, patients with HUS were found
to be approximately three times more likely to exhibit fever
compared to those without HUS!%). It is important to note
that when controlling for multiple factors in multivariate
statistics, the influence of fever, vomiting, or bloody stools
on the risk of HUS was diminished. This may be attribut-
ed, in part, to the composition of the control group in many
studies, which often included hospitalised patients experi-
encing severe diarrhoea, indicating that prodromal symp-
toms were prevalent®®.

In paediatric populations, the most consistently validated
laboratory predictor of progression from STEC infection
to HUS is early leucocytosis during the diarrhoeal phase®?.
In a classic cohort of 278 children with confirmed E. coli
0157:H7 infection, a white blood cell count >13,000/pL
within the first three days of illness was associated with
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an approximately seven-fold higher risk of HUS (38% vs.
5%)©¥, and other paediatric analyses similarly confirmed
an independent association between leucocytosis and sub-
sequent HUS in multivariable models®>'°V. Likewise, in
a large multicentre cohort of children evaluated in the
emergency department, an elevated leukocyte count (with
an optimal cut-point of 13.0 x 10°/uL) was among the few
baseline parameters that predicted later HUS®.

By contrast, thrombocytopaenia is primarily a feature of es-
tablished HUS and typically emerges with evolving micro-
angiopathy®; importantly, in the emergency-department
cohort, the median platelet count at first presentation was
similar in children who later developed HUS and in those
who did not, although a platelet count <250 x 10°/pL was
used as a risk marker in multivariable prediction®?.

Concomitant diseases

The existing literature lacks definitive analyses regarding
the influence of chronic childhood illnesses on the risk of
HUS. Sporadic case reports suggest that compromised im-
mune system may increase the severity of STEC infection.
A case of STEC-HUS in 12-year-old male with ataxia-tel-
angiectasia (A-T) which is a genetic immunodeficiency,
was reported, highlighting his significant susceptibility to
infections!®?.

Severe STEC-HUS has been documented in adult organ
transplant recipients. A retrospective analysis of 35 adult
kidney transplant recipients revealed that STEC-HUS,
was associated with high mortality rates, with 38% of pa-
tients requiring dialysis and 26% experiencing graft loss%?).
Prior reports on transplant cases highlight the infrequen-
cy of typical STEC-HUS within this population, as well
as the propensity for delayed diagnosis and unfavourable
outcomes .

No studies were found indicating that children with chronic
diseases, such as diabetes, chronic kidney disease, metabol-
ic disorders, or cancer, possess an inherently elevated risk
of HUS. In an analysis of adult European patients with the
STEC O104:H4 strain, approximately 37% had chronic dis-
eases, including hypothyroidism, hypertension, or chronic
kidney disease. However, these factors did not serve as in-
dependent predictors of HUS in a multivariate model®.
One report details a case of HUS in an infant that was
caused by vertical transmission of a low-pathogenic STEC
strain (O146:H28), suggesting that even minimally patho-
genic bacteria can induce HUS in newborns!%.

latrogenic factors

Fluid therapy

The extent of dehydration during diarrhoea significantly in-
fluences the disease progression and the potential for kid-
ney damage. Clinical dehydration, characterised by weight
loss exceeding 5% correlates with diminished renal func-
tion recovery and an increased incidence of chronic renal
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sequelae in paediatric patients with HUS(, Insufficient
hydration results in haemoconcentration, and negative-
ly impacts renal microcirculation, potentially aggravating
vascular damage induced by Shiga toxin. Early and aggres-
sive fluid therapy, initiated during the prodromal phase of
diarrhoea, has demonstrated benefits. Observational stud-
ies indicate that intensive isotonic fluid administration de-
creases the incidence of anuria/oliguria and reduces hospi-
tal stay duration®.

One meta-analysis established that elevated haematocrit
upon admission, indicative of dehydration, and the absence
of early intravenous infusions were independent predictors
of a poorer outcome in HUS!®. In practice, preventing ex-
cessive dehydration during the initial stage of diarrhoea,
through careful oral or intravenous rehydration, is a crucial
intervention that mitigates the risk of severe kidney damage
in children with STEC infection!®.

Antibiotics

Numerous studies demonstrate that extensive antibiotic use
in cases of STEC diarrhoea elevates the risk of HUS""*.
A classic cohort study conducted by Wong et al. demon-
strated that antibiotic treatment in children with E. coli
0157:H7 infection was linked to a markedly increased risk
of developing HUS (relative risk = 17)11%. Many other clin-
ical and observational studies provide evidence that the use
of antibiotics, especially B-lactams, increases the risk of de-
veloping HUS®%!!), Nevertheless, the data are inconclusive
across all drug classes. In Japan, early administration of fos-
fomycin, which show bacteriostatic properties, was imple-
mented, resulting in a significant reduction in the risk of
HUS"2,

Other observational study indicates that antibiotic use,
specifically fosfomycin, may lower the risk of HUS in chil-
dren®®. Although Freedman et al. conducted a meta-anal-
ysis encompassing 17 studies with nearly 1,900 patients,
revealing no significant increase in risk associated with an-
tibiotics. However, after the exclusion of low-quality studies,
a significant association was found!®. The authors deter-
mined that, although complete clarity is lacking, prophylac-
tic antibiotics for STEC are not advised. The CDC advises
against the routine administration of antibiotics for STEC,
as they may elevate the risk of HUS!,

Antimotility drugs

Medications that slow gut motility, such as loperamide and
diphenoxylate, are typically contraindicated in cases of
haemorrhagic diarrhoea linked to STEC. This mechanism
results from the retention of bacteria and toxins, which is
thought to promote the spread of infection". Research in-
dicates a detrimental effect: a significant study conducted
in Japan demonstrated that the administration of antimo-
tility medications roughly doubled the risk of subsequent
HUS®®. Previous studies, such as those by Nelson et al., in-
dicated a higher prevalence of antidiarrhoeal medications
among patients diagnosed with HUS!®.
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Bacterial factors

Host and prodromal factors

latrogenic factors (modifiable)

+ Shiga toxin (Stx2 > Stx1) - younger age (<5 years) - insufficient rehydration

« LEE encoded eae/intimin + Tir « genetic susceptibility (e.g. GP1BA, IL6R, ILTRN) - antibiotics without clear indications
« EhxA - thrombocytopaenia <250 x 103/l - antimotility agents

« SPATE EspP + leucocytosis >13,000/puL - nephrotoxins (e.g. NSAIDs)

« serotype 0157:H7 « bloody diarrhoea, vomiting, fever

- other common non-0157 serogroups

Risk of progression to STEC-HUS

\

[ I R N I I | STEC-HUS
STEC Day 1 Day 5-13
gastroenteritis g I I I ' ' ! _I ! ! y - MAHA .
(diarthoea) HUS usually around days 5-13 (median ~7) - throni)oAcl)éltopaema

AKI — acute kidney injury; eae — E. coli attaching and effacing gene encoding intimin; EhxA — enterohaemolysin A; EspP — extracellular serine protease, plasmid-encoded;
GP1BA - glycoprotein Ib alpha chain (gene); HUS — haemolytic uraemic syndrome; ILTRN — interleukin-1 receptor antagonist (gene); IL6R — interleukin-6 receptor (gene);
LEE — locus of enterocyte effacement; MAHA — microangiopathic haemolytic anaemia; NSAIDs — nonsteroidal anti-inflammatory drugs; 0157:H7 — Escherichia coli 0157:H7
serotype; SPATE — serine protease autotransporters of Enterobacteriaceae; STEC — Shiga toxin-producing Escherichia coli; STEC-HUS — Shiga toxin-associated haemolytic

uraemic syndrome; Stx — Shiga toxin; Tir — translocated intimin receptor.

Fig. 1. From STEC gastroenteritis to STEC-HUS in children: factors associated with progression

Given these risks, public health guidelines unanimously ad-
vise against their use, as the CDC explicitly advises against
the use of loperamide in cases of STEC infections, and the
Food and Drug Administration (FDA) explicitly contrain-
dicates loperamide in invasive bacterial enterocolitis!!!4!17),

Prebiotics

Interest has grown in manipulating gut microbiota for
STEC, but human data are lacking. In vitro and animal stud-
ies show certain probiotics can antagonise STEC. Notably,
the probiotic E. coli Nissle 1917 sharply inhibited growth
and Shiga-toxin expression of 0157:H7 in culture'!®). Other
experiments found Lactobacillus strains (e.g. L. plantarum,
L. fermentum) reduce STEC adhesion and toxin release!!'®).
A piglet model even showed that an engineered probiot-
ic expressing a Shiga-toxin receptor mimic bound and
cleared toxin from the gut??). Nevertheless, the availability
of practical clinical data is restricted. A recent cohort study
found no significant protective effect of probiotics, as their
use did not notably change the risk of HUS (modified odds
ratio = 0.86, not significant)®®.

Nonsteroidal anti-inflammatory drugs

Research on nonsteroidal anti-inflammatory drugs
(NSAIDs), such as ibuprofen and aspirin, in relation to
STEC-HUS is limited. In a prospective paediatric cohort
study examining risk factors for HUS, the exposure to
NSAIDs during the illness was evaluated and found no sig-
nificant association with the development of HUS (odds

PEDIATR MED RODZ Vol. 22 No. 1, p. 14=25

ratio = 1.0; not significant). The small number of children
using NSAIDs resulted in wide confidence intervals®?.
Simultaneously, irrespective of the risk of HUS develop-
ment during STEC infection, NSAIDs are recognised as
a cause of AKI in children, particularly in the context of hy-
povolemia (diarrhoea/vomiting/dehydration), which is sig-
nificant in STEC cases!?"'?2). A paediatric study involving
dehydrated children with acute gastroenteritis found that
ibuprofen exposure was linked to a greater than two-fold
increase in the risk of developing AKI in approximately 54%
of the subjects who received ibuprofen?".

Consequently, reviews and studies regarding the treatment
of STEC/HUS highlight the importance of avoiding neph-
rotoxins. In practice, paracetamol is the preferred antipyret-
ic/analgesic, while NSAIDs should be avoided, particular-
ly in cases of suspected STEC, severe diarrhoea, vomiting,
and dehydration risk, despite the lack of definitive evidence
linking NSAIDs to the causation of HUS(23),

All the factors and viabilities are depicted in Fig. 1.

CONCLUSIONS

The transition from paediatric STEC infection to STEC-
HUS involves the interaction of high-risk bacterial viru-
lence factors, particularly Stx2 and its subtypes, host sus-
ceptibility factors such as young age and potential genetic
variations in immune systems, as well as modifiable clinical
exposures. Shiga toxin-induced endothelial and podocyte
damage, exacerbated by inflammation and complement
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activation, leads to TMA characterised by haemolysis,
thrombocytopaenia, and AKI. Early and sufficient rehy-
dration is the primary preventive strategy, although antibi-
otics (unless explicitly indicated), antimotility agents, and
NSAIDs should typically be avoided; management is pre-
dominantly supportive.
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