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Abstract: Shiga toxin-producing Escherichia coli-associated hemolytic uremic syndrome (STEC-HUS)
is a form of thrombotic microangiopathy secondary to an infection by an enterohemorrhagic E. coli.
Historically considered a pediatric disease, its presentation has been described as typical, with bloody
diarrhea at the forefront. However, in adults, the clinical presentation is more diverse and makes the
early diagnosis hazardous. In this review, we review the epidemiology, most important outbreaks,
physiopathology, clinical presentation and prognosis of STEC-HUS, focusing on the differential
features between pediatric and adult disease. We show that the clinical presentation of STEC-HUS
in adults is far from typical and marked by the prevalence of neurological symptoms and a poorer
prognosis. Of note, we highlight knowledge gaps and the need for studies dedicated to adult patients.
The differences between pediatric and adult patients have implications for the treatment of this
disease, which remains a public health threat and lack a specific treatment.

Keywords: Shiga toxin; Escherichia coli; hemolytic uremic syndrome; thrombotic microangiopathy

Key Contribution: In this narrative review, we describe the epidemiology, physiopathology and
clinical features of Shiga toxin-associated hemolytic uremic syndrome, focusing on the differences
between adult and pediatric patients. We also describe the implications of these differences in terms
of management of these patients.

1. Introduction: Overview of Thrombotic Microangiopathies in Adults

Thrombotic microangiopathy (TMA) syndromes share a common pathologic descrip-
tion of arterial, intra-renal or systemic micro-vascular occlusion, resulting from endothelial
aggression accompanied by the formation of platelet aggregates. The definition is thus
histological, and the classic triad associating peripheral thrombocytopenia, mechanical
extra-corpuscular anemia, and end-organ damage of varying severity is the clinical transla-
tion of this syndrome [1].

Two distinct major syndromes of TMA were originally described: thrombotic throm-
bocytopenic purpura (TTP), and hemolytic uremic syndrome (HUS) [2]. TTP, whose first
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clinical description was reported by Elie Moschcowitz in 1925 [3], was historically defined
as a form of TMA with predominant cerebral involvement, severe thrombocytopenia (typi-
cally less than 30 x 10° /L) and the absence of severe renal impairment. Conversely, HUS,
a term coined for the first time by Conrad von Gasser in 1955 to describe a series of five
pediatric cases, is characterized by predominant renal involvement, moderate thrombo-
cytopenia, and less frequent neurological involvement [4]. However, significant overlap
between the clinical and biological features deemed specific to TTP and HUS precludes any
definitive etiological diagnosis based on these sole criteria. In addition, TMA syndromes
far transcend the dual HUS/TTP categorization, encompassing a myriad of other causes en-
countered in various settings, such as infections, malignant hypertension, cancers, systemic
autoimmune diseases, pregnancy, transplantation or drugs [2,5,6]. Major advances in the
understanding of the pathophysiological mechanisms underpinning these different forms
of TMA over the past thirty years have been a real turning point, permitting comprehensive
nosologic delineation. Most of all, they have paved the way for targeted therapies, such as
eculizumab in atypical HUS [7]. Hence, the diagnosis of TTP hinges on the demonstration
of an acquired, immune-mediated or congenital deficit in ADAMTS13.

Historically, HUS was split between so-called “typical” HUS and “atypical” HUS,
a terminology meant to reflect the fact that, in children, the description of Shiga toxin-
producing Escherichia coli (STEC) HUS both predates and largely outnumbers (by a ratio
of 10/1) the cases due to “atypical” HUS [8]. Moreover, “typical” HUS is supposed to
have a distinctive and uniform clinical presentation, with bloody diarrhea at the forefront.
The diagnostic work up of STEC-HUS now largely relies on the identification of the toxin
and/or a pathogenic strain of E. coli. “Atypical HUS” typically comprises causes of HUS
stemming primarily from genetic variants affecting complement regulatory proteins or
less frequently due to autoantibodies directed against key regulators of the complement,
mostly factor H [9]. Yet, atypical HUS also includes genetic causes of HUS remotely related,
or even unconnected, to the complement: pathogenic variants of diacylglycerol kinasee
(DGKE), plasminogen or Cobalamin C deficiency represent such well-acknowledged causes
of HUS [7]. Finally, secondary HUS encompasses a vast and composite group of TMA
etiologies not otherwise classified in the previous categories (although the involvement of
the complement is still under scrutiny in some cases) [2,7].

The global burden of STEC infection worldwide has been estimated to be around 43.1
acute illnesses per 100,000 person-years, leading to 3890 annual cases of STEC-HUS [10],
the vast majority of STEC infections remaining uncomplicated. STEC-HUS occurs mostly
in children and is considered exceptional in adults, apart from specific outbreaks. Despite
the much lower incidence of STEC-HUS in adults compared to children, the majority of
STEC-HUS related deaths occurs in people >60 years old [11]. In 2011, an exceptional
European epidemic mainly affected Germany (3816 cases, 845 with HUS, 54 deaths),
and France (24 cases in the Bordeaux region, nine patients with HUS including eight
adults). It was eventually traced to an atypical hybrid pathotype O104:H4 strain combining
enteroaggregative and enterohemorrhagic virulence and producing an extended spectrum
beta-lactamase. This outbreak, related to organic fenugreek sprout consumption, mostly
affected adults (88%, median age 42 years) and contributed to raised awareness of the
risk and the severity of STEC-HUS in adults. However, series of adult STEC-HUS cases
remain rare [12-14]. Hence, the clinical characteristics of STEC-HUS in adults, as well as
the impact of therapeutic strategies on outcome, remain uncertain.

In this narrative review, we will summarize the current evidence on the epidemiology,
pathophysiology, clinical presentation, diagnosis and prognosis of STEC-HUS patients,
focusing on the specific features of adult cases and their implication for clinical practice.

2. Historical Perspective

The Shiga toxin (Stx) is a lethal toxin first isolated from Shigella dysenteriae type 1 by
Gerald T. Keusch in 1975 [15]. In 1977, Jack Konowalchuk et al. isolated from several strains
of E. coli including O26 serogroup, a protein toxic to Vero cells (a line of renal epithelial
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cells isolated from the African green monkey), hence its original name, Verotoxin [16].
Nowadays, both terms can be used, even though “Shiga toxin” is preferred in this review.
Dr. O’Brien and colleagues went on to demonstrate that a toxin from an enteropathogenic
E. coli shared the same structural and immunological properties with the Stx and succeeded
in 1983 in purifying the toxin in an O157:H7 E. coli strain isolated from stool samples of
patients with bloody diarrhea [17]. The same year, the toxin expression in E. coli was linked
to a set of genes carried by a lambda bacteriophage [18]. Another major step for STEC-HUS
description was achieved by Mohamed A. Karmali et al. with the identification of Stx in
the stools of eight cases of sporadic HUS, further reinforcing the association between Stx
and HUS [19].

3. Shiga Toxin Producing E. coli

The term Shiga toxin-producing E. coli refers to an E. coli strain that acquired the
capacity to produce a Stx, through transfer of the gene by a Stx phage. The toxins produced
by STEC are classified as type 1 (Stx1) and type 2 (Stx2), immunologically distinct, and
several Stx1/5tx2 subtypes (Stx1a, Stxlc, Stx1d and Stx2a to Stx2g) have later been reported
based on phylogenetic analysis of Stx sequences [20,21]. Hundreds of STEC serotypes have
been described, based on their somatic (O) and flagellar (H) antigens, dozens of which are
involved in human disease [22,23]. Most STEC harbor the locus of enterocyte effacement
pathogenicity island within their genomes, including, among other pathogenic genes, an
adhesin called intimin encoded by the eae gene and allowing for the intimate attachment of
the bacteria to the intestinal epithelium [24].

The historical serogroup O157 is the predominant serogroup worldwide, but non-O157
serogroups are becoming increasingly prevalent in part due to the improved availability of
molecular tools permitting their detection [25,26].

4. Epidemiology
4.1. Source of Data

Data pertaining to STEC infections in humans stem from case observations, outbreak
descriptions, or clinical and microbiological surveillance networks. Prospective studies
and randomized controlled trials are scarce, particularly in adults.

Surveillance networks with an active case reporting system are part of foodborne
disease monitoring networks, and include FoodNet in North America, the European Center
for Disease Prevention and Control (ECDC), or PulseNet, a global network dedicated to
laboratory-based surveillance for foodborne diseases in 85 countries [27]. They mainly
rely on pediatric centers for active surveillance, along with passive surveillance from
laboratories. Thus, STEC-HUS incidence as reported in the adult population might be
underestimated and should be interpreted very cautiously.

In addition, the diagnostic criteria of HUS, and the diagnosis of STEC infection vary in
the literature, whether it is based on the detection of Stx by PCR [28] or on the identification
of an O157:H7 strain in the stool, especially for the earlier studies before the generalization
of culture-independent testing for Stx [11,29].

4.2. Overview of the Main STEC-HUS Outbreaks Involving Adults

In 1982, a first hemorrhagic diarrhea outbreak secondary to O157:H7 STEC was
described in Michigan and Oregon, USA, causing gastrointestinal illness and bloody
diarrhea, but without any HUS cases reported [30].

In 1985, in southwest Ontario, Canada, an outbreak of O157:H7 STEC-associated
hemorrhagic colitis affected 55 residents and 18 staff members of a nursing home and
was responsible for 12 cases of HUS, causing 17 deaths (11 with HUS) [31]. A massive
STEC O157:H7 outbreak occurred in Washington between December 1992 and February
1993. Originating from contaminated hamburger meat distributed in a fast-food chain, the
outbreak accounted for 501 cases of bloody diarrhea (including 125 adults), which resulted
in 151 hospitalizations and 45 cases of HUS and claimed three lives [32]. The largest known
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STEC O157:H7 outbreak took place during the summer of 1996 in Japan. It was traced
to contaminated white radish sprouts eaten in salads, affecting more than 12,000 people
during several epidemic waves and causing three deaths [33]. It spread in schools in the
city of Sakai in the Osaka region, overwhelmingly affecting children from 62 different
elementary schools, resulting in more than 400 hospitalizations and 121 HUS cases [33,34].
In addition, 47 adult cases were recorded, including three HUS cases. All adults worked in
the same factory, in the Kyoto region, and the food source was identical [35].

During winter 1996, an O157:H7 STEC outbreak occurred in Lanarkshire county, in
Scotland, causing 262 cases of bloody diarrhea, mostly in adults (79%, median of age 71),
including 28 HUS (11%) and sixteen deaths. Among the 28 adults with HUS, 16 patients
died [36,37].

In June 1999, the Jiangsu and Anhui outbreak in China caused 195 HUS, resulting in
177 deaths. Again, mostly middle aged and elderly patients were infected as 167 (85.6%)
were over 50 years old whereas only two patients were less than 20 years old. This outbreak
was connected to a new STEC O157:H7 clone, phylogenetically closely related to the Sakai
one. The reservoir responsible for the contamination could not be clearly identified [38].

An exceptional outbreak hit Europe in 2011. Germany bore the brunt of the outbreak
with 3816 cases and 845 HUS. Eighty-eight percent of the patients were adults with a median
age of 42. Fifty-four deaths were reported. The French health authorities disclosed 24 STEC
infections and nine HUS, including eight adults, with no reported deaths. It disseminated
via contaminated organic fenugreek sprouts and signaled the emergence of an atypical
hybrid pathotype O104:H4 strain combining enteroaggregative and enterohemorrhagic
virulence features as well as an extended spectrum beta-lactamase phenotype [12-14,39].

Since 2011, multiple outbreaks have been reported, involving mostly non-O157:H?7 strains:

O111 strain in 2011 in Japan (156 STEC infections including 65 adults and 26 HUS) [40];

0145 strain in 2010 in Ohio and Michigan, associated with romaine lettuce consump-

tion (27 infections, median age 19 (range 13 to 31) years, three HUS) [41];

e  Seasonal outbreaks of O55:H7 strain infections in south-west England between 2014

to 2015 (31 infections including 11 adults, 13 HUS including two adults) [42];

e (121 strain infection in Canada in 2016 to 2017, associated with uncooked flour

consumption (30 infections, median age 23.5 (range 2 to 79) years, one HUS) [43];

e  026:H11 strain infection in South Africa in 2017 (four HUS, all < five years) [44] and
in France in 2019 from cow’s milk soft cheese consumption (16 infections including

one adult, 14 HUS including no adults) [45].

To compare the risk of HUS and deaths in STEC outbreaks between children and
adults, we ran a meta-analysis with a random effect model, which provided a pooled
prevalence of HUS of 15% (95% CI 10-22) in adults and 17% (2-67) in children, and a
proportion of death of 9% (4-17) in adults and 1% (0-10) in children. (Table 1).

Table 1. Comparison between children and adults in some of the main outbreaks of STEC-HUS from 1984 to 2015.

STEC Infections Including STEC-HUS Cases Deaths
S v N N
Children Adults Children ! Adults 2 Children ! Adults 2
1984, USA,
Nebraska [46] 0 34 1(2.94) 4 (11.76)
1985, Canada,
Ontario [31] 0 73 - 12 (16.44) - 17 (23.29)
1992, USA,
Washington [32] 376 125 45 (9.00) (age range 1-68 years) 3 (0.60) deaths
1990, Japan, 121 0 14 (11.57) - 2 (1.65) -

Saitama [47]
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Table 1. Cont.

STEC Infections Including STEC-HUS Cases Deaths
1(:3)&:; :ir(;;il SeroType N. N. (%) N. (%)
Children Adults Children ! Adults 2 Children ! Adults 2
1996, Japan,
Sakai and Kyoto 12680 47 121 (0.95) 3 (6.38) 3(0.02) 1(2.13)
[33-35]
1996, Scotland,
Lanarkshire 72 207 6 (8.33) 28 (13.53) 0 (0.00) 16 (7.73)
[36,37]
1999, China, 3 3 4 5
Jiangsiu [35] NA NA 2 (1.03) 193 (98.97) 0 (0.00) 177 (91.71)
2006, USA, Utah
and New Mexico 10 13 7 (29.00) (age range 2-60 years) 0 (0.00) 0 (0.00)
[48]
2011, Europe, 3 3 4 5
Germany [14] NA NA 101 (11.00) 744 (88.00) 1(0.99) 53 (7.1)
2011, Japan,
Toyama [49] 41 45 23 (56.10) 11 (24.44) 3(7.32) 2 (4.44)
2014, England,
Dorset [42] 15 6 11 (73.00) 2 (33.00) 0 (0.00) 0 (0.00)
Total of Patients 13315 550 278 801 18 270
Overall
proportion o/ (9. o . o/ (N o/ (4
(random effect 17% (2-67) 15% (10-22) 1% (0-10) 9% (4-17)
model)

! Percentage among cases of STEC infection of children if not otherwise specified. 2 Percentage among cases of STEC infection of adults
if not otherwise specified. ® Percentage among total cases of STEC-HUS (845 STEC-HUS and 3816 STEC infections during the O104:H4
outbreak of 2011). 4 Percentage among cases of children with STEC-HUS. 5 Percentage among cases of adults with STEC-HUS. N.: Number.
NA: Not available. HUS: Hemolytic and Uremic Syndrome. STEC: Shiga toxin producing Escherichia coli.

4.3. Incidence

The incidence of STEC-associated infections is estimated on a regular basis in the USA
by the FoodNet annual reports. In 2018, it stood at 62.6 per 1,000,000 person-years with
an incidence of STEC-HUS of 6.0 per 1,000,000 person-years [50]. In Europe, the global
incidence of STEC-HUS was assessed in Germany around 1.1 per 1,000,000 person-years
in 2008 to 2012 [51], and in children in France, around 10.0 per 1,000,000 children-years
in 2007 to 2016 [52]. Appraisal of STEC-HUS incidence in adults based on the Oklahoma
registry data was 0.68 per 1,000,000 person-years in 1989 to 2006, which was 10-fold
less than the incidence of STEC-HUS in children (6.3 per 1,000,000 children-years). The
interpretation of these results is rendered dubious by the fact that only five out of 21 adults
had a confirmed STEC infection, while severe ADAMTS13 deficiency was documented in
two cases, suggesting a final diagnosis of TTP [53]. In adults, the incidence of both STEC
infections and STEC-HUS tended to be higher in older people, compared to adults aged 18
to 59 in FoodNet reports [11,25,54].

Based on the meta-analysis of surveillance network studies reported in Table 2, the
risk of developing HUS following a STEC infection is 1% (1-2) in adults and 9% (7-12) in
children, while the risk of death is 1% (1-1) in adults and 0% (0-1) in children.

Geographical disparity is important, with contrasting figures even across Europe. For
example, the number of STEC infections was reported to be as high as 74 per 1,000,000 person-
years in the Netherlands or 50 per 1,000,000 person-years in the UK compared to 2.9 per 1,000,000
person-years in Germany [55]. Nevertheless, the epidemiology remains largely unknown in
many regions [10]. The highest incidence of STEC-HUS was observed in Argentina in 2002,
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with 122 per 1,000,000 person-years [56]. There has been a constant increase of worldwide
STEC infection incidence observed over the last decade, although these results have not been
substantiated by data deriving from the USA, suggesting regional disparities [50]. More than a
sustained trend, these results may also reflect a surveillance bias resulting from the increased use
of culture-independent testing for Stx performed by clinical laboratories, a change in diagnostic
test accuracy and clinician practice [57]. In Europe and Northern America, the vast majority of
cases occur sporadically, regardless of whether STEC gastro-intestinal infections or STEC-HUS
is considered [10,29,52-54,58,59].

Table 2. Distribution of children and adults in some of the main surveillance network studies of STEC-HUS that included
adults from 1984 to 2019.

Year and
Location

Serotype

Deaths
N. (%)

Children ! Adults 2

STEC Infections
N. (%)

Children Adults

Including STEC-HUS Cases
N. (%)

Children !

Adults 2

1979-1983
Washington and
Baltimore [60]

0157:H7

- - 20 0 0 -

1990-1998 Wales
[58]

0157:H7

204 (49.16)  211(50.84) 17 STEC-HUS, age range 1-50 0 (0.00) 1(0.47)

2000-2006 USA
(8 states) [61]

0O157:H7

1843 (55.50) 1478 (44.50) 190 (10.31) 28 (1.89) 8(0.43)3 13 (0.88) 3

1992-2012
Norway [28]

All

171 (51.35) 162 (48.65) 24 (14.04) 1(0.62) - -

2017 Switzerland
[62]

All

31 (25.83) 89 (74.17) 4(12.90) 3(3.37) - -

1989-2006
Oklahoma [53]

0O157:H7

- - - 21 - 7(33.33) 4

2009-2016
Alberta, Canada
[63]

All

305 (4459) 379 (55.41) 33(10.82) 6 (1.58) - -

2009-2013
England [64]

0O157:H7

1185 (36.56) 2056 (63.44) 66 (5.57) 20 (0.97) - -

2009-2017 France
[65]

All

- - - 96 . 19 (19.79) 4

2014 USA (10
States) [66]

686 (53.93) 586 (46.07) 42 (6.12) 0 (0.00) 0 (0.00) 4(0.58)

Overall
proportion
(random effect
model)

9% (7-12) 1% (1-2) 0% (0-1) 1% (1-1)

! Percentage among cases of STEC infection of children if not otherwise specified. 2 Percentage among cases of STEC infection of adults if
not otherwise specified. 3 Including 5/15 deaths (33.3%) among patients > 60 years of age with STEC-HUS, 5/190 deaths among children
(2.63%), and no death among the 13 adults of 18 to 59 years. * Percentage among cases of adults with STEC-HUS. N.: number. NA: not
available. HUS: hemolytic and uremic syndrome. STEC: Shiga toxin producing Escherichia coli.

4.4. Global Burden Estimation

To date, the meta-analysis published in 2014 by Majowicz et al. remains the only effort
to estimate the global burden of STEC infections worldwide, with an estimation of 43.1
STEC infections per 100,000 person-years based on data obtained from 1990 to 2012 [10].

4.5. Mode of Transmission

Routes of transmission initially described in outbreaks are mostly foodborne, account-
ing for approximately half of outbreaks in the USA reported before 2002, whereas 14%



Toxins 2021, 13, 306

7 of 26

arose from inter-individual transmission, 6% from recreational water, and 21% of outbreaks
remained of unknown origin [67]. In 2014, foodborne STEC infections were deemed respon-
sible for 61.6% of the cases, 7.1% originated from animal contact and 28.3% were related to
person-to-person transmission, with no case of waterborne infections [54].

The diminishing share of waterborne infections reported in high income countries
may be a result of improvement in sanitary controls which have aimed to reduce the risk
of water contamination stemming from cattle and humans, but water probably remains a
likely cause of transmission in emerging countries [68].

Human-to-human transmissions have been incriminated in secondary cases during out-
breaks, including in Japan in 1996 and in Europe in 2011 [14,34,39] and among households [69].

The preponderance of raw beef and hamburger meat as a source of contamination
seems to have declined nowadays in favor of fresh products such as leafy greens, let-
tuce [50], or sprouts [12,70], which are now recognized as the second most common source
of foodborne transmission [71]. In comparison to O157 E. coli, non-O157 strains display
enhanced biofilm formation attributes as well as increased adherence to green leaves, which
may account for the rising role of these strains [72,73]. In France, contaminated raw milk
cheese consumption was the source of a major outbreak in 2018, and this argues for the
avoidance of non-pasteurized cheese in children under six years of age [45].

Overall, the diversity of transmission modes is a major contributor to geographical
disparity, and local consumption habits must be taken into account when investigating the
origin of an outbreak.

4.6. Predictors of STEC-HUS in Adults

There is an important heterogeneity of age and sex distribution of HUS among reports
of patients with STEC infections, as well as stark differences with regard to mortality and
the likelihood of HUS [74].

These contrasting results are rooted in various epidemiological, demographic, clinical
and microbiological characteristics: the geographical area, source of contamination, place of
transmission affecting communities of children, adults or the elderly, risk factors associated
with patients such as age, sex and comorbidities, and microbiological characteristics of
the strain. In addition, for any given isolate defined by its phylogenetic lineage, age may
enhance the risk of HUS [75].

4.6.1. Age

The incidence of STEC-related infections in the pediatric setting is higher than in
adults. It is well known that children under five years are exposed to a heightened risk
of developing STEC infections [11,29,37,50,54,56,58,60], with a peak incidence of between
six months and two years [25,76]. Settings in which an outbreak occurs determine the
distribution of STEC-HUS cases by age group, depending on whether the onset and spread
involves nursing homes [31,46], nurseries and schools [34,42,47], or corporate catering and
restaurants [30,32,35]. The risk of HUS decreases in young adults before increasing sharply
in older patients. Indeed, both the global incidence of STEC infections [77] and the risk of
developing HUS after STEC infection increase over 60 years of age compared to younger
adults [11,31,37,54,61,78]. In surveillance network studies, children represent half of STEC
infections, and the vast majority of HUS cases [11,53,63] (Table 2).

4.6.2. Sex

There is a slight but consistent predominance of female patients with STEC infec-
tions across reports of sporadic cases [11,25,28,29,54,58,63,78] and outbreaks [14]. Data
addressing the issue of whether female patients are at increased risk of HUS in the case
of STEC infection have yielded conflicting results [11,40,77,78]. Female predominance has
been tied to an overall greater environmental exposure in women and more specifically to
socio-behavioral differences affecting the diet, as during the 2011 O104:H4 outbreak [14,39].
To support this hypothesis, female predominance in this outbreak decreased at the end of
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the outbreak, when human-to-human transmission accounted for a larger proportion of
cases [14].

4.6.3. Hypochlorhydria

Hypochlorhydria, whether related to gastrectomy or to proton pump inhibitors, has
been associated with an increased risk of STEC infection and STEC-HUS [37,79].

4.6.4. Antibiotics

The role of antibiotics in STEC infection is discussed in the treatment section. Briefly,
antibiotics inducing the expression of SOS-response genes (8-lactams, fluoroquinolones
and cotrimoxazole) are associated with an increased risk of HUS in patients infected with
STEC [80], whereas antibiotics with anti-infectious properties which rely on protein and
cell wall synthesis inhibition (e.g., aminoglycosides, fosfomycin or azithromycin) may be
protective against STEC-HUS evolution or STEC shedding [81-83].

4.7. Epidemiological Impact of Microbiological Characteristics

Non-O157 strains play a growing role in the epidemiology of sporadic cases and outbreaks
of STEC, while the share of STEC 0157 is decreasing. This course has followed a consistent trend
in the USA over the last twenty years [25,50]. However, most of the strains have previously
been described in sporadic cases and outbreaks in the USA over the period ranging from 1983
to 2002 (026, 0111, 0103, 0121, 045, O145) [25,26]. A few others are genuinely emerging
strains and have come under scrutiny in the last decade. Some, such as STEC O80 and 091, are
noteworthy for their outstanding epidemiologic and virulence profile.

A similar evolution has been observed in European countries such as Switzerland [62],
Belgium [84], Norway between 1992 and 2012 [28], and France [76], whereas the strain
distribution appears to have been stable in Germany between 2008 and 2012 [51].

Historically, STEC O157:H7 was regarded as the most pathogenic strain [25], with a
risk of HUS around 10%, compared to around 1% for non-O157 strains [25,79,85]. However,
recent outbreaks, such as the O104:H4 in 2011 [14], or compared data from surveillance
networks in Switzerland [59,86] and France [65], have called this paradigm into question.

Strain distribution varies between pediatric and adult STEC-HUS, with a lower inci-
dence of O157 in adults [65,87,88].

STEC 091 is an emerging strain expressing Stx2 and negative for eae, which seems
prone to affect adults and is associated with an important risk of HUS [89]. It was not
described in the pediatric cohort in 2009 to 2016 [76] while it was the predominant strain in
the adult cohort of STEC-HUS over the same period in France [65]. Similarly, it was only
described in adults in Switzerland in 2017 [62], and it was the most commonly identified O
group in adults with STEC infections in Germany [88].

STEC O80 represents another virulent emerging strain in Europe, affecting both
children and adults with a worryingly growing incidence [52,62,90].

The type of Stx has a major bearing on the likelihood of developing HUS during the
course of an infection with STEC. Stx2, and more specifically the subtype Stx2a, has been
associated with HUS [78,86,91], whereas Stx1 [28], Stx2¢ [28,78] and the association of Stx1
and Stx2 [92] were found to be protective against HUS, consistent with in vitro models [93].

Of note, Stx type correlates with the E. coli strain: for instance, STEC O157 in Europe
and North America almost always expresses Stx2 (alone or in combination), and almost
never exclusively expresses Stx1 [25,29,58,59,63,78].

The eae gene encoding intimin is associated with diarrhea, bloody diarrhea, and
inconstantly with HUS [28,86].

5. Physiopathology

After ingestion of a contaminated meal, STEC penetration through the mucus layer
and the intestinal barrier are facilitated by secretion of the StcE metalloprotease [94] and
the Locus of Enterocyte Effacement [95], encoding a wide range of effector proteins com-
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mon to enterohemorrhagic and enteropathogenic E. coli [24]. Thereafter, STEC release
their Stx, which translocate across the intestinal epithelium [96,97]. How it manages to
home in on target organs is still debated [98]. The receptor for Stx, globotriaosylceramide
(GDb3) is expressed on human endothelial cells, podocytes [99], mesangial cells, tubular
and glomerular epithelial cells and neurons [100]. Once fixed on their receptor, Stxs are
internalized via endocytosis and undergo retrograde shuttling to the endoplasmic retic-
ulum, from where the A subunit unleashes its cytotoxic effects through the inhibition of
protein synthesis by the 60S ribosomal subunit. Besides their ribotoxic effect, Stxs are able
to elicit the production of inflammatory cytokines by target cells [101], modulate the host
immune response [102,103] and activate the complement pathway [104,105]. The clinical
progression from STEC infection to TMA also involves endothelial dysfunction [106] and
induction of a thrombogenic phenotype [107] via an increase of tissue factor [108], von
Willebrand factor [109] and platelet activation [110,111].

The pathophysiological mechanisms responsible for the uneven case distribution
across age groups are unclear. Initially suspected to decrease with age, a recent study
showed that Gb3 expression appears in fact to be stable throughout life [112]. Immuno-
senescence is another plausible culprit: the decrease in the rate of antibodies against
Stx1 and Stx2 observed after the fifth decade in humans could translate into delayed toxin
clearance, hence the increased mortality of STEC-HUS in elderly patients [113]. Accordingly,
immunodeficient mice develop renal and immunological manifestations comparable to
HUS after inoculation with Stx, whereas wild mice are resistant [114,115].

6. Clinical Presentation

First, it should be kept in mind that approximately 75% of individuals [31,70] exposed
to STEC will remain free of any symptoms. Factors determining a predisposition for
developing colitis and HUS are only partially known, but age is believed to play a major
role [113], and patients older than 65 years are at higher risk of developing a disease during
outbreaks [11,37,116].

In children, STEC-HUS has a typical presentation with bloody diarrhea at the forefront.
Symptoms develop after a median of four (1-10) days [33,117] and usually begin with
abdominal pain and watery diarrhea, which may morph into bloody diarrhea only at a
later stage.

Overt HUS develops in around 10% of symptomatic patients [67,118] (11% with
0157:H7 infections versus 1% with non-O157 serogroups [25]) Acute kidney injury (AKI)
requiring renal replacement therapy affects 30 to 61% [118-120] of pediatric patients. Pro-
teinuria, leucocyturia and hematuria have also been described in 30%, 7% and 26% of
patients, respectively [121]. Elevated blood pressure is reported in 15% of children [119]
and in more than half of adults [122]. Histopathologic examination typically shows ar-
teriolar and glomerular thrombosis, endothelial swelling with a widened subendothe-
lial space [123], findings similar to other TMAs [124], although usually limited to the
kidney [125]. Attempts to unravel a histological correlate specific of typical HUS have
remained unsuccessful.

Extra-renal manifestations of STEC-HUS are less frequent but dictate the prognosis
in children. Neurological manifestations occur in 20 to 25% [119] of children and can
include seizures, coma, and paresis [126]. Cardiac involvement, although rare (<10%
of STEC-HUS), is a cause of severe disease and death [127-129]. Although STEC were
usually not considered as invasive pathogens, emergence of non-O157 serotypes have
recently challenged this assumption: infections with O104:H4 or O80 serotypes may result
in bacterial translocation and sepsis. These unusual clinical presentations are due to the
acquisition of extra-intestinal virulence factors, such as the s88 plasmid for STEC O80 [130],
or enteroaggregative features for O104:H4 [131]. Lastly, an increased risk of diabetes
has been shown in survivors of STEC-HUS, which may be secondary to pancreatitis and
ischemic damage of the islets of Langerhans during the acute phase [132,133].
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Clinical Specificities of Adult Patients: Not So Typical after All

In adults, the early etiological diagnosis of TMAs is intricate due to the wide range
of competing diagnoses with a significant overlap of clinical and laboratory pictures [5,6].
Delineating STEC-HUS and other TMAs can be challenging (Table 3). The dearth of data
related to the specific clinical features of STEC-HUS in adults represents another obstacle
for elaborating criteria dedicated to on-the-spot recognition of STEC HUS.

Table 3. Discriminative features between thrombotic microangiopathies: Shiga toxin E. coli-associated hemolytic uremic
syndrome (STEC-HUS), atypical hemolytic uremic syndrome (aHUS), thrombotic thrombocytopenic purpura (TTP) and
hypertension-related thrombotic microangiopathy (HT-TMA).

STEC-HUS aHUS TTP HT-TMA
Cause
Deficiency or dysfunction = Deficiency or inhibition Mali ¢
EHEC of complement of the vWF-cleaving atgnai
hypertension

regulatory proteins protease ADAMTS13

Clinical Features

Young children (<five

Age years) and older (>60 Chlldre;ilalT;: young Middle-aged adults Middle-aged adults
years) adults
Sex ratio Non-discriminant Non-discriminant Females > males Males > females
Medical history Not specific Not specific .Hlstory Of History (.)f
auto-immune diseases hypertension
Blood pressure Normal/moqerate Moderate/sgvere Normal Severe hypertension
hypertension hypertension
Neurological Confusion frequent in Rare Frequent, focal deficit Headache
symptoms adults
Frequent but not Digestive symptoms
frequent, diarrhea Rare Rare

Digestive symptoms

systematic at the time of

HUS, bloody diarrhea becomes rarely bloody
Biological Features
Thrombocytopenia Moderate Moderate Severe (<30 x 10°/L) Inconstant to
moderate
Acute kidney injury Moderate to severe Severe Absent to severe Severe
Specific Treatment
None Eculizumab thuxllmab Blood pressure
Caplacizumab control

EHEC: enterohemorrhagic Escherichia coli, vVWF: von Willebrand factor, ADAMTS13: A disintegrin and metalloprotease with throm-

bospondin type 1 repeats.

In our experience, nearly 30% of STEC HUS adults had an underlying immunodefi-
ciency [65]. Moreover, one or multiple conditions possibly contributing to the occurrence
of a TMA are observed in one third of patients [65].

During the O104:H4 outbreak in Germany, the attack rate of bloody diarrhea among
people who consumed contaminated sprouts was 27% [12], while the proportion of STEC-
HUS among cases of STEC infections in adults culminated at 20% [14]. Besides, significantly
reduced incubation periods were reported in older patients [77].

Extra digestive sources of STEC infection, such as the urinary tract, have been reported
to trigger HUS in adults [134,135].

Severe neurological abnormalities are prevalent in adults, reaching two thirds of the
patients from the Oklahoma registry [53], and half of the patients from both the O104:H4
outbreak [136] and the French National Reference Center (NRC) for TMA adults cohort [65].
Prominent manifestations were confusion or cognitive impairment (33.3%, 67.3% and
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56.3%, respectively, in the Oklahoma registry, the German O104:H4 outbreak and the
French registry), seizures (61.9%, 34.6% and 31.3%, respectively), and coma (38.1% and
37.5%, respectively, in the Oklahoma and French registries). In addition, neuropsychiatric
symptoms are common in older patients [137]. These findings are in agreement with the
results derived from the O104:H4 outbreak in Germany in 2011, in which the prevalence of
neurological symptoms was similarly high [138].

Severe AKI is likewise a major concern in the adult population: replacement renal
therapy was introduced in 42.9% of patients in the Oklahoma registry, and in 63.5% of the
French national adult cohort, compared to 32.0% in the pediatric cohort in the same period
in France.

7. Prognosis and Long-Term Outcomes

While two thirds of enterohemorrhagic E. coli (EHEC)-infected patients fully recover,
identification of the risk factors predicting a fatal outcome or long-term sequelae is of critical
importance. STEC-HUS is associated with a relatively low fatality rate in children, under
3% [53,76,120,139,140]. Mortality in the adult population offers a stark contrast, rising up
to 15 to 33% in elderly and frail populations [11,37,40,53,61]. Long-term sequelae have
been increasingly recognized in both populations, affecting about one-third of pediatric
patients [141] and possibly more than 50% of adults [142].

7.1. Long-Term Complications of STEC-HUS in Adults

The kidney function and the central nervous system share the bulk of the burden with
respect to long-term sequelae of STEC-HUS in children and in adults.

Long-term renal sequelae are a major fear of STEC-HUS both in children and adults [65].
Chronic kidney disease (CKD) requiring dialysis at discharge has been reported to be as
high as 26% of patients alive at discharge in an elderly cohort [61]. In our experience,
ongoing dialysis at discharge was required for 14% of survivors who required dialysis at
the acute phase of STEC-HUS [65]. In a monocentric cohort study including adults from
the 2011 O104:H4 outbreak, reduced estimated glomerular filtration rate <90 mL/min,
de novo hypertension, and proteinuria (>30 mg albumin/L urin) were observed at one
year in 47%, 25%, and 27% of the patients, respectively [143]. STEC-HUS has also been
described as a cause of loss of kidney graft in adult transplant recipients [65,144]. The
pathophysiology of CKD after STEC-HUS is primarily the end result of renal scarring in
the form of glomerulosclerosis and tubulo-interstitial fibrosis. In turn, the reduced pool
of nephrons induces hyperfiltration which may elicit the development of focal segmental
glomerulosclerosis and hyalinosis, further aggravating the renal prognosis [145,146]. This
finding is common to all AKI regardless of the cause [147], and it is reasonable to assume
that the risk of CKD after a STEC-HUS episode in adults is not specific to this disease.
However, studies comparing progression to CKD after STEC-HUS and other causes of
AKI are currently lacking, especially in adults [148]. Moreover, CKD can emerge after a
period of seemingly clinical and biological recovery in children [149]. At any rate, these
results stress the need for a long-term follow-up of STEC-HUS patients, including in cases
of apparent full recovery [121,149].

In children with STEC-HUS, intellectual performance does not seem to be impaired [150,151]
even if subtle motoneuron impairment has been described, manifesting as poorer performances
for both fine and gross movements and static balance, regardless of documented acute central
nervous system involvement [151]. Results in adults show striking differences: neuropsychologi-
cal symptoms, albeit minor, such as fatigue, headache, and attention deficit were present in 70%
of adult patients 19 months after the O104:H4 outbreak. About 60% displayed abnormal neu-
ropsychological assessment and 25% exhibited a cognitive decline [142]. Considering the severity
of neurological manifestations in the acute phase of STEC-HUS, cerebral prognosis seems to be
surprisingly good in adults from the O104:H4 outbreak of 2011, judging from long-term clinical
and MRI evaluation of patients [136,142]. In contrast, chronic severe neurological impairment
has been described in the case of cerebral hemorrhage and stroke [41,103].
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Long-term gastrointestinal complications, such as colonic stricture, have also been
anecdotally described as late complications of STEC-HUS [152]. Severe colitis can lead to
abdominal surgery and colectomy [61].

As a consequence of the ischemic damage to the islet of Langerhans, delayed onset
and recurrence of diabetes several years after the infection warrants long-term screening of
STEC-HUS survivors [132,133,153].

Overall, the impact of STEC-HUS on the natural history of a preexisting condition is a
major concern in elderly and frail patients [53,61].

7.2. Cause of Deaths of STEC-HUS in Adults

The main causes of death in STEC-HUS include direct complications of TMA, such as
cerebral hemorrhage, ischemic stroke, cardiac involvement and encephalopathy, along with
intensive care complications such as sepsis, ventilator-associated pneumonia, decompensa-
tion of an underlying comorbidity and limitation of care or refusal of dialysis, especially in
the elderly [53,61,77,120].

7.3. Predictors of Long-Term Sequelae and Death

If the incidence and lethality of STEC-HUS is greater in young children (especially those
under five years of age), the mortality and complication rate increase symmetrically with age
in the adult population, with a dramatic rise in the over 60s [11,53,58,61,65]. The mortality
rate in adults infected with STEC stood at 17.9% in the FoodNet registry cohort (USA, 2000 to
2006) [11], 33.3% in the Oklahoma registry (1989 to 2006) [53], and 19.8% in the French NRC
for TMA adult cohort (2009 to 2017) [65]. By contrast, the lethality rate in pediatric cohorts is
much lower (~3% and 0.9% in the USA [53,120] and French pediatric cohorts [76], respectively,
over the same period). Patients over 60 years of age make up the majority of STEC-HUS-related
deaths described in surveillance networks [11,53,58,78] (Table 2), and a similar observation can
be inferred from outbreak-based registries [13,14,37,38,77] (Table 1). Patients older than 60 years
are also more likely to be hospitalized during STEC infection [63], and to exhibit long-term
complications in the case of STEC-HUS [53,61].

Comorbidities impact the likelihood of severe STEC-HUS in adults, and an underlying
immunodeficiency has been associated with increased risk of death in STEC-HUS adult
patients [61,65].

Akin to TTP or atypical HUS, unusual neurological symptoms at presentation are
commonplace, causing diagnostic delays and impeding appropriate therapy [154,155]. In
elderly patients, neurocognitive impairment appears to be a clinical prognostic marker
of unfavorable outcome [37,65,154]. Severe neurological complications, including strokes,
cerebral hemorrhage, and seizures, impact the vital prognosis [49,65,120,126,156], and are
more frequent in adults, affecting up to two thirds of patients [53,60,61].

The time that elapses between inaugural symptoms and hospitalization is predictive
of death [120,157]. Other clinical features associated with death in pediatric series include
dehydration, central nervous system involvement, higher hematocrit, and high white blood
cell and neutrophil counts, whereas dialysis requirement does not seem to be associated
with death [37,120]. Data are scarcer in adults: in contrast to the pediatric setting, whereby
the biological markers already described discriminate patients on admission according to
prognosis, risk assessment in adult patients relies heavily on clinical events. Renal function
at admission [158], neurological symptoms [153] and a higher hematocrit level [37] have been
associated with a poorer prognosis. Cardiac involvement has been recognized as a harbinger of
poor outcome in other forms of adult TMA, and troponin has been considered as a prognostic
marker [154]. Most of these factors are common predictors of death in TMA from various
etiologies [154,159,160], and they should be monitored to guide the care of patients.

8. Management

Important milestones have been achieved in understanding the pathophysiology
of STEC-HUS. This progress has yet to translate into a specific treatment. Nevertheless,
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several ongoing studies are exploring new therapeutic avenues, and the lack of specific
treatment should not divert us from non-specific measures which, especially in the most
severe cases, remain essential.

8.1. Diagnosis

STEC screening is recommended in all patients presenting with HUS [7]. Stool STEC
excretion in infected patients generally lasts less than a week following diarrhea occur-
rence [161]. Hence, the confirmation of STEC infection upon stool microbiological exami-
nation in the context of HUS is a time sensitive issue and stool sampling is therefore best
collected within a six-day period following the onset of symptoms [74]. If stools cannot be
collected, a rectal swab should instead be performed.

Stx genes and other virulence genes (eae and ehxA) are evidenced directly on stools
by molecular methods following enrichment. Real-time PCR facilitates an expeditious
diagnosis and is more sensitive compared to traditional methods; moreover, it remains
positive for a median of 20 days [162]. STEC strains can be isolated by plating of fresh feces
on selective and differential media [163].

Early isolation and characterization of STEC strains enable epidemiological surveil-
lance and detection of clusters by performing molecular analysis, particularly via whole
genome sequencing (WGS). Together with epidemiological data, these techniques have
emerged as the most valuable tool for real-time discrimination between sporadic cases and
outbreaks [164].

8.2. Preventive Measures

At the individual level, and as for all enteric infections, proper hand and food hy-
giene [165] are of the utmost importance. Vaccines have not proven their efficacy in
humans [166], unlike those for cattle [167]. Farmers also play an important role in primary
prevention, and several veterinary, dietary and farm practices must be implemented to
prevent asymptomatic carriage of EHEC in cattle (fecal prevalence of E. coli O157 has
been reported to be as high as 5 to 10% in adult beef [168]) to translate into human
outbreaks [169]. Secondary prevention includes rapid notification to local public health
authorities, source-control measures and isolation of confirmed cases [170].

8.3. The Quest for Specific Treatments
8.3.1. Antibiotic Therapy

Antibiotic therapy during EHEC infection has been a matter of debate over the last
decades [80]. f-lactams, fluoroquinolones and trimethoprim-sulfamethoxazole induce the
expression of bacterial SOS-response genes in response to DNA damage, and in the case of EHEC
infection, this overexpression is coupled with an increased Stx phage gene expression [171]. This
finding is supported by evidence from animal models [172-174] and retrospective studies [81,82]
and has spurred British and North American disease societies to caution against the use of
antibiotics in EHEC infection and STEC-HUS [175,176]. In contrast, protein and cell wall
synthesis inhibitors such as azithromycin and aminoglycosides have been associated with a
protective effect against the development of HUS [81-83], and early fosfomycin [177,178] or
azithromycin [179] treatment may be of value in preventing long-term carriage of EHEC. A
prospective randomized trial evaluating azithromycin in pediatric patients is currently recruiting
(NCT02336516). Despite these results having been known for many years, and even though
EHEC infection had been confirmed in FoodNet sites, 82% of adult patients received antibiotic
therapy (67% of whom received fluoroquinolones) compared to 44% of children (RR 0.48
(0.41-0.57)) [180].

8.3.2. Plasma Exchange and Immunoadsorption

Two randomized controlled trials evaluated the role of plasma infusion in children in
the 1980s [181,182] without providing convincing results. In adults, plasma exchange and im-
munoadsorption have been used during outbreaks with conflicting results [183-186]. Nonethe-
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less, some experts currently suggest the use of plasma exchange in the most severely affected
patients, especially those with severe neurological involvement [187,188].

8.3.3. Complement Inhibition

Following the report of three children successfully treated with the monoclonal anti-
C5 antibody eculizumab [189], several reports of its off-label use during the O104:H4
outbreak in 2011 reported positive results in 11 children with severe neurologic symp-
toms [190] and in eight adults [39]. A larger, more robust analysis of 193 patients from the
German STEC-HUS registry showed no significant effect of plasma exchange together with
eculizumab [186].

Since then, case series and case control studies yielding equivocal results [191], and two ran-
domized controlled trials completed in 2012 (NCT01410916) and 2018 (NCT02205541) without
any publication have cast doubts over the efficacy of complement inhibition in this indication.

8.3.4. Other Specific Treatments

Steroids [192], antithrombotic therapies [193-195], oral binding agents [196] and in-
jectable Stx competitive inhibitors and antibodies [197-201] have been tested in the past or
are under evaluation (NCT04132375) but have not reached the stage of clinical validation.
Manganese has also been suggested as a potential low-cost treatment [202], owing to its
capacity to block Stx anterograde transport to the Golgi apparatus, but this hypothesis has
not been tested in the clinical setting.

8.3.5. Intensive Care Management

Although only a minority of patients infected with EHEC develop STEC-HUS, approx-
imately half of these cases require renal replacement therapy, and a significant proportion
will require admission to an intensive care unit (ICU).

We recently reported 12 sporadic STEC-HUS adult patients (median age 64 (IQR 50-72)
years) amongst 236 TMAs admitted to the ICU [6]. As previously shown [138], the prevalence
of neurological symptoms, especially confusion, was outstandingly high. Five patients (42%)
required renal replacement therapy, nine (75%) and three (25%) red blood cell (RBC) or platelet
transfusions, respectively, nine were prescribed anti-hypertensive medications and two (17%)
required mechanical ventilation. One (8%) patient died in the ICU.

In this section, we will describe nonspecific therapies required in STEC-HUS patients,
with a focus on adult patients and on critical care management.

8.3.6. Septic Shock

EHEC are not enteroinvasive pathogens [24] and sepsis is unusual in STEC-HUS
patients. However, severe cases of hemorrhagic colitis can require surgery [203] and EHEC
infections may occasionally manifest as sepsis or septic shock [204]. In particular, patients
infected with E. coli from the O80 serogroup more frequently experience bacteremia and
extra-intestinal infections [90,205,206].

Although critical care management of these patients should not differ from general
guidelines in terms of blood pressure target, fluid resuscitation, and administration of
antibiotic therapy within one hour after the recognition of sepsis [207], the need for bacteri-
cidal antimicrobial agents should be balanced against the risk of inducing Stx release with
SOS-inducing agents [171].

8.3.7. Fluid Administration and Hydroelectrolytic Balance

Timely fluid administration has been associated with a lower risk of developing
HUS in children with EHEC infection [208-211]. This action is currently evaluated in a
prospective trial (NCT03275792). In critically ill adult patients in general [212,213], and
in those under renal replacement therapy specifically [214,215], fluid balance has been
shown to influence survival. Altogether, these results call for increased alertness regarding
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fluid resuscitation in critically ill adults with STEC-HUS. The choice between saline and
balanced crystalloids [216,217] has not been addressed in this indication.

8.3.8. Blood Pressure Control

Severe hypertension can be a cause of TMA per se [218]; it may also aggravate
endothelial injury in HUS and TTP [106,219,220]. In our experience [122], half of STEC-HUS
adult patients present with hypertension and 79% require anti-hypertensive medications
during their hospital stay. Unlike TTP, in which angiotensin-converting enzyme (ACE)
inhibitors were associated with lower in-hospital mortality, we could not demonstrate
any impact from the choice of anti-hypertensive drug used in STEC-HUS patients, but the
long-term use of ACE inhibitors has been associated with a reno-protective effect [221].

8.3.9. Transfusion

Ninety-three percent of STEC-HUS-infected children require RBC transfusion during
hospital stay [120], compared to approximately 80% of adult patients [6,122], in which
a mean of eight packs are transfused. The need for RBC transfusion seems to correlate
with renal severity [222]. In other settings, investigators have worried about an increase in
platelet clumping as a result of RBC transfusion, a scenario that has yet to be substantiated
in STEC-HUS patients [223]. The implementation of early erythropoietin therapy has
been devised as a means to reduce the number of RBC transfusions, yielding conflicting
results [224,225], and is currently evaluated in a randomized controlled trial (NCT03776851).
In patients affected with TTP [226,227] and in heparin-induced thrombocytopenia [228],
platelet transfusions fuel the formation of microthrombi and thereby the microangiopathic
process. In STEC-HUS, two case series failed to demonstrate such a risk [229,230]. However,
given the low risk of hemorrhage observed in these patients [231] and the risk of allo-
immunization, platelet transfusions should be restricted to bleeding complications or the
need for invasive procedures (other than catheter placement and removal).

8.3.10. Renal Replacement Therapy

Half of children [119,120] and an equal proportion of adults [6] with STEC-HUS
will require renal replacement therapy during the acute phase. In adults, as opposed to
children [232], peritoneal dialysis is rarely used in the ICU, and the literature concerning
the benefits of continuous over intermittent hemodialysis is controversial. Therefore, the
choice of renal replacement modality is mostly based on patients” hemodynamic status,
local expertise, and the availability of staff and resources [233].

Randomized trials have demonstrated [234-236] that delayed initiation of renal re-
placement therapy was a safe strategy to abrogate the need for dialysis in 30 to 40% of
patients [236,237]. In the absence of specific data on the timing of renal replacement therapy
in STEC-HUS patients, a delayed strategy seems to be most appropriate. Regional citrate
anticoagulation [238,239] may prove to be useful in the case of hemorrhagic complications
or severe thrombocytopenia.

9. Conclusions

STEC-HUS remains a major public health issue resulting from multiple routes of
transmission and numerous bacterial strains. As compared to pediatric patients, adult
STEC-HUS has distinctive features. First, the repertoire of alternative causes of TMA is
far more diverse, thus posing consequential diagnostic challenges. A delayed diagnosis
translates to a detrimental impact on the outcome. Second, the overall prognosis is bleak
and even more so in elderly and frail patients. Chronic conditions, including immunosup-
pression and the occurrence of neurologic complications, predict poor outcome. Pending a
significant therapeutic breakthrough, management remains hitherto largely supportive.
Nonetheless, adult STEC-HUS cases should benefit from an interdisciplinary approach
involving microbiologists, critical care specialists, and experts from various fields.



Toxins 2021, 13, 306 16 of 26

Author Contributions: Conceptualization, A.]., B.T. and C.R.; writing—original draft preparation,
A]. and B.T,; writing—review and editing, C.R., P.C., A.D., PM. and A.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Felicity Kay (felicity. kay@btinternet.com) for editing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Moake, J.L. Thrombotic microangiopathies. N. Engl. . Med. 2002, 347, 589—-600. [CrossRef]

2. Scully, M,; Cataland, S.; Coppo, P; de la Rubia, J.; Friedman, K.D.; Hovinga, ] K.; Limmle, B.; Matsumoto, M.; Pavenski, K.; Sadler,
E.; et al. Consensus on the standardization of terminology in thrombotic thrombocytopenic purpura and related thrombotic
microangiopathies. J. Thromb. Haemost. 2017, 15, 312-322. [CrossRef]

3. Moschcowitz, E. An acute febrile pleiochromic anemia with hyaline thrombosis of the terminal arterioles and capillaries: An
undescribed disease. Arch. Intern. Med. 1925, 36, 89-93. [CrossRef]

4. Gasser, C,; Gautier, E.; Steck, A.; Siebenmann, R.; Oeschslin, R. Hemolytic-uremic syndrome: Bilateral necrosis of the renal cortex
in acute acquired hemolytic anemia. Schweiz. Med. Wochenschr. 1955, 85, 905-909. [PubMed]

5. Bayer, G.; von Tokarski, F.; Thoreau, B.; Bauvois, A.; Barbet, C.; Cloarec, S.; Mérieau, E.; Lachot, S.; Garot, D.; Bernard, L.; et al.
Etiology and outcomes of thrombotic microangiopathies. CJASN 2019, 14, 557-566. [CrossRef] [PubMed]

6. Joseph, A.; Rafat, C.; Zafrani, L.; Mariani-Kurkdjian, P.; Veyradier, A.; Hertig, A.; Rondeau, E.; Mariotte, E.; Azoulay, E. Early
differentiation of shiga toxin-associated hemolytic uremic syndrome in critically ill adults with thrombotic microangiopathy
syndromes. Crit. Care Med. 2018, 46, €904—€911. [CrossRef] [PubMed]

7. Fakhouri, F; Zuber, J.; Frémeaux-Bacchi, V.; Loirat, C. Haemolytic uraemic syndrome. Lancet 2017, 390, 681-696. [CrossRef]

8.  Ardissino, G.; Salardi, S.; Colombo, E.; Testa, S.; Borsa-Ghiringhelli, N.; Paglialonga, F.; Paracchini, V.; Tel, F; Possenti, I;
Belingheri, M.; et al. Epidemiology of haemolytic uremic syndrome in children. Data from the North Italian HUS network. Eur. J.
Pediatr. 2016, 175, 465-473. [CrossRef]

9.  Caprioli, J.; Noris, M.; Brioschi, S.; Pianetti, G.; Castelletti, F.; Bettinaglio, P.; Mele, C.; Bresin, E.; Cassis, L.; Gamba, S.; et al.
Genetics of HUS: The impact of MCP, CFH, and IF mutations on clinical presentation, response to treatment, and outcome. Blood
2006, 108, 1267-1279. [CrossRef] [PubMed]

10. Majowicz, S.E.; Scallan, E.; Jones-Bitton, A.; Sargeant, ].M.; Stapleton, J.; Angulo, F].; Yeung, D.H.; Kirk, M.D. Global incidence of
human Shiga toxin-producing Escherichia coli infections and deaths: A systematic review and knowledge synthesis. Foodborne
Pathog. Dis. 2014, 11, 447-455. [CrossRef] [PubMed]

11.  Gould, L.H.; Demma, L.; Jones, T.F,; Hurd, S.; Vugia, D.]J.; Smith, K.; Shiferaw, B.; Segler, S.; Palmer, A.; Zansky, S.; et al. Hemolytic
uremic syndrome and death in persons with Escherichia coli O157:H7 infection, foodborne diseases active surveillance network
sites, 2000-2006. Clin. Infect. Dis. 2009, 49, 1480-1485. [CrossRef]

12.  Buchholz, U.; Bernard, H.; Werber, D.; Bohmer, M.M.; Remschmidt, C.; Wilking, H.; Deleré, Y.; Heiden, M.; Adlhoch, C.; Dreesman,
J.; et al. German outbreak of Escherichia coli O104:H4 associated with sprouts. N. Engl. ]. Med. 2011, 365, 1763-1770. [CrossRef]

13.  Loos, S.; Ahlenstiel, T.; Kranz, B.; Staude, H.; Pape, L.; Hartel, C.; Vester, U.; Buchtala, L.; Benz, K.; Hoppe, B.; et al. An outbreak
of shiga toxin-producing Escherichia coli O104:H4 hemolytic uremic syndrome in Germany: Presentation and short-term outcome
in children. Clin. Infect. Dis. 2012, 55, 753-759. [CrossRef]

14. Frank, C.; Werber, D.; Cramer, J.P.; Askar, M.; Faber, M.; an der Heiden, M.; Bernard, H.; Fruth, A.; Prager, R.; Spode, A.; et al.
Epidemic profile of Shiga-toxin-producing Escherichia coli O104:H4 outbreak in Germany. N. Engl. ]. Med. 2011, 365, 1771-1780.
[CrossRef]

15.  Keusch, G.T.; Jacewicz, M. The pathogenesis of Shigella diarrhea. V. Relationship of shiga enterotoxin, neurotoxin, and cytotoxin.
J. Infect. Dis. 1975, 131, S33-S39. [CrossRef]

16. Konowalchuk, J.; Speirs, ].I; Stavric, S. Vero response to a cytotoxin of Escherichia coli. Infect. Immun. 1977, 18, 775-779. [CrossRef]

17.  O’Brien, A.O; Lively, T.A.; Chen, M.E.; Rothman, S.W.; Formal, S.B. Escherichia coli O157:H7 strains associated with haemorrhagic
colitis in the United States produce a Shigella dysenteriae 1 (SHIGA) like cytotoxin. Lancet 1983, 1 Pt 1, 702. [CrossRef]

18.  Smith, H.W.; Green, P.; Parsell, Z. Vero cell toxins in Escherichia coli and related bacteria: Transfer by phage and conjugation and
toxic action in laboratory animals, chickens and pigs. Microbiology 1983, 129, 3121-3137. [CrossRef] [PubMed]

19. Karmali, M.A ; Steele, B.T.; Petric, M.; Lim, C. Sporadic cases of haemolytic-uraemic syndrome associated with faecal cytotoxin
and cytotoxin-producing Escherichia coli in stools. Lancet 1983, 1, 619-620. [CrossRef]

20. Melton-Celsa, A.R. Shiga toxin (Stx) classification, structure, and function. Microbiol. Spectr. 2014, 2, 37-53. [CrossRef] [PubMed]


http://doi.org/10.1056/NEJMra020528
http://doi.org/10.1111/jth.13571
http://doi.org/10.1001/archinte.1925.00120130092009
http://www.ncbi.nlm.nih.gov/pubmed/13274004
http://doi.org/10.2215/CJN.11470918
http://www.ncbi.nlm.nih.gov/pubmed/30862697
http://doi.org/10.1097/CCM.0000000000003292
http://www.ncbi.nlm.nih.gov/pubmed/29979220
http://doi.org/10.1016/S0140-6736(17)30062-4
http://doi.org/10.1007/s00431-015-2642-1
http://doi.org/10.1182/blood-2005-10-007252
http://www.ncbi.nlm.nih.gov/pubmed/16621965
http://doi.org/10.1089/fpd.2013.1704
http://www.ncbi.nlm.nih.gov/pubmed/24750096
http://doi.org/10.1086/644621
http://doi.org/10.1056/NEJMoa1106482
http://doi.org/10.1093/cid/cis531
http://doi.org/10.1056/NEJMoa1106483
http://doi.org/10.1093/infdis/131.Supplement.S33
http://doi.org/10.1128/IAI.18.3.775-779.1977
http://doi.org/10.1016/S0140-6736(83)91987-6
http://doi.org/10.1099/00221287-129-10-3121
http://www.ncbi.nlm.nih.gov/pubmed/6418852
http://doi.org/10.1016/S0140-6736(83)91795-6
http://doi.org/10.1128/microbiolspec.EHEC-0024-2013
http://www.ncbi.nlm.nih.gov/pubmed/25530917

Toxins 2021, 13, 306 17 of 26

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Scheutz, F; Teel, L.D.; Beutin, L.; Piérard, D.; Buvens, G.; Karch, H.; Mellmann, A.; Caprioli, A.; Tozzoli, R.; Morabito, S.; et al.
Multicenter evaluation of a sequence-based protocol for subtyping Shiga toxins and standardizing Stx nomenclature. J. Clin.
Microbiol. 2012, 50, 2951-2963. [CrossRef]

Kobayashi, N.; Lee, K.-I.; Yamazaki, A.; Saito, S.; Furukawa, I.; Kono, T.; Maeda, E.; Isobe, ].; Sugita-Konishi, Y.; Hara-Kudo,
Y. Virulence gene profiles and population genetic analysis for exploration of pathogenic serogroups of Shiga toxin-producing
Escherichia coli. ]. Clin. Microbiol. 2013, 51, 4022-4028. [CrossRef] [PubMed]

Joseph, A.; Cointe, A.; Mariani Kurkdjian, P.; Rafat, C.; Hertig, A. Shiga toxin-associated hemolytic uremic syndrome: A narrative
review. Toxins 2020, 12, 67. [CrossRef] [PubMed]

Croxen, M. A ; Finlay, B.B. Molecular mechanisms of Escherichia coli pathogenicity. Nat. Rev. Microbiol. 2010, 8, 26-38. [CrossRef]
Gould, L.H.; Mody, RK,; Ong, K.L.; Clogher, P; Cronquist, A.B.; Garman, K.N.; Lathrop, S.; Medus, C.; Spina, N.L.; Webb, T.H.;
et al. Increased recognition of non-O157 Shiga toxin-producing Escherichia coli infections in the United States during 2000-2010:
Epidemiologic features and comparison with E. coli O157 infections. Foodborne Pathog. Dis. 2013, 10, 453-460. [CrossRef]
[PubMed]

Brooks, ]J.T.; Sowers, E.G.; Wells, ].G.; Greene, K.D.; Griffin, PM.; Hoekstra, R.M.; Strockbine, A.N. Non-O157 shiga toxin—
producing Escherichia coli infections in the United States, 1983-2002. |. Infect. Dis. 2005, 192, 1422-1429. [CrossRef]
Swaminathan, B.; Gerner-Smidt, P; Ng, L.-K.; Lukinmaa, S.; Kam, K.-M.; Rolando, S.; Gutiérrez, E.P.,; Binsztein, N. Building
PulseNet International: An interconnected system of laboratory networks to facilitate timely public health recognition and
response to foodborne disease outbreaks and emerging foodborne diseases. Foodborne Pathog. Dis. 2006, 3, 36-50. [CrossRef]
Brandal, L.T.; Wester, A.L.; Lange, H.; Lobersli, I.; Lindstedt, B.-A.; Vold, L.; Kapperud, G. Shiga toxin-producing Escherichia coli
infections in Norway, 1992-2012: Characterization of isolates and identification of risk factors for haemolytic uremic syndrome.
BMC Infect. Dis. 2015, 15, 324. [CrossRef]

Adams, N.L.; Byrne, L.; Smith, G.A.; Elson, R.; Harris, J.P.; Salmon, R.; Smith, R.; O’Brien, S.J.; Goutam, K.A; Jenkins, C. Shiga
toxin—producing Escherichia coli O157, England and Wales, 1983-2012. Emerg. Infect. Dis. 2016, 22, 590-597. [CrossRef]

Riley, L.W.; Remis, R.S.; Helgerson, S.D.; McGee, H.B.; Wells, ].G.; Davis, B.R.; O’'Brien, S.J.; Goutam, K.A.; Jenkins, C. Hemorrhagic
colitis associated with a rare Escherichia coli serotype. N. Engl. . Med. 1983, 308, 681-685. [CrossRef]

Carter, A.O.; Borczyk, A.A.; Carlson, ].A K.; Harvey, B.; Hockin, ].C.; Karmali, M.A; Krishnan, C.; Korn, D.A.; Lior, H. A severe
outbreak of Escherichia coli O157:H7—Associated hemorrhagic colitis in a nursing home. N. Engl. |. Med. 1987, 317, 1496-1500.
[CrossRef]

Bell, B.P,; Goldoft, M.; Griffin, PM.; Davis, M.A.; Gordon, D.C.; Tarr, P.I.; Bartleson, C.A.; Lewis, ].H.; Barrett, T.].; Wells, ].G.; et al.
A multistate outbreak of Escherichia coli O157:H7-associated bloody diarrhea and hemolytic uremic syndrome from hamburgers.
The Washington experience. JAMA 1994, 272, 1349-1353. [CrossRef]

Fukushima, H.; Hashizume, T.; Morita, Y.; Tanaka, J.; Azuma, K.; Mizumoto, Y.; Kaneno, M.; Matsuura, M.; Konma, K.; Kitani, T.
Clinical experiences in Sakai City Hospital during the massive outbreak of enterohemorrhagic Escherichia coli O157 infections in
Sakai City, 1996. Pediatr. Int. 1999, 41, 213-217. [CrossRef]

Michino, H.; Araki, K.; Minami, S.; Takaya, S.; Sakai, N.; Miyazaki, M.; Ono, A.; Yanagawa, H. Massive outbreak of Escherichia coli
0157:H7 infection in schoolchildren in Sakai City, Japan, associated with consumption of white radish sprouts. Am. . Epidemiol.
1999, 150, 787-796. [CrossRef] [PubMed]

Watanabe, Y.; Ozasa, K.; Mermin, J.H.; Griffin, PM.; Masuda, K.; Imashuku, S.; Sawada, T. Factory outbreak of Escherichia coli
0157:H7 infection in Japan. Emerg. Infect. Dis. 1999, 5, 424—428. [CrossRef] [PubMed]

Cowden, J.M. Scottish outbreak of Escherichia coli O157, November—December 1996. Eurosurveillance 1997, 2, 1-2. [CrossRef]
Dundas, S.; Todd, W.T.; Stewart, A.L.; Murdoch, P.S.; Chaudhuri, A.K.; Hutchinson, S.J. The central Scotland Escherichia coli
0157:H7 outbreak: Risk factors for the hemolytic uremic syndrome and death among hospitalized patients. Clin. Infect. Dis. 2001,
33, 923-931. [CrossRef]

Xiong, Y.; Wang, P; Lan, R.; Ye, C.; Wang, H.; Ren, |.; Jing, H.; Wang, Y.; Zhou, Z.; Bai, X.; et al. A novel Escherichia coli O157:H7
clone causing a major hemolytic uremic syndrome outbreak in China. PLoS ONE 2012, 7, e36144. [CrossRef] [PubMed]

Delmas, Y.; Vendrely, B.; Clouzeau, B.; Bachir, H.; Bui, H.-N.; Lacraz, A.; Hélou, S.; Bordes, C.; Reffet, A.; Llanas, B.; et al. Outbreak
of Escherichia coli O104:H4 haemolytic uraemic syndrome in France: Outcome with eculizumab. Nephrol. Dial. Transplant. 2014,
29,565-572. [CrossRef] [PubMed]

Yahata, Y.; Misaki, T.; Ishida, Y.; Nagira, M.; Watahiki, M.; Isobe, J.; Terajima, J.; Iyoda, S.; Mitobe, J.; Ohnishi, M.; et al.
Epidemiological analysis of a large enterohaemorrhagic Escherichia coli O111 outbreak in Japan associated with haemolytic
uraemic syndrome and acute encephalopathy. Epidemiol. Infect. 2015, 143, 2721-2732. [CrossRef]

Taylor, E.V,; Nguyen, T.A.; Machesky, K.D.; Koch, E.; Sotir, M.].; Bohm, S.R.; Folster, P.; Bokanyi, R.; Kupper, A.; Bidol, S.A ; et al.
Multistate outbreak of Escherichia coli O145 infections associated with romaine lettuce consumption, 2010. J. Food Prot. 2013, 76,
939-944. [CrossRef] [PubMed]

McFarland, N.; Bundle, N.; Jenkins, C.; Godbole, G.; Mikhail, A.; Dallman, T.; O’Connor, C.; McCarthy, N.; O’Connell, E.; Treacy,
J.; et al. Recurrent seasonal outbreak of an emerging serotype of Shiga toxin-producing Escherichia coli (STEC O55:H7 Stx2a) in the
south west of England, July 2014 to September 2015. Eurosurveillance 2017, 22, 30610. [CrossRef] [PubMed]

Morton, V.; Cheng, J.; Sharma, D.; Kearney, A. An outbreak of Shiga toxin-producing Escherichia coli O121 infections associated
with flour—Canada, 2016-2017. Can. Commun. Dis. Rep. 2017, 43, 154-1555. [CrossRef]


http://doi.org/10.1128/JCM.00860-12
http://doi.org/10.1128/JCM.01598-13
http://www.ncbi.nlm.nih.gov/pubmed/24068018
http://doi.org/10.3390/toxins12020067
http://www.ncbi.nlm.nih.gov/pubmed/31973203
http://doi.org/10.1038/nrmicro2265
http://doi.org/10.1089/fpd.2012.1401
http://www.ncbi.nlm.nih.gov/pubmed/23560425
http://doi.org/10.1086/466536
http://doi.org/10.1089/fpd.2006.3.36
http://doi.org/10.1186/s12879-015-1017-6
http://doi.org/10.3201/eid2204.151485
http://doi.org/10.1056/NEJM198303243081203
http://doi.org/10.1056/NEJM198712103172403
http://doi.org/10.1001/jama.1994.03520170059036
http://doi.org/10.1046/j.1442-200X.1999.4121041.x
http://doi.org/10.1093/oxfordjournals.aje.a010082
http://www.ncbi.nlm.nih.gov/pubmed/10522649
http://doi.org/10.3201/eid0503.990313
http://www.ncbi.nlm.nih.gov/pubmed/10341179
http://doi.org/10.2807/esm.02.01.00134-en
http://doi.org/10.1086/322598
http://doi.org/10.1371/journal.pone.0036144
http://www.ncbi.nlm.nih.gov/pubmed/22558360
http://doi.org/10.1093/ndt/gft470
http://www.ncbi.nlm.nih.gov/pubmed/24293658
http://doi.org/10.1017/S0950268814003641
http://doi.org/10.4315/0362-028X.JFP-12-503
http://www.ncbi.nlm.nih.gov/pubmed/23726187
http://doi.org/10.2807/1560-7917.ES.2017.22.36.30610
http://www.ncbi.nlm.nih.gov/pubmed/28920571
http://doi.org/10.14745/ccdr.v43i78a03

Toxins 2021, 13, 306 18 of 26

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Smith, A.M.; Bosco, K.J.; Nicol, M.P;; Kleynhans, J.; McCulloch, M.; Duze, S.T.; Ismail, A.; Allam, M.; Tau, N.P.; Keddy, K.H.
Genome sequence for Shiga toxin-producing Escherichia coli O26:H11, associated with a cluster of hemolytic-uremic syndrome
cases in South Africa, 2017. Genome Announc. 2017, 5, €00989-17. [CrossRef]

Jones, G.; Lefevre, S.; Donguy, M.-P.; Nisavanh, A.; Terpant, G.; Fougere, E.; Vaissiére, E.; Guinard, A.; Mailles, A.; de Valk,
H.; et al. Outbreak of Shiga toxin-producing Escherichia coli (STEC) O26 paediatric haemolytic uraemic syndrome (HUS) cases
associated with the consumption of soft raw cow’s milk cheeses, France, March to May 2019. Eurosurveillance 2019, 24, 1900305.
[CrossRef] [PubMed]

Ryan, C.A.; Tauxe, R.V,; Hosek, G.W.; Wells, ].G.; Stoesz, P.A.; McFadden, H-W.; Smith, PW.; Wright, G.E,; Blake, P.A. Escherichia
coli O157:H7 diarrhea in a nursing home: Clinical, epidemiological, and pathological findings. J. Infect. Dis. 1986, 154, 631-638.
[CrossRef]

Akashi, S.; Joh, K.; Tsuji, A.; Ito, H.; Hoshi, H.; Hayakawa, T.; Ihara, J.; Abe, T.; Hatori, M.; Mori, T.; et al. A severe outbreak of
haemorrhagic colitis and haemolytic uraemic syndrome associated with Escherichia coli O157:H7 in Japan. Eur. ]. Pediatr. 1994,
153, 650-655. [CrossRef] [PubMed]

Grant, J.; Wendelboe, A.M.; Wendel, A.; Jepson, B.; Torres, P.; Smelser, C.; Rolfs, R.T. Spinach-associated Escherichia coli O157:H7
outbreak, Utah and New Mexico, 2006. Emerg. Infect. Dis. 2008, 14, 1633-1636. [CrossRef]

Takanashi, J.; Taneichi, H.; Misaki, T.; Yahata, Y.; Okumura, A.; Ishida, Y.; Miyawaki, T.; Okabe, N.; Sata, T.; Mizuguchi, M. Clinical
and radiologic features of encephalopathy during 2011 E coli O111 outbreak in Japan. Neurology 2014, 82, 564-572. [CrossRef]
Tack, D.M.; Marder, E.P; Griffin, PM.; Cieslak, PR.; Dunn, J.; Hurd, S.; Scallan, E.; Lathrop, S.; Muse, A.; Ryan, P; et al. Preliminary
incidence and trends of infections with pathogens transmitted commonly through food—Foodborne diseases active surveillance
network, 10 US Sites, 2015-2018. MMWR Morb. Mortal. Wkly. Rep. 2019, 68, 369-373. [CrossRef]

Kuehne, A.; Bouwknegt, M.; Havelaar, A.; Gilsdorf, A.; Hoyer, P.; Stark, K.; Werber, D.; HUS Active Surveillance Network
Germany. Estimating true incidence of 0157 and non-O157 Shiga toxin-producing Escherichia coli illness in Germany based on
notification data of haemolytic uraemic syndrome. Epidemiol. Infect. 2016, 144, 3305-3315. [CrossRef]

Bruyand, M.; Mariani-Kurkdjian, P.; Gouali, M.; de Valk, H.; King, L.A.; Le Hello, S.; Bonacorsi, S.; Loirat, C. Hemolytic uremic
syndrome due to Shiga toxin-producing Escherichia coli infection. Méd. Mal. Infect. 2018, 48, 167-174. [CrossRef]

Karpac, C.A.; Li, X.; Terrell, D.R.; Kremer Hovinga, J.A.; Lammle, B.; Vesely, S.K.; George, N.J. Sporadic bloody diarrhoea-
associated thrombotic thrombocytopenic purpura-haemolytic uraemic syndrome: An adult and paediatric comparison. Br. |.
Haematol. 2008, 141, 696-707. [CrossRef]

FOODNET 2015 Surveillance Report (Final Data); Center for Disease Control: Atlanta, GA, USA, 2015; p. 26.

Haagsma, J.A.; Geenen, PL.; Ethelberg, S.; Fetsch, A.; Hansdotter, F; Jansen, A.; Korsgaard, H.; O'Brien, S.J.; Scavia, G.; Spitznagel,
H.; et al. Community incidence of pathogen-specific gastroenteritis: Reconstructing the surveillance pyramid for seven pathogens
in seven European Union member states. Epidemiol. Infect. 2013, 141, 1625-1639. [CrossRef] [PubMed]

Rivas, M.; Miliwebsky, E.; Chinen, I.; Roldan, C.D.; Balbi, L.; Garcia, B.; Fiorilli, G.; Sosa-Estani, S.; Kincaid, J.; Rangel, J.; et al.
Characterization and epidemiologic subtyping of Shiga toxin-producing Escherichia coli strains isolated from hemolytic uremic
syndrome and diarrhea cases in Argentina. Foodborne Pathog. Dis. 2006, 3, 88-96. [CrossRef]

Marder, E.P; Cieslak, P.R.; Cronquist, A.B.; Dunn, J.; Lathrop, S.; Rabatsky-Ehr, T.; Ryan, P.; Smith, K.; Tobin-D’Angelo, M.; Vugia,
D.J.; et al. Incidence and trends of infections with pathogens transmitted commonly through food and the effect of increasing use
of culture-independent diagnostic tests on surveillance—Foodborne diseases active surveillance network, 10 U.S. Sites, 2013-2016.
MMWR Morb. Mortal. Wkly. Rep. 2017, 66, 397-403. [CrossRef] [PubMed]

Chalmers, R.M.; Parry, S.M.; Salmon, R.L.; Smith, R.M.; Willshaw, G.A.; Cheasty, T. The surveillance of vero cytotoxin-producing
Escherichia coli O157 in Wales, 1990 to 1998. Emerg. Infect. Dis. 1999, 5, 566-569. [CrossRef] [PubMed]

Képpeli, U.; Héachler, H.; Giezendanner, N.; Cheasty, T.; Stephan, R. Shiga toxin-producing Escherichia coli O157 associated with
human infections in Switzerland, 2000-2009. Epidemiol. Infect. 2011, 139, 1097-1104. [CrossRef]

Kinney, J.S.; Gross, T.P.; Porter, C.C.; Rogers, M.E.; Schonberger, L.B.; Hurwitz, E.S. Hemolytic-uremic syndrome: A population-
based study in Washington, DC and Baltimore, Maryland. Am. J. Public Health 1988, 78, 64—65. [CrossRef] [PubMed]

Gould, L.H,; Jordan, ].G.; Dunn, J.; Apostol, M.; Griffin, PM.; Emerging Infections Program FoodNet Working Group. Postdiar-
rheal hemolytic uremic syndrome in persons aged 65 and older in FoodNet sites, 2000-2006. J. Am. Geriatr. Soc. 2011, 59, 366-368.
[CrossRef]

Niiesch-Inderbinen, M.; Morach, M.; Cernela, N.; Althaus, D.; Jost, M.; Mdusezahl, M.; Bloomberg, G.; Stephan, R. Serotypes and
virulence profiles of Shiga toxin-producing Escherichia coli strains isolated during 2017 from human infections in Switzerland. Int.
J. Med. Microbiol. 2018, 308, 933-939. [CrossRef] [PubMed]

Lisboa, L.F; Szelewicki, J.; Lin, A.; Latonas, S.; Li, V.; Zhi, S.; Parsons, B.D.; Berenger, B.; Fathima, S.; Chui, L.; et al. Epidemiology
of Shiga toxin-producing Escherichia coli O157 in the province of Alberta, Canada, 2009-2016. Toxins 2019, 11, 613. [CrossRef]
[PubMed]

Byrne, L.; Vanstone, G.L.; Perry, N.T.; Launders, N.; Adak, G.K.; Godbole, G.; Grant, K.A.; Smith, R.; Jenkins, C. Epidemiology
and microbiology of Shiga toxin-producing Escherichia coli other than serogroup O157 in England, 2009-2013. J. Med. Microbiol.
2014, 63 Pt 9, 1181-1188. [CrossRef]

Travert, B.; Dossier, A. Shiga toxin-induced Haemolytic and Uremic Syndrome in adults: A national survey of the French
Reference Centre for Thrombotic Microangiopathies. Emerg. Infect. Dis. under review.


http://doi.org/10.1128/genomeA.00989-17
http://doi.org/10.2807/1560-7917.ES.2019.24.22.1900305
http://www.ncbi.nlm.nih.gov/pubmed/31164190
http://doi.org/10.1093/infdis/154.4.631
http://doi.org/10.1007/BF02190685
http://www.ncbi.nlm.nih.gov/pubmed/7957423
http://doi.org/10.3201/eid1410.071341
http://doi.org/10.1212/WNL.0000000000000120
http://doi.org/10.15585/mmwr.mm6816a2
http://doi.org/10.1017/S0950268816001436
http://doi.org/10.1016/j.medmal.2017.09.012
http://doi.org/10.1111/j.1365-2141.2008.07116.x
http://doi.org/10.1017/S0950268812002166
http://www.ncbi.nlm.nih.gov/pubmed/23013659
http://doi.org/10.1089/fpd.2006.3.88
http://doi.org/10.15585/mmwr.mm6615a1
http://www.ncbi.nlm.nih.gov/pubmed/28426643
http://doi.org/10.3201/eid0504.990422
http://www.ncbi.nlm.nih.gov/pubmed/10458968
http://doi.org/10.1017/S0950268810002190
http://doi.org/10.2105/AJPH.78.1.64
http://www.ncbi.nlm.nih.gov/pubmed/3276232
http://doi.org/10.1111/j.1532-5415.2011.03269.x
http://doi.org/10.1016/j.ijmm.2018.06.011
http://www.ncbi.nlm.nih.gov/pubmed/30042042
http://doi.org/10.3390/toxins11100613
http://www.ncbi.nlm.nih.gov/pubmed/31652648
http://doi.org/10.1099/jmm.0.075895-0

Toxins 2021, 13, 306 19 of 26

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

FoodNet 2015 Annual Foodborne Illness Surveillance Report | FoodNet | CDC. 2018. Available online: https:/ /www.cdc.gov/
foodnet/reports/annual-reports-2015.html (accessed on 19 March 2021).

Rangel, ].M.; Sparling, PH.; Crowe, C.; Griffin, PM.; Swerdlow, D.L. Epidemiology of Escherichia coli O157:H7 outbreaks, United
States, 1982-2002. Emerg. Infect. Dis. 2005, 11, 603-609. [CrossRef] [PubMed]

Effler, E.; Isadcson, M.; Arntzen, L.; Heenan, R.; Canter, P.; Barrett, T.; Lee, L.; Mambo, C.; Levine, W.; Zaidi, A.; et al. Factors
contributing to the emergence of Escherichia coli O157 in Africa. Emerg. Infect. Dis. 2001, 7, 812-819. [CrossRef] [PubMed]

Luini, M.V,; Colombo, R.; Dodaro, A.; Vignati, C.; Masia, C.; Arghittu, M.; Darai, L.; Maisano, A.M.; Vezzoli, F; Bianchini, V.;
et al. Family clusters of Shiga toxin-producing Escherichia coli infection: An overlooked source of transmission. Data from the
ItalKid-Hus network. Pediatr. Infect. Dis. J. 2021, 40, 1-5. [CrossRef]

King, L.A.; Nogareda, F.; Weill, F.-X.; Mariani-Kurkdjian, P; Loukiadis, E.; Gault, G.; Jourdan-DaSilva, N.; Bingen, E.; Macé, M.;
Thevenot, D.; et al. Outbreak of Shiga toxin-producing Escherichia coli O104:H4 associated with organic fenugreek sprouts, France,
June 2011. Clin. Infect. Dis. 2012, 54, 1588-1594. [CrossRef]

Marshall, K.E.; Hexemer, A.; Seelman, S.L.; Fatica, M.K; Blessington, T.; Hajmeer, M.; Kisselburgh, H.; Atkinson, R.; Hill, K,;
Sharma, D.; et al. Lessons learned from a decade of investigations of Shiga toxin-producing Escherichia coli outbreaks linked to
leafy greens, United States and Canada. Emerg. Infect. Dis. 2020, 26, 2319-2328. [CrossRef]

Abe, C.M.; Matheus-Guimaraes, C.; Garcia, B.G.; Cabilio Guth, B.E. Interactions of Shiga toxin-producing Escherichia coli with
leafy green vegetables. Braz. J. Microbiol. 2020, 51, 797-803. [CrossRef]

Luna-Guevara, J.J.; Arenas-Hernandez, M.M.P,; Martinez de la Pefia, C.; Silva, ].L.; Luna-Guevara, M.L. The role of pathogenic,
E. coli in fresh vegetables: Behavior, contamination factors, and preventive measures. Int. |. Microbiol. 2019, 2019, 2894328.
[CrossRef] [PubMed]

Tarr, PI.; Gordon, C.A.; Chandler, W.L. Shiga-toxin-producing Escherichia coli and haemolytic uraemic syndrome. Lancet 2005, 365,
1073-1086. [CrossRef]

Tarr, G.A.M.; Shringi, S.; Oltean, H.N.; Mayer, J.; Rabinowitz, P.; Wakefield, J.; Tarr, PI; Besser, T.E.; Phipps, A.I. Importance
of case age in the purported association between phylogenetics and hemolytic uremic syndrome in Escherichia coli O157:H7
infections. Epidemiol. Infect. 2018, 146, 1550-1555. [CrossRef]

Bruyand, M.; Mariani-Kurkdjian, P.; Le Hello, S.; King, L.-A.; Van Cauteren, D.; Lefevre, S.; Gouali, M.; Jourdan-da Silva, N.;
Mailles, A.; Donguy, M.P,; et al. Paediatric haemolytic uraemic syndrome related to Shiga toxin-producing Escherichia coli, an
overview of 10 years of surveillance in France, 2007 to 2016. Eurosurveillance 2019, 24, 1800068. [CrossRef]

Werber, D.; King, L.A.; Miiller, L.; Follin, P; Buchholz, U.; Bernard, H.; Rosner, B.; Ethelberg, S.; de Valk, H.; Hohle, M. Associations
of age and sex with the clinical outcome and incubation period of Shiga toxin-producing Escherichia coli O104:H4 infections, 2011.
Am. ]. Epidemiol. 2013, 178, 984-992. [CrossRef] [PubMed]

Byrne, L.; Adams, N.; Jenkins, C. Association between Shiga Toxin—producing Escherichia coli O157:H7 stx gene subtype and
disease severity, England, 2009-2019. Emerg. Infect. Dis. 2020, 26, 2394-2400. [CrossRef]

Hedican, E.B.; Medus, C.; Besser, ].M.; Juni, B.A.; Koziol, B.; Taylor, C.; Smith, K.E. Characteristics of O157 versus non-O157 Shiga
toxin-producing Escherichia coli infections in Minnesota, 2000-2006. Clin. Infect. Dis. 2009, 49, 358-364. [CrossRef]

Mor, M.; Ashkenazi, S. The dilemma of antimicrobial treatment of Shiga toxin-producing Escherichia coli. Pediatr. Infect. Dis. ].
2014, 33, 979-981. [CrossRef]

Smith, K.E.; Wilker, PR.; Reiter, PL.; Hedican, E.B.; Bender, J.B.; Hedberg, C.W. Antibiotic treatment of Escherichia coli O157
infection and the risk of hemolytic uremic syndrome, Minnesota. Pediatr. Infect. Dis. ]. 2012, 31, 37-41. [CrossRef]

Wong, C.S.; Jelacic, S.; Habeeb, R.L.; Watkins, S.L.; Tarr, PI. The risk of the hemolytic—uremic syndrome after antibiotic treatment
of Escherichia coli O157:H7 infections. N. Engl. ]. Med. 2000, 342, 1930-1936. [CrossRef]

Agger, M,; Scheutz, E; Villumsen, S.; Molbak, K.; Petersen, A.M. Antibiotic treatment of verocytotoxin-producing Escherichia coli
(VTEC) infection: A systematic review and a proposal. |. Antimicrob. Chemother. 2015, 70, 2440-2446. [CrossRef]

De Rauw, K,; Jacobs, S.; Piérard, D. Twenty-seven years of screening for Shiga toxin-producing Escherichia coli in a university
hospital. Brussels, Belgium, 1987-2014. PLoS ONE 2018, 13, e0199968. [CrossRef] [PubMed]

Hadler, J.L.; Clogher, P.; Hurd, S.; Phan, Q.; Mandour, M.; Bemis, K.; Marcus, R. Ten-year trends and risk factors for non-O157
Shiga toxin—producing Escherichia coli found through Shiga toxin testing, Connecticut, 2000-2009. Clin. Infect. Dis. 2011, 53,
269-276. [CrossRef] [PubMed]

Képpeli, U.; Hachler, H.; Giezendanner, N.; Beutin, L.; Stephan, R. Human Infections with non-O157 Shiga toxin—producing
Escherichia coli, Switzerland, 2000-2009. Emerg. Infect. Dis. 2011, 17, 180-185. [CrossRef] [PubMed]

Bonnet, R.; Souweine, B.; Gauthier, G.; Rich, C.; Livrelli, V.; Sirot, J.; JJoly, B.; Forestier, C. Non-O157:H7 Stx2-producing Escherichia
coli strains associated with sporadic cases of hemolytic-uremic syndrome in adults. J. Clin. Microbiol. 1998, 36, 1777-1780.
[CrossRef] [PubMed]

Werber, D.; Beutin, L.; Pichner, R.; Stark, K.; Fruth, A. Shiga toxin—producing Escherichia coli serogroups in food and patients,
Germany. Emerg. Infect. Dis. 2008, 14, 1803-1806. [CrossRef]

Bielaszewska, M.; Stoewe, E.; Fruth, A.; Zhang, W.; Prager, R.; Brockmeyer, J.; Mellmann, A.; Karch, H.; Friedrich, A.W. Shiga
toxin, cytolethal distending toxin, and hemolysin repertoires in clinical Escherichia coli O91 isolates. J. Clin. Microbiol. 2009, 47,
2061-2066. [CrossRef] [PubMed]


https://www.cdc.gov/foodnet/reports/annual-reports-2015.html
https://www.cdc.gov/foodnet/reports/annual-reports-2015.html
http://doi.org/10.3201/eid1104.040739
http://www.ncbi.nlm.nih.gov/pubmed/15829201
http://doi.org/10.3201/eid0705.017507
http://www.ncbi.nlm.nih.gov/pubmed/11747693
http://doi.org/10.1097/INF.0000000000002877
http://doi.org/10.1093/cid/cis255
http://doi.org/10.3201/eid2610.191418
http://doi.org/10.1007/s42770-020-00251-y
http://doi.org/10.1155/2019/2894328
http://www.ncbi.nlm.nih.gov/pubmed/31885595
http://doi.org/10.1016/S0140-6736(05)71144-2
http://doi.org/10.1017/S0950268818001632
http://doi.org/10.2807/1560-7917.ES.2019.24.8.1800068
http://doi.org/10.1093/aje/kwt069
http://www.ncbi.nlm.nih.gov/pubmed/23935124
http://doi.org/10.3201/eid2610.200319
http://doi.org/10.1086/600302
http://doi.org/10.1097/INF.0000000000000425
http://doi.org/10.1097/INF.0b013e31823096a8
http://doi.org/10.1056/NEJM200006293422601
http://doi.org/10.1093/jac/dkv162
http://doi.org/10.1371/journal.pone.0199968
http://www.ncbi.nlm.nih.gov/pubmed/29965972
http://doi.org/10.1093/cid/cir377
http://www.ncbi.nlm.nih.gov/pubmed/21765075
http://doi.org/10.3201/eid1702.100909
http://www.ncbi.nlm.nih.gov/pubmed/21291586
http://doi.org/10.1128/JCM.36.6.1777-1780.1998
http://www.ncbi.nlm.nih.gov/pubmed/9620420
http://doi.org/10.3201/eid1411.080361
http://doi.org/10.1128/JCM.00201-09
http://www.ncbi.nlm.nih.gov/pubmed/19403777

Toxins 2021, 13, 306 20 of 26

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Soysal, N.; Mariani-Kurkdjian, P.; Smail, Y.; Liguori, S.; Gouali, M.; Loukiadis, E.; Fach, P.; Bruyand, M.; Blanco, J.; Bidet, P.;
et al. Enterohemorrhagic Escherichia coli hybrid pathotype O80:H2 as a new therapeutic challenge. Emerg. Infect. Dis. 2016, 22,
1604-1612. [CrossRef]

Ylinen, E.; Salmenlinna, S.; Halkilahti, J.; Jahnukainen, T.; Korhonen, L.; Virkkala, T.; Rimhanen-Finne, R.; Nuutinen, M.; Kataja,
J.; Arikoski, P; et al. Hemolytic uremic syndrome caused by Shiga toxin-producing Escherichia coli in children: Incidence, risk
factors, and clinical outcome. Pediatr. Nephrol. 2020, 35, 1749-1759. [CrossRef]

Ardissino, G.; Possenti, I.; Vignati, C.; Daprai, L.; Capone, V.; Brigotti, M.; Luini, M.V.; Consonni, D.; Montini, G. Is Shigatoxin
1 protective for the development of Shigatoxin 2-related hemolytic uremic syndrome in children? Data from the ItalKid-HUS
Network. Pediatr. Nephrol. 2020, 35, 1997-2001. [CrossRef]

Petro, C.D.; Trojnar, E.; Sinclair, J.; Liu, Z.-M.; Smith, M.; O’Brien, A.D.; Melton-Celsa, A. Shiga toxin type 1a (Stx1la) reduces the
toxicity of the more potent Stx2a in vivo and in vitro. Infect. Immun. 2019, 87, €00787-18. [CrossRef] [PubMed]

Hews, C.L.; Tran, S.-L.; Wegmann, U.; Brett, B.; Walsham, A.D.S.; Kavanaugh, D.; Ward, N.J.; Juge, N.; Schiiller, S. The StcE
metalloprotease of enterohaemorrhagic Escherichia coli reduces the inner mucus layer and promotes adherence to human colonic
epithelium ex vivo. Cell Microbiol. 2017, 92, 1664-1668. [CrossRef]

McDaniel, T.K.; Jarvis, K.G.; Donnenberg, M.S.; Kaper, ].B. A genetic locus of enterocyte effacement conserved among diverse
enterobacterial pathogens. Proc. Natl. Acad. Sci. USA 1995, 92, 1664-1668. [CrossRef] [PubMed]

Malyukova, I.; Murray, K.E; Zhu, C.; Boedeker, E.; Kane, A.; Patterson, K.; Peterson, J.R.; Donowitz, M.; Kovbasnjuk, O.
Macropinocytosis in Shiga toxin 1 uptake by human intestinal epithelial cells and transcellular transcytosis. Am. J. Physiol.
Gastrointest. Liver Physiol. 2009, 296, G78-G92. [CrossRef]

Schiiller, S. Shiga toxin interaction with human intestinal epithelium. Toxins 2011, 3, 626-639. [CrossRef] [PubMed]

Brigotti, M. The interactions of human neutrophils with Shiga toxins and related plant toxins: Danger or safety? Toxins 2012, 4,
157-190. [CrossRef] [PubMed]

Khan, E; Proulx, E; Lingwood, C.A. Detergent-resistant globotriaosyl ceramide may define verotoxin/glomeruli-restricted
hemolytic uremic syndrome pathology. Kidney Int. 2009, 75, 1209-1216. [CrossRef]

Obata, F; Tohyama, K.; Bonev, A.D.; Kolling, G.L.; Keepers, T.R.; Gross, L.K.; Nelson, M.T.; Sato, S.; Obrig, T.G. Shiga toxin 2
affects the central nervous system through receptor globotriaosylceramide localized to neurons. J. Infect. Dis. 2008, 198, 1398-1406.
[CrossRef]

Lee, M.-S.; Koo, S.; Jeong, D.G.; Tesh, V.L. Shiga toxins as multi-functional proteins: Induction of host cellular stress responses,
role in pathogenesis and therapeutic applications. Toxins 2016, 8, 77. [CrossRef]

Gobert, A.P,; Vareille, M.; Glasser, A.-L.; Hindré, T.; de Sablet, T.; Martin, C. Shiga toxin produced by enterohemorrhagic
Escherichia coli inhibits PI3K/NF-kappaB signaling pathway in globotriaosylceramide-3-negative human intestinal epithelial cells.
J. Immunol. 2007, 178, 8168-8174. [CrossRef]

Exeni, R.A.; Fernandez-Brando, R.J.; Santiago, A.P.; Fiorentino, G.A.; Exeni, A.M.; Ramos, M.V,; Palermo, M.S. Pathogenic role of
inflammatory response during Shiga toxin-associated hemolytic uremic syndrome (HUS). Pediatr. Nephrol. 2018, 33, 2057-2071.
[CrossRef]

Noris, M.; Mescia, F.; Remuzzi, G. STEC-HUS, atypical HUS and TTP are all diseases of complement activation. Nat. Rev. Nephrol.
2012, 8, 622—633. [CrossRef]

Zoja, C.; Buelli, S.; Morigi, M. Shiga toxin triggers endothelial and podocyte injury: The role of complement activation. Pediatr.
Nephrol. 2019, 34, 379-388. [CrossRef]

Goldberg, R.].; Nakagawa, T.; Johnson, R.J.; Thurman, J.M. The role of endothelial cell injury in thrombotic microangiopathy. Am.
J. Kidney Dis. 2010, 56, 1168-1174. [CrossRef] [PubMed]

Chandler, W.L.; Jelacic, S.; Boster, D.R.; Ciol, M.A.; Williams, G.D.; Watkins, S.L.; Igarashi, T.; Tarr, PI. Prothrombotic coagulation
abnormalities preceding the hemolytic-uremic syndrome. N. Engl. . Med. 2002, 346, 23-32. [CrossRef] [PubMed]

Nestoridi, E.; Tsukurov, O.; Kushak, R.I; Ingelfinger, ].R.; Grabowski, E.F. Shiga toxin enhances functional tissue factor on human
glomerular endothelial cells: Implications for the pathophysiology of hemolytic uremic syndrome. J. Thromb. Haemost. 2005, 3,
752-762. [CrossRef] [PubMed]

Huang, J.; Haberichter, S.L.; Sadler, J.E. The B subunits of Shiga-like toxins induce regulated VWF secretion in a phospholipase
D1-dependent manner. Blood 2012, 120, 1143-1149. [CrossRef]

Petruzziello-Pellegrini, TN.; Yuen, D.A.; Page, A.V,; Patel, S.; Soltyk, A.M.; Matouk, C.C.; Wong, D.K,; Turgeon, PJ.; Fish, ].E.; Ho,
J.J.D.; et al. The CXCR4/CXCR?7/SDF-1 pathway contributes to the pathogenesis of Shiga toxin-associated hemolytic uremic
syndrome in humans and mice. J. Clin. Investig. 2012, 122, 759-776. [CrossRef]

Karpman, D.; Papadopoulou, D.; Nilsson, K.; Sjogren, A.C.; Mikaelsson, C.; Lethagen, S. Platelet activation by Shiga toxin and
circulatory factors as a pathogenetic mechanism in the hemolytic uremic syndrome. Blood 2001, 97, 3100-3108. [CrossRef]
Ergonul, Z.; Clayton, E; Fogo, A.B.; Kohan, D.E. Shigatoxin-1 binding and receptor expression in human kidneys do not change
with age. Pediatr. Nephrol. 2003, 18, 246-253. [CrossRef]

Karmali, M.A.; Mascarenhas, M.; Petric, M.; Dutil, L.; Rahn, K.; Ludwig, K.; Arbus, G.S.; Michel, P.; Sherman, PM.; Wilson, J.; et al.
Age-specific frequencies of antibodies to Escherichia coli verocytotoxins (Shiga toxins) 1 and 2 among urban and rural populations
in southern Ontario. J. Infect. Dis. 2003, 188, 1724-1729. [CrossRef]


http://doi.org/10.3201/eid2209.160304
http://doi.org/10.1007/s00467-020-04560-0
http://doi.org/10.1007/s00467-020-04697-y
http://doi.org/10.1128/IAI.00787-18
http://www.ncbi.nlm.nih.gov/pubmed/30670557
http://doi.org/10.1111/cmi.12717
http://doi.org/10.1073/pnas.92.5.1664
http://www.ncbi.nlm.nih.gov/pubmed/7878036
http://doi.org/10.1152/ajpgi.90347.2008
http://doi.org/10.3390/toxins3060626
http://www.ncbi.nlm.nih.gov/pubmed/22069729
http://doi.org/10.3390/toxins4030157
http://www.ncbi.nlm.nih.gov/pubmed/22741061
http://doi.org/10.1038/ki.2009.7
http://doi.org/10.1086/591911
http://doi.org/10.3390/toxins8030077
http://doi.org/10.4049/jimmunol.178.12.8168
http://doi.org/10.1007/s00467-017-3876-0
http://doi.org/10.1038/nrneph.2012.195
http://doi.org/10.1007/s00467-017-3850-x
http://doi.org/10.1053/j.ajkd.2010.06.006
http://www.ncbi.nlm.nih.gov/pubmed/20843591
http://doi.org/10.1056/NEJMoa011033
http://www.ncbi.nlm.nih.gov/pubmed/11777999
http://doi.org/10.1111/j.1538-7836.2005.01205.x
http://www.ncbi.nlm.nih.gov/pubmed/15842359
http://doi.org/10.1182/blood-2012-01-408096
http://doi.org/10.1172/JCI57313
http://doi.org/10.1182/blood.V97.10.3100
http://doi.org/10.1007/s00467-002-1025-9
http://doi.org/10.1086/379726

Toxins 2021, 13, 306 21 of 26

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Brando, R.J.F; Miliwebsky, E.; Bentancor, L.; Deza, N.; Baschkier, A.; Ramos, M.V.; Fernandez, G.G.; Meiss, R.; Rivas, M.; Palermo,
M.S. Renal damage and death in weaned mice after oral infection with Shiga toxin 2-producing Escherichia coli strains. Clin. Exp.
Immunol. 2008, 153, 297-306. [CrossRef] [PubMed]

Karpman, D.; Connell, H.; Svensson, M.; Scheutz, F.; Aim, P.; Svanborg, C. The role of Lipopolysaccharide and Shiga-like toxin in
a mouse model of Escherichia coli O157:H7 infection. |. Infect. Dis. 1997, 175, 611-620. [CrossRef]

Zoufaly, A.; Cramer, ].P; Vettorazzi, E.; Sayk, F.; Bremer, ].P.; Koop, I.; de Weerth, A.; Schmiedel, S.; Jordan, S.; Fraedrich, K; et al.
Risk factors for development of hemolytic uremic syndrome in a cohort of adult patients with STEC 0104:H4 infection. PLoS ONE
2013, 8, €59209. [CrossRef]

Keene, W.E.; McAnulty, ].M.; Hoesly, EC.; Williams, L.P; Hedberg, K.; Oxman, G.L.; Barrett, T.].; Pfaller, M.A.; Fleming, D.W. A
swimming-associated outbreak of hemorrhagic colitis caused by Escherichia coli O157:H7 and Shigella sonnei. N. Engl. ]. Med.
1994, 331, 579-584. [CrossRef]

Wong, C.S.; Mooney, J.C.; Brandt, ].R; Staples, A.O.; Jelacic, S.; Boster, D.R.; Watkins, S.L.; Tarr, PI. Risk factors for the hemolytic
uremic syndrome in children infected with Escherichia coli O157:H7: A multivariable analysis. Clin. Infect. Dis. 2012, 55, 33—41.
[CrossRef] [PubMed]

Gerber, A.; Karch, H.; Allerberger, F.; Verweyen, H.M.; Zimmerhackl, L.B. Clinical course and the role of Shiga toxin—producing
Escherichia coli infection in the hemolytic-uremic syndrome in pediatric patients, 1997-2000, in Germany and Austria: A
prospective study. J. Infect. Dis. 2002, 186, 493-500. [CrossRef] [PubMed]

Mody, R K.; Gu, W.; Griffin, PM.; Jones, T.F.; Rounds, J.; Shiferaw, B.; Tobin-D’Angelo, M.; Smith, G.; Spina, N.; Hurd, S.; et al.
Postdiarrheal hemolytic uremic syndrome in United States children: Clinical spectrum and predictors of in-hospital death. J.
Pediatr. 2015, 166, 1022-1029. [CrossRef] [PubMed]

Siegler, R.L.; Milligan, M.K.; Burningham, T.H.; Christofferson, R.D.; Chang, S.Y.; Jorde, L.B. Long-term outcome and prognostic
indicators in the hemolytic-uremic syndrome. J. Pediatr. 1991, 118, 195-200. [CrossRef]

Inward, C.D.; Howie, A.J.; Fitzpatrick, M.M.; Rafaat, F.; Milford, D.V.; Taylor, C.M. Renal histopathology in fatal cases of
diarrhoea-associated haemolytic uraemic syndrome. Pediatr. Nephrol. 1997, 11, 556-559. [CrossRef]

Joseph, A.; Eloit, M. Blood pressure has diagnostic value and affects prognosis in immune-mediated thrombotic thrombocytopenic
purpura. In preparation.

Matsumae, T.; Takebayashi, S.; Naito, S. The clinico-pathological characteristics and outcome in hemolytic-uremic syndrome of
adults. Clin. Nephrol. 1996, 45, 153-162. [PubMed]

Hosler, G.A.; Cusumano, A.M.; Hutchins, G.M. Thrombotic thrombocytopenic purpura and hemolytic uremic syndrome are
distinct pathologic entities. A review of 56 autopsy cases. Arch. Pathol. Lab. Med. 2003, 127, 834-839. [CrossRef]

Nathanson, S.; Kwon, T.; Elmaleh, M.; Charbit, M.; Launay, E.A.; Harambat, J.; Brun, M.; Ranchin, B.; Bandin, F,; Cloarec, S.; et al.
Acute neurological involvement in diarrhea-associated hemolytic uremic syndrome. Clin. . Am. Soc. Nephrol. 2010, 5, 1218-1228.
[CrossRef] [PubMed]

Thayu, M.; Chandler, W.L,; Jelacic, S.; Gordon, C.A.; Rosenthal, G.L.; Tarr, PI. Cardiac ischemia during hemolytic uremic
syndrome. Pediatr. Nephrol. 2003, 18, 286-289. [CrossRef] [PubMed]

Siegler, R.L.; Christofferson, R.D.; Milligan, M.K; Pavia, A.T. A 20-year population-based study of postdiarrheal hemolytic uremic
syndrome in Utah. Pediatrics 1994, 94, 35-40. [PubMed]

Oakes, R.S,; Siegler, R.L.; McReynolds, M.A; Pysher, T.; Pavia, A.T. Predictors of fatality in postdiarrheal hemolytic uremic
syndrome. Pediatrics 2006, 117, 1656-1662. [CrossRef] [PubMed]

Cointe, A.; Birgy, A.; Bridier-Nahmias, A.; Mariani-Kurkdjian, P.; Walewski, V.; Lévy, C.; Cohen, R.; Fach, P.; Delannoy, S.; Bidet,
P; et al. Escherichia coli O80 hybrid pathotype strains producing Shiga toxin and ESBL: Molecular characterization and potential
therapeutic options. J. Antimicrob. Chemother. 2020, 75, 537-542. [CrossRef]

Navarro-Garcia, F. Escherichia coli O104:H4 pathogenesis: An enteroaggregative, E. coli/Shiga toxin-producing E. coli explosive
cocktail of high virulence. Microbiol. Spectr. 2014, 2. [CrossRef]

Suri, R.S.; Mahon, J.L.; Clark, W.E,; Moist, L.M.; Salvadori, M.; Garg, A.X. Relationship between Escherichia coli O157:H7 and
diabetes mellitus. Kidney Int. 2009, 75 (Suppl. 122), S44-546. [CrossRef]

Suri, R.S.; Clark, W.E,; Barrowman, N.; Mahon, J.L.; Thiessen-Philbrook, H.R.; Rosas-Arellano, M.P.; Zarnke, K.; Garland, ].S.;
Garg, A.X. Diabetes during diarrhea-associated hemolytic uremic syndrome: A systematic review and meta-analysis. Diabetes
Care 2005, 28, 2556-2562. [CrossRef]

Hogan, M.C.; Gloor, ].M.,; Uhl, J.R.; Cockerill, ER.; Milliner, D.S. Two cases of non-O157:H7 Escherichia coli hemolytic uremic
syndrome caused by urinary tract infection. Am. J. Kidney Dis. 2001, 38, e22.1-e22.6. [CrossRef]

Lavrek, D.; Lava, S.A.G.; Milani, G.P; Simonetti, G.D.; Bianchetti, M.G.; Giannini, O. Hemolytic-uremic syndrome after Escherichia
coli urinary tract infection in humans: Systematic review of the literature. J. Nephrol. 2018, 31, 919-924. [CrossRef]

Magnus, T.; Rother, J.; Simova, O.; Meier-Cillien, M.; Repenthin, J.; Moller, F.; Gbadamosi, ].; Panzer, U.; Wengenroth, M.; Hagel,
C.; et al. The neurological syndrome in adults during the 2011 northern German, E. coli serotype O104:H4 outbreak. Brain 2012,
135, 1850-1859. [CrossRef] [PubMed]

Kleimann, A.; Toto, S.; Eberlein, C.K,; Kielstein, J.T.; Bleich, S.; Frieling, H.; Sieberer, M. Psychiatric symptoms in patients with
Shiga toxin-producing E. coli 0104:H4 induced haemolytic-uraemic syndrome. PLoS ONE 2014, 9, e101839.


http://doi.org/10.1111/j.1365-2249.2008.03698.x
http://www.ncbi.nlm.nih.gov/pubmed/18549440
http://doi.org/10.1093/infdis/175.3.611
http://doi.org/10.1371/journal.pone.0059209
http://doi.org/10.1056/NEJM199409013310904
http://doi.org/10.1093/cid/cis299
http://www.ncbi.nlm.nih.gov/pubmed/22431799
http://doi.org/10.1086/341940
http://www.ncbi.nlm.nih.gov/pubmed/12195376
http://doi.org/10.1016/j.jpeds.2014.12.064
http://www.ncbi.nlm.nih.gov/pubmed/25661408
http://doi.org/10.1016/S0022-3476(05)80482-2
http://doi.org/10.1007/s004670050337
http://www.ncbi.nlm.nih.gov/pubmed/8706355
http://doi.org/10.5858/2003-127-834-TTPAHU
http://doi.org/10.2215/CJN.08921209
http://www.ncbi.nlm.nih.gov/pubmed/20498239
http://doi.org/10.1007/s00467-002-1039-3
http://www.ncbi.nlm.nih.gov/pubmed/12644926
http://www.ncbi.nlm.nih.gov/pubmed/8008534
http://doi.org/10.1542/peds.2005-0785
http://www.ncbi.nlm.nih.gov/pubmed/16651320
http://doi.org/10.1093/jac/dkz484
http://doi.org/10.1128/microbiolspec.EHEC-0008-2013
http://doi.org/10.1038/ki.2008.619
http://doi.org/10.2337/diacare.28.10.2556
http://doi.org/10.1053/ajkd.2001.27731
http://doi.org/10.1007/s40620-018-0543-x
http://doi.org/10.1093/brain/aws090
http://www.ncbi.nlm.nih.gov/pubmed/22539260

Toxins 2021, 13, 306 22 of 26

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Braune, S.A.; Wichmann, D.; von Heinz, M.C.; Nierhaus, A.; Becker, H.; Meyer, T.N.; Miiller-Schulz, M.; Fricke, J.; de Weerth, A.;
Hoepker, WW.,; et al. Clinical features of critically ill patients with Shiga toxin-induced hemolytic uremic syndrome. Crit. Care
Med. 2013, 41, 1702-1710. [CrossRef]

Grisaru, S.; Midgley, ].P.; Hamiwka, L.A.; Wade, A.W.; Samuel, S.M. Diarrhea-associated hemolytic uremic syndrome in southern
Alberta: A long-term single-centre experience. Paediatr. Child Health 2011, 16, 337-340. [CrossRef]

Coberias, C.J.; Alconcher, L.F,; Spizzirri, A.P.; Rahman, R.C. Long-term follow-up of Argentinean patients with hemolytic uremic
syndrome who had not undergone dialysis. Pediatr. Nephrol. 2007, 22, 1343-1347. [CrossRef]

Spinale, ].M.; Ruebner, R.L.; Copelovitch, L.; Kaplan, B.S. Long-term outcomes of Shiga toxin hemolytic uremic syndrome. Pediatr.
Nephrol. 2013, 28, 2097-2105. [CrossRef] [PubMed]

Schuppner, R.; Maehlmann, J.; Dirks, M.; Worthmann, H.; Tryc, A.B.; Sandorski, K.; Bahlmann, E.; Kielstein, J.T.; Giesemann,
AM.,; Lanfermann, H.; et al. Neurological sequelae in adults after E coli O104: H4 infection-induced hemolytic-uremic syndrome.
Medicine 2016, 95, €2337. [CrossRef] [PubMed]

Derad, I.; Obermann, B.; Katalinic, A.; Eisemann, N.; Knobloch, J.K.-M.; Sayk, F.; Wellhoner, P; Lehnert, H.; Solbach, W; Stifke, S.;
et al. Hypertension and mild chronic kidney disease persist following severe haemolytic uraemic syndrome caused by Shiga
toxin-producing Escherichia coli O104:H4 in adults. Nephrol. Dial. Transplant. 2016, 31, 95-103. [CrossRef]

Ville, S.; Ydee, A.; Garandeau, C.; Canet, E.; Tissot, A.; Cantarovich, D.; Frémeaux-Bacchi, V.; Mariani-Kurkdjian, P.; Provét, E;
Fakhouri, F. Shiga toxin—producing Escherichia coli-associated hemolytic uremic syndrome in solid organ transplant recipients.
Kidney Int. 2019, 96, 1423-1424. [CrossRef] [PubMed]

Repetto, H.A. Long-term course and mechanisms of progression of renal disease in hemolytic uremic syndrome. Kidney Int. 2005,
68 (Suppl. 97), 5102-5106. [CrossRef]

Caletti, M.G.; Gallo, G.; Gianantonio, C.A. Development of focal segmental sclerosis and hyalinosis in hemolytic uremic syndrome.
Pediatr. Nephrol. 1996, 10, 687-692. [CrossRef]

Lo, L]J.; Go, A.S.; Chertow, G.M.; McCulloch, C.E.; Fan, D.; Ordofiez, ].D.; Hsu, C. Dialysis-requiring acute renal failure increases
the risk of progressive chronic kidney disease. Kidney Int. 2009, 76, 893-899. [CrossRef]

Vaterodt, L.; Holle, J.; Hiiseman, D.; Miiller, D.; Thumfart, ]. Short- and long-term renal outcome of hemolytic-uremic syndrome
in childhood. Front. Pediatr. 2018, 6, 220. [CrossRef] [PubMed]

Rosales, A.; Hofer, J.; Zimmerhackl, L.-B.; Jungraithmayr, T.C.; Riedl, M.; Giner, T.; Strasak, A.; Orth-Hoéller, D.; Wiirzner, R.;
Karch, H.; et al. Need for long-term follow-up in enterohemorrhagic Escherichia coli-associated hemolytic uremic syndrome due
to late-emerging sequelae. Clin. Infect. Dis. 2012, 54, 1413-1421. [CrossRef] [PubMed]

Schlieper, A.; Orrbine, E.; Wells, G.; Clulow, M.; McLaine, P.; Rowe, P. Neuropsychological sequelae of haemolytic uraemic
syndrome. Arch. Dis. Child. 1999, 80, 214-220. [CrossRef] [PubMed]

Buder, K.; Latal, B.; Nef, S.; Neuhaus, T.J.; Laube, G.E; Sparta, G. Neurodevelopmental long-term outcome in children after
hemolytic uremic syndrome. Pediatr. Nephrol. 2015, 30, 503-513. [CrossRef]

Masumoto, K.; Nishimoto, Y.; Taguchi, T.; Tsutsumi, Y.; Kanemitsu, S.; Hara, T.; Suita, S. Colonic stricture secondary to hemolytic
uremic syndrome caused by Escherichia coli O-157. Pediatr. Nephrol. 2005, 20, 1496-1499. [CrossRef] [PubMed]

Garg, AX,; Suri, RS.; Barrowman, N.; Rehman, F; Matsell, D.; Rosas-Arellano, M.P,; Salvadori, M.; Haynes, R.B.; Clark,
W.E. Long-term renal prognosis of diarrhea-associated hemolytic uremic syndrome: A systematic review, meta-analysis, and
meta-regression. JAMA 2003, 290, 1360-1370. [CrossRef] [PubMed]

Prevel, R.; Roubaud-Baudron, C.; Gourlain, S.; Jamme, M.; Peres, K.; Benhamou, Y.; Galicier, L.; Azoulay, E.; Poullin, P.; Provét,
E; et al. Immune thrombotic thrombocytopenic purpura in older patients: Prognosis and long-term survival. Blood 2019, 134,
2209-2217. [CrossRef] [PubMed]

Mariotte, E.; Azoulay, E.; Galicier, L.; Rondeau, E.; Zouiti, F.; Boisseau, P.; Poullin, P.; de Maistre, E.; Provoét, F.; Delmas, Y.;
et al. Epidemiology and pathophysiology of adulthood-onset thrombotic microangiopathy with severe ADAMTS13 deficiency
(thrombotic thrombocytopenic purpura): A cross-sectional analysis of the French national registry for thrombotic microangiopathy.
Lancet Haematol. 2016, 3, e237-e245. [CrossRef]

Scheiring, J.; Andreoli, S.P.; Zimmerhackl, L.B. Treatment and outcome of Shiga-toxin-associated hemolytic uremic syndrome
(HUS). Pediatr. Nephrol. 2008, 23, 1749-1760. [CrossRef]

Balestracci, A.; Meni Battaglia, L.; Toledo, I.; Martin, S.M.; Alvarado, C. Prodromal phase of hemolytic uremic syndrome related
to Shiga toxin-producing Escherichia coli: The wasted time. Pediatr. Emerg. Care 2019. [CrossRef] [PubMed]

Schieppati, A.; Ruggenenti, P.; Cornejo, R.P; Ferrario, F.; Gregorini, G.; Zucchelli, P; Rossi, E.; Remuzzi, G. Renal function at
hospital admission as a prognostic factor in adult hemolytic uremic syndrome. The Italian Registry of Haemolytic Uremic
Syndrome. J. Am. Soc. Nephrol. 1992, 2, 1640-1644. [CrossRef] [PubMed]

Coppo, P.,; Schwarzinger, M.; Buffet, M.; Wynckel, A.; Clabault, K.; Presne, C.; Poullin, P.; Malot, S.; Vanhille, P; Azoulay, E.; et al.
Predictive features of severe acquired ADAMTSI13 deficiency in idiopathic thrombotic microangiopathies: The French TMA
reference center experience. PLoS ONE 2010, 5, e10208. [CrossRef]

Jamme, M.; Raimbourg, Q.; Chauveau, D.; Seguin, A.; Presne, C.; Perez, P.; Gobert, P.; Wynckel, A.; Provoét, F.; Delmas, Y.; et al.
Predictive features of chronic kidney disease in atypical haemolytic uremic syndrome. PLoS ONE 2017, 12, e0177894. [CrossRef]
Tarr, PI; Neill, M.A,; Clausen, C.R.; Watkins, S.L.; Christie, D.L.; Hickman, R.O. Escherichia coli O157:H7 and the hemolytic uremic
syndrome: Importance of early cultures in establishing the etiology. J. Infect. Dis. 1990, 162, 553-556. [CrossRef]


http://doi.org/10.1097/CCM.0b013e31828a24a8
http://doi.org/10.1093/pch/16.6.337
http://doi.org/10.1007/s00467-007-0522-2
http://doi.org/10.1007/s00467-012-2383-6
http://www.ncbi.nlm.nih.gov/pubmed/23288350
http://doi.org/10.1097/MD.0000000000002337
http://www.ncbi.nlm.nih.gov/pubmed/26871766
http://doi.org/10.1093/ndt/gfv255
http://doi.org/10.1016/j.kint.2019.08.024
http://www.ncbi.nlm.nih.gov/pubmed/31759490
http://doi.org/10.1111/j.1523-1755.2005.09717.x
http://doi.org/10.1007/s004670050189
http://doi.org/10.1038/ki.2009.289
http://doi.org/10.3389/fped.2018.00220
http://www.ncbi.nlm.nih.gov/pubmed/30131950
http://doi.org/10.1093/cid/cis196
http://www.ncbi.nlm.nih.gov/pubmed/22412065
http://doi.org/10.1136/adc.80.3.214
http://www.ncbi.nlm.nih.gov/pubmed/10325699
http://doi.org/10.1007/s00467-014-2950-0
http://doi.org/10.1007/s00467-005-1996-4
http://www.ncbi.nlm.nih.gov/pubmed/15973523
http://doi.org/10.1001/jama.290.10.1360
http://www.ncbi.nlm.nih.gov/pubmed/12966129
http://doi.org/10.1182/blood.2019000748
http://www.ncbi.nlm.nih.gov/pubmed/31530564
http://doi.org/10.1016/S2352-3026(16)30018-7
http://doi.org/10.1007/s00467-008-0935-6
http://doi.org/10.1097/PEC.0000000000001850
http://www.ncbi.nlm.nih.gov/pubmed/31290797
http://doi.org/10.1681/ASN.V2111640
http://www.ncbi.nlm.nih.gov/pubmed/1610985
http://doi.org/10.1371/journal.pone.0010208
http://doi.org/10.1371/journal.pone.0177894
http://doi.org/10.1093/infdis/162.2.553

Toxins 2021, 13, 306 23 of 26

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Matussek, A.; Einemo, 1.-M.; Jogenfors, A.; Lofdahl, S.; Lofgren, S. Shiga toxin-producing Escherichia coli in diarrheal stool of
Swedish children: Evaluation of polymerase chain reaction screening and duration of Shiga toxin shedding. J. Pediatr. Infect. Dis.
Soc. 2016, 5, 147-151. [CrossRef]

EFSA Panel on Biological Hazards (BIOHAZ). Scientific Opinion on VTEC-seropathotype and scientific criteria regarding
pathogenicity assessment. Efsa . 2013, 11, 3138.

Joensen, K.G.; Scheutz, F.; Lund, O.; Hasman, H.; Kaas, R.S.; Nielsen, E.M.; Aarestrup, FEM. Real-time whole-genome sequencing
for routine typing, surveillance, and outbreak detection of verotoxigenic Escherichia coli. ]. Clin. Microbiol. 2014, 52, 1501-1510.
[CrossRef]

WHO. The Five Keys to Safer Food Programme. Available online: http:/ /www.who.int/foodsafety/areas_work/food-hygiene/
Skeys/en/ (accessed on 24 March 2018).

Szu, S.C.; Ahmed, A. Clinical studies of Escherichia coli O157:H7 conjugate vaccines in adults and young children. In Enterohem-
orrhagic Escherichia coli and Other Shiga Toxin-Producing E coli; American Society for Microbiology: Bel Air, MD, USA, 2015; pp.
487-501.

Varela, N.P; Dick, P.; Wilson, J. Assessing the existing information on the efficacy of bovine vaccination against Escherichia coli
0157:H7—A systematic review and meta-analysis. Zoonoses Public Health 2013, 60, 253-268. [CrossRef]

Ekong, P.S.; Sanderson, M.W.; Cernicchiaro, N. Prevalence and concentration of Escherichia coli O157 in different seasons and
cattle types processed in North America: A systematic review and meta-analysis of published research. Prev. Vet. Med. 2015, 121,
74-85. [CrossRef] [PubMed]

Thomas, D.E.; Elliott, E.J. Interventions for preventing diarrhea-associated hemolytic uremic syndrome: Systematic review. BMC
Public Health 2013, 13, 799. [CrossRef]

Shiga Toxin-Producing Escherichia coli: Guidance, Data and Analysis. Available online: https://www.gov.uk/government/
collections/vero-cytotoxin-producing-escherichia-coli-vtec-guidance-data-and-analysis (accessed on 24 March 2018).
Kimmitt, P.T.; Harwood, C.R.; Barer, M.R. Toxin gene expression by shiga toxin-producing Escherichia coli: The role of antibiotics
and the bacterial SOS response. Emerg. Infect. Dis. 2000, 6, 458—465. [CrossRef]

Miihlen, S.; Ramming, I.; Pils, M.C.; Koeppel, M.; Glaser, ].; Leong, J.; Flieger, B.; Stecher, B.; Dersch, P. Identification of antibiotics
that diminish disease in a murine model of enterohemorrhagic Escherichia coli infection. Antimicrob. Agents Chemother. 2020, 64,
€02519-19. [CrossRef] [PubMed]

Zhang, X.; McDaniel, A.D.; Wolf, L.E.; Keusch, G.T.; Waldor, M.K.; Acheson, D.W.K. Quinolone antibiotics induce Shiga
toxin-encoding bacteriophages, toxin production, and death in mice. J. Infect. Dis. 2000, 181, 664-670. [CrossRef]

Zhang, Q.; Donohou-Rolfe, A.; Krautz-Peterson, G.; Sevo, M.; Parry, N.; Abeijon, C.; Tzipori, S. Gnotobiotic piglet infection model
for evaluating the safe use of antibiotics against Escherichia coli O157:H7 infection. ]. Infect. Dis. 2009, 199, 486—493. [CrossRef]
[PubMed]

Shiga Toxin-Producing Escherichia coli (STEC): Symptoms, How to Avoid, How to Treat. Available online: https:
/ /www.gov.uk/government/publications/vero-cytotoxin-producing-escherichia-coli-symptoms-how-to-avoid-how-to-
treat/vero-cytotoxin-producing-escherichia-coli-symptoms-how-to-avoid-how-to-treat (accessed on 6 October 2018).

Shane, A.L.; Mody, R.K.; Crump, J.A ; Tarr, PL; Steiner, T.S.; Kotloff, K.; Langley, ]. M.; Wanke, C.; Warren, C.A.; Cheng, A.C.;
et al. 2017 Infectious Diseases Society of America Clinical Practice Guidelines for the Diagnosis and Management of Infectious
Diarrhea. Clin. Infect. Dis. 2017, 65, e45-€80. [CrossRef]

Ikeda, K,; Ida, O.; Kimoto, K.; Takatorige, T.; Nakanishi, N.; Tatara, K. Effect of early fosfomycin treatment on prevention of
hemolytic uremic syndrome accompanying Escherichia coli O157:H7 infection. Clin. Nephrol. 1999, 52, 357-362.

Tajiri, H.; Nishi, J.; Ushijima, K.; Shimizu, T.; Ishige, T.; Shimizu, M.; Ishige, T.; Shimizu, M.; Tanaka, H.; Brooks, S. A role
for fosfomyecin treatment in children for prevention of haemolytic-uraemic syndrome accompanying Shiga toxin-producing
Escherichia coli infection. Int. ]. Antimicrob. Agents 2015, 5, 586-589. [CrossRef] [PubMed]

Nitschke, M.; Sayk, E; Hartel, C.; Roseland, R.T.; Hauswaldt, S.; Steinhoff, J.; Fellermann, K.; Derad, I.; Wellhoner, P.; Biining, J.;
et al. Association between azithromycin therapy and duration of bacterial shedding among patients with Shiga toxin-producing
enteroaggregative Escherichia coli O104:H4. JAMA 2012, 307, 1046-1052. [CrossRef] [PubMed]

Nelson, ].M.; Griffin, PM.; Jones, T.E,; Smith, K.E.; Scallan, E. Antimicrobial and antimotility agent use in persons with shiga
toxin-producing Escherichia coli O157 infection in FoodNet Sites. Clin. Infect. Dis. 2011, 52, 1130-1132. [CrossRef] [PubMed]
Loirat, C.; Sonsino, E.; Hinglais, N.; Jais, ].P; Landais, P.; Fermanian, J.; The French Society of Paediatric Nephrology. Treatment of
the childhood haemolytic uraemic syndrome with plasma. A multicentre randomized controlled trial. Pediatr. Nephrol. 1988, 2,
279-285. [CrossRef] [PubMed]

Rizzoni, G.; Claris-Appiani, A.; Edefonti, A.; Facchin, P; Franchini, F.; Gusmano, R.; Imbasciati, E.; Pavanello, L.; Perfumo, E;
Remuzzi, G. Plasma infusion for hemolytic-uremic syndrome in children: Results of a multicenter controlled trial. J. Pediatr. 1988,
112, 284-290. [CrossRef]

Dundas, S.; Murphy, J.; Soutar, R.L.; Jones, G.A.; Hutchinson, S.J.; Todd, W.T. Effectiveness of therapeutic plasma exchange in the
1996 Lanarkshire Escherichia coli O157:H7 outbreak. Lancet 1999, 354, 1327-1330. [CrossRef]

Colic, E.; Dieperink, H.; Titlestad, K.; Tepel, M. Management of an acute outbreak of diarrhoea-associated haemolytic uraemic
syndrome with early plasma exchange in adults from southern Denmark: An observational study. Lancet 2011, 378, 1089-1093.
[CrossRef]


http://doi.org/10.1093/jpids/piv003
http://doi.org/10.1128/JCM.03617-13
http://www.who.int/foodsafety/areas_work/food-hygiene/5keys/en/
http://www.who.int/foodsafety/areas_work/food-hygiene/5keys/en/
http://doi.org/10.1111/j.1863-2378.2012.01523.x
http://doi.org/10.1016/j.prevetmed.2015.06.019
http://www.ncbi.nlm.nih.gov/pubmed/26153554
http://doi.org/10.1186/1471-2458-13-799
https://www.gov.uk/government/collections/vero-cytotoxin-producing-escherichia-coli-vtec-guidance-data-and-analysis
https://www.gov.uk/government/collections/vero-cytotoxin-producing-escherichia-coli-vtec-guidance-data-and-analysis
http://doi.org/10.3201/eid0605.000503
http://doi.org/10.1128/AAC.02159-19
http://www.ncbi.nlm.nih.gov/pubmed/32015030
http://doi.org/10.1086/315239
http://doi.org/10.1086/596509
http://www.ncbi.nlm.nih.gov/pubmed/19125676
https://www.gov.uk/government/publications/vero-cytotoxin-producing-escherichia-coli-symptoms-how-to-avoid-how-to-treat/vero-cytotoxin-producing-escherichia-coli-symptoms-how-to-avoid-how-to-treat
https://www.gov.uk/government/publications/vero-cytotoxin-producing-escherichia-coli-symptoms-how-to-avoid-how-to-treat/vero-cytotoxin-producing-escherichia-coli-symptoms-how-to-avoid-how-to-treat
https://www.gov.uk/government/publications/vero-cytotoxin-producing-escherichia-coli-symptoms-how-to-avoid-how-to-treat/vero-cytotoxin-producing-escherichia-coli-symptoms-how-to-avoid-how-to-treat
http://doi.org/10.1093/cid/cix669
http://doi.org/10.1016/j.ijantimicag.2015.08.006
http://www.ncbi.nlm.nih.gov/pubmed/26391378
http://doi.org/10.1001/jama.2012.264
http://www.ncbi.nlm.nih.gov/pubmed/22416100
http://doi.org/10.1093/cid/cir087
http://www.ncbi.nlm.nih.gov/pubmed/21467017
http://doi.org/10.1007/BF00858677
http://www.ncbi.nlm.nih.gov/pubmed/3153025
http://doi.org/10.1016/S0022-3476(88)80071-4
http://doi.org/10.1016/S0140-6736(99)01251-9
http://doi.org/10.1016/S0140-6736(11)61145-8

Toxins 2021, 13, 306 24 of 26

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Greinacher, A.; Friesecke, S.; Abel, P.; Dressel, A.; Stracke, S.; Fiene, M.; Ernst, E; Selleng, K.; Weissenborn, K.; Schmidt, BM.W.;
et al. Treatment of severe neurological deficits with IgG depletion through immunoadsorption in patients with Escherichia coli
0104:H4-associated haemolytic uraemic syndrome: A prospective trial. Lancet 2011, 378, 1166-1173. [CrossRef]

Kielstein, ]J.T.; Beutel, G.; Fleig, S.; Steinhoff, J.; Meyer, T.N.; Hafer, C.; Kuhlmann, U.; Bramstedyt, J.; Panzer, U.; Vischedyk,
M.; et al. Best supportive care and therapeutic plasma exchange with or without eculizumab in Shiga-toxin-producing E. coli
0104:H4 induced haemolytic-uraemic syndrome: An analysis of the German STEC-HUS registry. Nephrol. Dial. Transpl. 2012, 27,
3807-3815. [CrossRef]

Schwartz, J.; Padmanabhan, A.; Aqui, N.; Balogun, R.A.; Connelly-Smith, L.; Delaney, M.; Dunbar, N.M.; Witt, V.; Wu, Y.; Shaz,
B.H. Guidelines on the use of therapeutic apheresis in clinical practice-evidence-based approach from the Writing Committee of
the American Society for Apheresis: The seventh special issue. J. Clin. Apher. 2016, 31, 149-162. [CrossRef]

Igarashi, T.; Ito, S.; Sako, M.; Saitoh, A.; Hataya, H.; Mizuguchi, M.; Morishima, T.; Ohnishi, K.; Kawamura, N.; Kitayama, H.;
et al. Guidelines for the management and investigation of hemolytic uremic syndrome. Clin. Exp. Nephrol. 2014, 18, 525-557.
[CrossRef] [PubMed]

Lapeyraque, A.-L.; Malina, M.; Fremeaux-Bacchi, V.; Boppel, T.; Kirschfink, M.; Oualha, M.; Proulx, E; Clermont, M.; Le Deist, F;
Niaudet, P; et al. Eculizumab in severe Shiga-toxin-associated HUS. N. Engl. |. Med. 2011, 364, 2561-2563. [CrossRef] [PubMed]
Pape, L.; Hartmann, H.; Bange, F.C.; Suerbaum, S.; Bueltmann, E.; Ahlenstiel-Grunow, T. Eculizumab in typical Hemolytic Uremic
Syndrome (HUS) with neurological involvement. Medicine 2015, 94, €1000. [CrossRef]

Mabhat, U.; Matar, R.B.; Rotz, S.J. Use of complement monoclonal antibody eculizumab in Shiga toxin producing Escherichia coli
associated hemolytic uremic syndrome: A review of current evidence. Pediatr. Blood Cancer 2019, 66, €27913. [CrossRef]

Perez, N.; Spizzirri, F.; Rahman, R.; Suarez, A.; Larrubia, C.; Lasarte, P. Steroids in the hemolytic uremic syndrome. Pediatr.
Nephrol. 1998, 12, 101-104. [CrossRef]

Van Damme-Lombaerts, R.; Proesmans, W.; Van Damme, B.; Eeckels, R.; Binda ki Muaka, P.; Mercieca, V.; Vlietinck, R.; Vermylen,
J. Heparin plus dipyridamole in childhood hemolytic-uremic syndrome: A prospective, randomized study. J. Pediatr. 1988, 113,
913-918. [CrossRef]

Loirat, C.; Beaufils, F.; Sonsino, E.; Schlegel, N.; Guesnu, M.; Pillion, G.; André, J.L.; Broyer, M.; Guyot, C.; Habib, R. Treatment of
childhood hemolytic-uremic syndrome with urokinase. Cooperative controlled trial. Arch. Fr. Pediatr. 1984, 41, 15-19.
Bergstein, ].M.; Edson, ].R.; Michael, A.F. Fibrinolytic treatment of the haemolytic-uraemic syndrome. Lancet 1972, 1, 448-449.
[CrossRef]

Trachtman, H.; Cnaan, A.; Christen, E.; Gibbs, K.; Zhao, S.; Acheson, D.W.K.; Weiss, R.; Kaskel, EJ.; Spitzer, A.; Hirschman, G.H.;
et al. Effect of an oral Shiga toxin-binding agent on diarrhea-associated hemolytic uremic syndrome in children: A randomized
controlled trial. JAMA 2003, 290, 1337-1344. [CrossRef] [PubMed]

Lopez, E.L.; Contrini, M.M.; Glatstein, E.; Gonzdlez Ayala, S.; Santoro, R.; Allende, D.; Ezcurra, G.; Teplitz, E.; Koyama, T.;
Matsumoto, Y.; et al. Safety and pharmacokinetics of urtoxazumab, a humanized monoclonal antibody, against Shiga-like toxin 2
in healthy adults and in pediatric patients infected with Shiga-like toxin-producing Escherichia coli. Antimicrob. Agents Chemother.
2010, 54, 239-243. [CrossRef] [PubMed]

Paton, A.W.; Morona, R.; Paton, J.C. A new biological agent for treatment of Shiga toxigenic Escherichia coli infections and
dysentery in humans. Nat. Med. 2000, 6, 265-270. [CrossRef] [PubMed]

Nishikawa, K.; Matsuoka, K.; Kita, E.; Okabe, N.; Mizuguchi, M.; Hino, K.; Miyazawa, S.; Yamasaki, C.; Aoki, J.; Takashima,
S.; etal. A therapeutic agent with oriented carbohydrates for treatment of infections by Shiga toxin-producing Escherichia coli
O157:H7. Proc. Natl. Acad. Sci. USA 2002, 99, 7669-7674. [CrossRef] [PubMed]

Kitov, PI; Sadowska, ].M.; Mulvey, G.; Armstrong, G.D.; Ling, H.; Pannu, N.S.; Read, R.J.; Bundle, D.R. Shiga-like toxins are
neutralized by tailored multivalent carbohydrate ligands. Nature 2000, 403, 669-672. [CrossRef] [PubMed]

Bitzan, M.; Poole, R.; Mehran, M.; Sicard, E.; Brockus, C.; Thuning-Roberson, C.; Riviére, M. Safety and pharmacokinetics of
chimeric anti-Shiga toxin 1 and anti-Shiga toxin 2 monoclonal antibodies in healthy volunteers. Antimicrob. Agents Chemother.
2009, 53, 3081-3087. [CrossRef]

Mukhopadhyay, S.; Linstedt, A.D. Manganese blocks intracellular trafficking of Shiga toxin and protects against shiga toxicosis.
Science 2012, 335, 332-335. [CrossRef]

Rahman, R.C.; Cobetias, C.J.; Drut, R.; Amoreo, O.R.; Ruscasso, ].D.; Spizzirri, A.P,; Suarez, A.D.C.; Zalba, ]. H.; Ferrari, C.; Gatti,
M.C. Hemorrhagic colitis in postdiarrheal hemolytic uremic syndrome: Retrospective analysis of 54 children. Pediatr. Nephrol.
2012, 27, 229-233. [CrossRef]

Valles, P.G.; Pesle, S.; Piovano, L.; Davila, E.; Peralta, M.; Principi, I.; Giudice, P.L. Postdiarrheal Shiga toxin-mediated hemolytic
uremic syndrome similar to septic shock. Medicina 2005, 65, 395-401.

Mariani-Kurkdjian, P.; Lemaitre, C.; Bidet, P; Perez, D.; Boggini, L.; Kwon, T.; Bonacorsi, S. Haemolytic-uraemic syndrome with
bacteraemia caused by a new hybrid Escherichia coli pathotype. New Microbes New Infect. 2014, 2, 127-131. [CrossRef]

Cointe, A.; Birgy, A.; Mariani-Kurkdjian, P.; Liguori, S.; Courroux, C.; Blanco, J.; Delannoy, S.; Fach, P.; Loukiadis, E.; Bidet, P.;
et al. Emerging multidrug-resistant hybrid pathotype Shiga toxin-producing Escherichia coli O80 and related strains of clonal
complex 165, Europe. Emerg. Infect. Dis. 2018, 24, 2262-2269. [CrossRef]


http://doi.org/10.1016/S0140-6736(11)61253-1
http://doi.org/10.1093/ndt/gfs394
http://doi.org/10.1002/jca.21470
http://doi.org/10.1007/s10157-014-0995-9
http://www.ncbi.nlm.nih.gov/pubmed/25099085
http://doi.org/10.1056/NEJMc1100859
http://www.ncbi.nlm.nih.gov/pubmed/21612462
http://doi.org/10.1097/MD.0000000000001000
http://doi.org/10.1002/pbc.27913
http://doi.org/10.1007/s004670050413
http://doi.org/10.1016/S0022-3476(88)80031-3
http://doi.org/10.1016/S0140-6736(72)90908-7
http://doi.org/10.1001/jama.290.10.1337
http://www.ncbi.nlm.nih.gov/pubmed/12966125
http://doi.org/10.1128/AAC.00343-09
http://www.ncbi.nlm.nih.gov/pubmed/19822704
http://doi.org/10.1038/73111
http://www.ncbi.nlm.nih.gov/pubmed/10700227
http://doi.org/10.1073/pnas.112058999
http://www.ncbi.nlm.nih.gov/pubmed/12032341
http://doi.org/10.1038/35001095
http://www.ncbi.nlm.nih.gov/pubmed/10688205
http://doi.org/10.1128/AAC.01661-08
http://doi.org/10.1126/science.1215930
http://doi.org/10.1007/s00467-011-1973-z
http://doi.org/10.1002/nmi2.49
http://doi.org/10.3201/eid2412.180272

Toxins 2021, 13, 306 25 of 26

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

Rhodes, A.; Evans, L.E.; Alhazzani, W.; Levy, M.M.; Antonelli, M.; Ferrer, R.; Kumar, A.; Sevransky, ].E.; Sprung, C.L.; Nunnally,
M.E.; et al. Surviving sepsis campaign: International guidelines for management of sepsis and septic shock: 2016. Intensive Care
Med. 2017, 43, 304-377. [CrossRef]

Ake, J.A,; Jelacic, S.; Ciol, M.A.; Watkins, S.L.; Murray, K.F,; Christie, D.L.; Klein, E.J.; Tarr, PI. Relative nephroprotection during
Escherichia coli O157:H7 infections: Association with intravenous volume expansion. Pediatrics 2005, 115, e673-e680. [CrossRef]
Grisaru, S.; Xie, J.; Samuel, S.; Hartling, L.; Tarr, PI.; Schnadower, D.; Freedman, S.B.; Alberta Provincial Pediatric Enteric Infection
Team. Associations between hydration status, intravenous fluid administration, and outcomes of patients infected with Shiga
toxin-producing Escherichia coli: A systematic review and meta-analysis. JAMA Pediatr. 2017, 171, 68-76. [CrossRef]

Bonany, P; Bilkis, M.D.; Iglesias, G.; Braun, A,; Tello, ].; Ratto, V.; Vargas, A.; Koch, E.; Jannello, P.; Monteverde, E. Fluid restriction
versus volume expansion in children with diarrhea-associated HUS: A retrospective observational study. Pediatr. Nephrol. 2021,
36, 103-109. [CrossRef] [PubMed]

Hickey, C.A.; Beattie, T.].; Cowieson, J.; Miyashita, Y.; Strife, C.E,; Frem, J.C.; Peterson, ].M.; Butani, L.; Jones, D.P.; Havens, P.L.;
et al. Early volume expansion during diarrhea and relative nephroprotection during subsequent hemolytic uremic syndrome.
Arch. Pediatr. Adolesc. Med. 2011, 165, 884-889. [CrossRef] [PubMed]

Balakumar, V.; Murugan, R; Sileanu, EE.; Palevsky, P; Clermont, G.; Kellum, J.A. Both positive and negative fluid balance may
be associated with reduced long-term survival in the critically ill. Crit. Care Med. 2017, 45, €749-€757. [CrossRef] [PubMed]
Prowle, J.R.; Echeverri, ].E.; Ligabo, E.V.; Ronco, C.; Bellomo, R. Fluid balance and acute kidney injury. Nat. Rev. Nephrol. 2010, 6,
107-115. [CrossRef]

Chen, H.; Wu, B.; Gong, D.; Liu, Z. Fluid overload at start of continuous renal replacement therapy is associated with poorer
clinical condition and outcome: A prospective observational study on the combined use of bioimpedance vector analysis and
serum N-terminal pro-B-type natriuretic peptide measurement. Crit. Care 2015, 19, 135. [PubMed]

Dos Santos, T.O.C.; de Souza Oliveira, M.A.; Monte, ].C.M.; Batista, M.C.; Pereira Junior, V.G.; Dos Santos, B.F.C.; Santos,
O.E.C.; Durao Junior, M.D.S. Outcomes from a cohort of patients with acute kidney injury subjected to continuous venovenous
hemodiafiltration: The role of negative fluid balance. PLoS ONE 2017, 12, e0175897. [CrossRef]

Hammond, D.A.; Smith, M.N.; Painter, ].T.; Meena, N.K.; Lusardi, K. Comparative incidence of acute kidney injury in criti-
cally ill patients receiving vancomycin with concomitant piperacillin-tazobactam or cefepime: A retrospective cohort study.
Pharmacotherapy 2016, 36, 463-471. [CrossRef]

Semler, M.W.; Self, W.H.; Wanderer, ].P.; Ehrenfeld, ] M.; Wang, L.; Byrne, D.W,; Stollings, J.L.; Kumar, A.B.; Hughes, C.G.;
Hernandez, A.; et al. Balanced crystalloids versus saline in critically ill adults. N. Engl. ]. Med. 2018, 378, 829-839. [CrossRef]
[PubMed]

Van den Born, B.-].H.; Lip, G.Y.H.; Brguljan-Hitij, J.; Cremer, A.; Segura, J.; Morales, E.; Mahfoud, F.; Amraoui, F,; Persu, A,;
Kahan, T.; et al. ESC Council on hypertension position document on the management of hypertensive emergencies. Eur. Heart |.
Cardiovasc. Pharmacother. 2019, 5, 37—46. [CrossRef] [PubMed]

Mordji, I.; Mordi, N.; Delles, C.; Tzemos, N. Endothelial dysfunction in human essential hypertension. J. Hypertens. 2016, 34,
1464-1472. [CrossRef]

Mathew, R.O.; Nayer, A.; Asif, A. The endothelium as the common denominator in malignant hypertension and thrombotic
microangiopathy. J. Am. Soc. Hypertens. 2016, 10, 352-359. [CrossRef] [PubMed]

Dyck, M.V,; Proesmans, W. Renoprotection by ACE inhibitors after severe hemolytic uremic syndrome. Pediatr. Nephrol. 2004, 19,
688-690. [CrossRef]

Cobenas, C.J.; Bresso, P.S.; Lombardi, L.L.; Amoreo, O.R.; Ruscasso, ].D.; Spizzirri, A.P,; Suarez, A.D.C.; Zalba, ].H.; Rahman, R.C,;
Risso, P. Relationship between red blood cell transfusion requirements and severity of renal disease during the acute stage of
hemolytic uremic syndrome. Pediatr. Nephrol. 2015, 30, 2115-2119. [CrossRef]

Silvain, J.; Abtan, J.; Kerneis, M.; Martin, R.; Finzi, ].; Vignalou, ].-B.; Barthélémy, O.; O’Connor, S.A.; Luyt, C.; Brechot, N.; et al.
Impact of red blood cell transfusion on platelet aggregation and inflammatory response in anemic coronary and noncoronary
patients: The TRANSFUSION-2 study (impact of transfusion of red blood cell on platelet activation and aggregation studied with
flow cytometry use and light transmission aggregometry). J. Am. Coll. Cardiol. 2014, 63, 1289-1296.

Balestracci, A.; Martin, S.M.; Toledo, I.; Alvarado, C.; Wainsztein, R.E. Early erythropoietin in post-diarrheal hemolytic uremic
syndrome: A case—control study. Pediatr. Nephrol. 2015, 30, 339-344. [CrossRef]

Pape, L.; Ahlenstiel, T.; Kreuzer, M.; Drube, ].; Froede, K.; Franke, D.; Ehrich, ] H.H.; Haubitz, M. Early erythropoietin reduced
the need for red blood cell transfusion in childhood hemolytic uremic syndrome—A randomized prospective pilot trial. Pediatr.
Nephrol. 2009, 24, 1061-1064. [CrossRef]

Benhamou, Y.; Baudel, J.-L.; Wynckel, A.; Galicier, L.; Azoulay, E.; Provoét, E; Pene, E; Mira, J.; Presne, C.; Poullin, P; et al. Are
platelet transfusions harmful in acquired thrombotic thrombocytopenic purpura at the acute phase? Experience of the French
thrombotic microangiopathies reference center. Am. J. Hematol. 2015, 90, E127-E129. [CrossRef]

Duffy, S.M.; Coyle, T.E. Platelet transfusions and bleeding complications associated with plasma exchange catheter placement in
patients with presumed thrombotic thrombocytopenic purpura. . Clin. Apher. 2013, 28, 356-358. [CrossRef]

Goel, R.; Ness, PM.; Takemoto, C.M.; Krishnamurti, L.; King, K.E.; Tobian, A.A.R. Platelet transfusions in platelet consumptive
disorders are associated with arterial thrombosis and in-hospital mortality. Blood 2015, 125, 1470-1476. [CrossRef]


http://doi.org/10.1007/s00134-017-4683-6
http://doi.org/10.1542/peds.2004-2236
http://doi.org/10.1001/jamapediatrics.2016.2952
http://doi.org/10.1007/s00467-020-04673-6
http://www.ncbi.nlm.nih.gov/pubmed/32681274
http://doi.org/10.1001/archpediatrics.2011.152
http://www.ncbi.nlm.nih.gov/pubmed/21784993
http://doi.org/10.1097/CCM.0000000000002372
http://www.ncbi.nlm.nih.gov/pubmed/28437375
http://doi.org/10.1038/nrneph.2009.213
http://www.ncbi.nlm.nih.gov/pubmed/25879573
http://doi.org/10.1371/journal.pone.0175897
http://doi.org/10.1002/phar.1738
http://doi.org/10.1056/NEJMoa1711584
http://www.ncbi.nlm.nih.gov/pubmed/29485925
http://doi.org/10.1093/ehjcvp/pvy032
http://www.ncbi.nlm.nih.gov/pubmed/30165588
http://doi.org/10.1097/HJH.0000000000000965
http://doi.org/10.1016/j.jash.2015.12.007
http://www.ncbi.nlm.nih.gov/pubmed/26778772
http://doi.org/10.1007/s00467-004-1451-y
http://doi.org/10.1007/s00467-015-3147-x
http://doi.org/10.1007/s00467-014-2911-7
http://doi.org/10.1007/s00467-008-1087-4
http://doi.org/10.1002/ajh.23997
http://doi.org/10.1002/jca.21279
http://doi.org/10.1182/blood-2014-10-605493

Toxins 2021, 13, 306 26 of 26

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

Balestracci, A.; Martin, S.M.; Toledo, I.; Alvarado, C.; Wainsztein, R.E. Impact of platelet transfusions in children with post-
diarrheal hemolytic uremic syndrome. Pediatr. Nephrol. 2013, 28, 919-925. [CrossRef]

Beneke, J.; Sartison, A.; Kielstein, ].T.; Haller, H.; Nitschke, M.; Kunzendorf, U.; Loos, S.; Kemper, M.].; Stahl, R A K.; Menne, ].;
et al. Clinical and laboratory consequences of platelet transfusion in Shiga toxin-mediated hemolytic uremic syndrome. Transfus.
Med. Rev. 2017, 31, 51-55. [CrossRef]

Weil, B.R.; Andreoli, S.P,; Billmire, D.F. Bleeding risk for surgical dialysis procedures in children with hemolytic uremic syndrome.
Pediatr. Nephrol. 2010, 25, 1693-1698. [CrossRef] [PubMed]

Guzzo, I; de Galasso, L.; Mir, S.; Bulut, LK.; Jankauskiene, A.; Burokiene, V.; Cvetkovic, M.; Kostic, M.; Bayazit, A.K.; Yildizdas,
D.; et al. Acute dialysis in children: Results of a European survey. J. Nephrol. 2019, 32, 445-451. [CrossRef] [PubMed]

Wang, A.Y.; Bellomo, R. Renal replacement therapy in the ICU: Intermittent hemodialysis, sustained low-efficiency dialysis or
continuous renal replacement therapy? Curr. Opin. Crit. Care 2018, 24, 437-442. [CrossRef] [PubMed]

Gaudry, S.; Hajage, D.; Schortgen, F.; Martin-Lefevre, L.; Pons, B.; Boulet, E.; Boyer, A.; Chevrel, G.; Lerolle, N.; Carpentier, D.;
et al. Initiation strategies for renal-replacement therapy in the intensive care unit. N. Engl. ]. Med. 2016, 375, 122-133. [CrossRef]
Barbar, S.D.; Clere-Jehl, R.; Bourredjem, A.; Hernu, R.; Montini, F,; Bruyere, R.; Lebert, C.; Bohé, ].; Badie, J.; Eraldi, J.; et al. Timing
of renal-replacement therapy in patients with acute kidney injury and sepsis. N. Engl. J. Med. 2018, 379, 1431-1442. [CrossRef]
STARRT-AKI Investigators; Canadian Critical Care Trials Group; Australian and New Zealand Intensive Care Society Clinical
Trials Group; United Kingdom Critical Care Research Group; Canadian Nephrology Trials Network; Irish Critical Care Trials
Group; Bagshaw, 5.M.; Wald, R.; Adhikari, N.K.J.; Bellomo, R. Timing of initiation of renal-replacement therapy in acute kidney
injury. N. Engl. ]. Med. 2020, 383, 240-251.

Gaudry, S.; Hajage, D.; Benichou, N.; Chaibi, K.; Barbar, S.; Zarbock, A.; Lumlertgul, N.; Wald, R.; Bagshaw, S.M.; Srisawat,
N.; et al. Delayed versus early initiation of renal replacement therapy for severe acute kidney injury: A systematic review and
individual patient data meta-analysis of randomised clinical trials. Lancet 2020, 395, 1506-1515. [CrossRef]

Davis, T.K.; Neumayr, T.; Geile, K.; Doctor, A.; Hmeil, P. Citrate anticoagulation during continuous renal replacement therapy in
pediatric critical care. Pediatr. Crit. Care Med. 2014, 15, 471-485. [CrossRef] [PubMed]

Morabito, S.; Pistolesi, V.; Tritapepe, L.; Fiaccadori, E. Regional citrate anticoagulation for RRTs in critically ill patients with AKI.
Clin. J. Am. Soc. Nephrol. 2014, 9, 2173-2188. [CrossRef] [PubMed]


http://doi.org/10.1007/s00467-013-2414-y
http://doi.org/10.1016/j.tmrv.2016.06.004
http://doi.org/10.1007/s00467-010-1530-1
http://www.ncbi.nlm.nih.gov/pubmed/20422224
http://doi.org/10.1007/s40620-019-00606-1
http://www.ncbi.nlm.nih.gov/pubmed/30949986
http://doi.org/10.1097/MCC.0000000000000541
http://www.ncbi.nlm.nih.gov/pubmed/30247213
http://doi.org/10.1056/NEJMoa1603017
http://doi.org/10.1056/NEJMoa1803213
http://doi.org/10.1016/S0140-6736(20)30531-6
http://doi.org/10.1097/PCC.0000000000000148
http://www.ncbi.nlm.nih.gov/pubmed/24777299
http://doi.org/10.2215/CJN.01280214
http://www.ncbi.nlm.nih.gov/pubmed/24993448

	Introduction: Overview of Thrombotic Microangiopathies in Adults 
	Historical Perspective 
	Shiga Toxin Producing E. coli 
	Epidemiology 
	Source of Data 
	Overview of the Main STEC-HUS Outbreaks Involving Adults 
	Incidence 
	Global Burden Estimation 
	Mode of Transmission 
	Predictors of STEC-HUS in Adults 
	Age 
	Sex 
	Hypochlorhydria 
	Antibiotics 

	Epidemiological Impact of Microbiological Characteristics 

	Physiopathology 
	Clinical Presentation 
	Prognosis and Long-Term Outcomes 
	Long-Term Complications of STEC-HUS in Adults 
	Cause of Deaths of STEC-HUS in Adults 
	Predictors of Long-Term Sequelae and Death 

	Management 
	Diagnosis 
	Preventive Measures 
	The Quest for Specific Treatments 
	Antibiotic Therapy 
	Plasma Exchange and Immunoadsorption 
	Complement Inhibition 
	Other Specific Treatments 
	Intensive Care Management 
	Septic Shock 
	Fluid Administration and Hydroelectrolytic Balance 
	Blood Pressure Control 
	Transfusion 
	Renal Replacement Therapy 


	Conclusions 
	References

