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Abstract

Hemolytic uremic syndrome (HUS) is defined as a triad of noninmune microangiopathic hemolytic anemia, thrombocytopenia,
and acute kidney injury. The most frequent presentation is secondary to Shiga toxin (Stx)-producing Escherichia coli (STEC)
infections, which is termed postdiarrheal, epidemiologic or Stx-HUS, considering that Stx is the necessary etiological factor.
After ingestion, STEC colonize the intestine and produce Stx, which translocates across the intestinal epithelium. Once Stx enters
the bloodstream, it interacts with renal endothelial and epithelial cells, and leukocytes. This review summarizes the current
evidence about the involvement of inflammatory components as central pathogenic factors that could determine outcome of
STEC infections. Intestinal inflammation may favor epithelial leakage and subsequent passage of Stx to the systemic circulation.
Vascular damage triggered by Stx promotes not only release of thrombin and increased fibrin concentration but also production of
cytokines and chemokines by endothelial cells. Recent evidence from animal models and patients strongly indicate that several
immune cells types may participate in HUS physiopathology: neutrophils, through release of proteases and reactive oxygen
species (ROS); monocytes/macrophages through secretion of cytokines and chemokines. In addition, high levels of Bb factor and
soluble C5b-9 (sC5b-9) in plasma as well as complement factors adhered to platelet-leukocyte complexes, microparticles and
microvesicles, suggest activation of the alternative pathway of complement. Thus, acute immune response secondary to STEC
infection, the Stx stimulatory effect on different immune cells, and inflammatory stimulus secondary to endothelial damage all
together converge to define a strong inflammatory status that worsens Stx toxicity and disease.
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Introduction

Hemolytic uremic syndrome (HUS) is defined as a triad of
noninmune microangiopathic hemolytic anemia, thrombocy-
topenia, and acute kidney injury. The most frequent
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presentation is secondary to Shiga toxin (Stx)-producing
Escherichia coli (STEC) infection, which has been termed
postdiarrheal, epidemiologic, or Stx-HUS. Several years of
investigation have established that it is a distinct clinical entity,
in which Stx is the necessary etiological factor. Besides, STEC
infections can lead to different outcomes, i.e., from self-
limited gastrointestinal infection with no systemic complica-
tions to incomplete or complete HUS forms, or even a very
aggressive presentation with neurologic involvement, which
accounts for the 1-4% of mortality during the acute phase.
Thus, several researchers during recent decades have demon-
strated that host factors, particularly the inflammatory re-
sponse, contribute to the pathogenesis of the disease. The
aim of this work is to review the current evidence about the
involvement of inflammatory components as central patho-
genic factors that could determine the outcome of STEC in-
fections. The understanding regarding how a specific mediator
or cellular mechanism contributes to HUS development is the
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result of various experimental approaches, that as pieces of a
puzzle include: the increasing knowledge about the mecha-
nisms of Stx injury at cellular and subcellular levels obtained
from in vitro studies; observations in animal models of STEC
infections or Stx administration, even when none of them
reproduce all the pathogenic components of HUS; and studies
on Stx-HUS patients, which are often limited by the small size
of the patient cohorts and/or the lack of serial sampling, but
mainly because clinical studies do not allow distinction be-
tween causal or associative relationships of inflammatory ab-
normalities and disease.

Mechanism of Shiga toxin (Stx) action

Stx is formed of heterodimers consisting of one enzymatically
active A subunit and a complex of five B subunits. The A
subunit is a single-site RNA N-glycosidase for the 28S rRNA
of the mammalian ribosome. Toxin binding to cells is mediated
by B subunits, which primarily associate with the membrane
neutral glycosphingolipids- globotriaosylceramide (Galol-
4GalB1-4Glc31-1Cer (Gb3)) [1] and globotetraosylceramide
(GalNAcp1-3Galx1-4Gal31-4Glc31-1Cer (Gb4)) [2]. These
glycosphingolipids, which are considered the Stx-specific re-
ceptors, are located primarily in segments of the plasma mem-
brane named /lipid rafts that are rich in cholesterol, lipid-
modified proteins, and transmembrane proteins. Gb3 is hetero-
geneous and displays variability in the fatty acid chain length
and the degree of bond saturation and hydroxylation.
Therefore, cells have different susceptibility to the toxin not
only due to the presence or absence of Gb3 but also to the
nature of the surrounding environment of the Gb3 receptor in
the cell membrane and structural differences in the toxin recep-
tor. For example, it has been suggested that the presence of
cholesterol in the lipid rafts increases toxin binding, and expres-
sion of Gb3 isoforms with long-chain unsaturated fatty acids is
associated with increased toxin sensitivity [3]. The particular
composition of the Gb3 as well as of the cell membrane may
define the strength of lateral interaction between them and the
fate towards retrograde translocation of the toxin (sensitive
cells) or towards its transportation to the lysosomes (not-
sensitive cells) [4]. The binding step is followed by the retro-
grade transport of the A subunit to the endoplasmic reticulum
(ER) and the Golgi apparatus, and the interruption of mRNA
translation in the ribosome [5]. Thus, Stx has a direct effect on
susceptible tissues by promoting cell injury, mainly due to in-
hibition of protein synthesis. Besides, Stx can induce a broad
inflammatory response at lower concentrations than those
needed to inhibit protein synthesis [6]. In fact, the activation
of these ribotoxic and ER stress responses may produce alter-
ations in the host signal transduction, thus affecting the expres-
sion of certain primary response genes (such as cytokines), or
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may initiate apoptotic signaling pathways, in part via the
mitogen/stress-activated protein kinase pathway(s) [7].

In this sense, it has been shown that Stx treatment of a renal
epithelial cell line (VERO cells) or undifferentiated monocytic
THP-1 cells leads to the inhibition of protein synthesis.
However, VERO cells are much more sensitive than THP-1
cells, and are used as one of the most sensitive ways to detect
and quantify Shiga toxins. On the other hand, when THP-1 are
differentiated into macrophages an equivalent dose of Stx
triggers a transient increase in total protein synthesis, particu-
larly TNF-x expression [8]. In addition, human intestinal ep-
ithelial cells treated with a dose of Stx that mediates only 10%
cell death secrete the chemokine IL-8 [8]. Thus, Stx can be
present at concentrations that do not affect cell viability, but
still can trigger cytokine and chemokine induction within spe-
cific tissues during HUS.

In conclusion, Stx affects Gb3-positive cells mainly
through specific damage to ribosomal 28S RNA. This effect
is sufficient to activate stress kinase cascades that trigger
cytokine/chemokine expression, and/or to induce cytotoxicity
by inhibition of protein synthesis.

STX in vitro effects on different target cells
Endothelial and renal cells

Because of the pivotal role of endothelial and renal injury in
Stx-HUS pathogenicity, the reciprocal influence between the
cytotoxic direct effect of Stx and the inflammatory response in
these tissues has been extensively studied.

In fact, the vascular damage triggered by Stx not only pro-
motes the release of thrombin and increases fibrin concentra-
tions but also induces the production of cytokines and
chemokines by endothelial cells. High levels of plasminogen
activator inhibitor-1 (PAI-1) block fibrinolysis and accelerate
thrombosis [9]. Occluded vessels result in increased shear stress
forces that inhibit the processing of von Willebrand factor
(vWF) multimers by the metalloprotease ADAMTS13 [10],
activate platelets, and augment thrombus formation [9]. In ad-
dition, Stx not only increases protein secretion of the vasocon-
strictive peptide endothelin-1 (ET-1) [11], the endothelial adhe-
sion molecule E-selectin, intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1)
[12, 13], but also induces the secretion of chemokines, such as
IL-8, chemokine ligand (CCL) 2/monocyte chemotactic protein
1 (CCL2 or MCP-1) and human platelet factor-4 (PF4)/ che-
mokine (C-X-C motif) ligand 4(PF-4 or CXCL4), which in-
crease leukocyte migration and adhesion.

Importantly, Stx-mediated cytokine regulation increases
Gb3 expression on target cells, thus affecting their sensitivity
to the toxin [14, 15].
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In normal conditions, the endothelium exhibits a vasodilatory
profile, is thromboresistant, anti-adhesive, and anti-inflammato-
ry. In contrast, the incubation of endothelial cells with Stx in-
duces secretion of IL-8 and MCP-1, both of which contribute to
leukocyte adherence, and apoptosis [16]. These alterations lead
to a leaky glomerular endothelium that could be responsible for
proteinuria and leakage of cytokines, chemokines, and other
biological markers of disease into the urine [17].

Because the kidney is one of the main target organs, Stx
toxicity on different cellular types has been studied. It has
been demonstrated that glomerular endothelium, proximal tu-
bular epithelial and mesangial cells, and podocytes express
GDb3 on their cell surfaces; therefore they are susceptible to
toxin-mediated injury [18].

Several authors have shown that the epithelial cells of prox-
imal tubules are sensitive to picomolar concentrations of Stx,
which triggers apoptosis, inhibits water absorption and in-
duces secretion of inflammatory cytokines, such as TNF-«,
IL-1, and IL-6 in vitro. By contrast, in mesangial cells from
human glomeruli, Stx inhibits protein synthesis and prolifera-
tion without altering cell viability [19].

In addition, podocytes are specialized epithelial cells that
participate in the renal filtration barrier. They have extended
foot processes, which wrap around the glomerular capillaries
to form filtration slits, and are also separated from the glomer-
ular endothelium by the basement membrane and glycocalyx
[19]. Podocytes express Gb3 and are sensitive to picomolar
concentrations of Stx. Low concentrations of Stx enhance
expression of ET-1 in cultured podocytes, altering the hemo-
dynamics [20]. Also, however, it has been reported that Stx
decreases the secretion of vascular endothelial growth factor
(VEGF), a potent angiogenic factor, and this could affect glo-
merular filtration, contributing to proteinuria [19, 21, 22].

In this way, injured epithelial and endothelial renal cells
contribute to an inflammatory microenvironment that sensi-
tizes glomerular endothelial cells to the cytotoxic effects of
Stx, leading to acute kidney damage.

Leukocytes

Blood polymorphonuclear neutrophils (PMN) and
monocytes/macrophages are sensitive to Stx and may be key
players in HUS outcome.

Polymorphonuclear neutrophils (PMN)

The capacity of PMN to bind Stx is controversial. Even
though several reports suggest an absence of Stx-binding to
PMN, there are many results that demonstrate direct effects of
Stx on PMN from healthy donors. Among these, it was shown
that Stx delays apoptosis, induces reactive oxygen species
(ROS) production, increases expression of activation markers
such as CD11b and CD66b and triggers the formation of

extracellular traps (NETs) [23]. Other authors have demon-
strated that PMN show an oxidative response and degranula-
tion upon incubation with Stx, followed by a subsequent hy-
poresponsiveness to a second activating stimulus interleukin
(IL)-8 or phorbolmyristate acetate (PMA). Moreover, PMN
treated with Stx release cytokines and chemokines such as
IL-8, macrophage inflammatory protein1-betha (MIP-1(3), tu-
moral necrosis factor-alpha (TNF-«), and granulocyte-colony
stimulating factor (G-CSF) [24].

Monocytes/macrophages

Human monocytes/macrophages are less sensitive than epi-
thelial and endothelial cells to Stx, which could be related to
the failure of Gb3 to associate with lipid rafts and to direct Stx
to the ER [5]. Alternatively, Stx appears to be routed into a
degradative pathway in both macrophages and dendritic cells
of human origin [25]. Associated with this pathway, Stx in-
duces the expression of cytokines, such as IL-1f3, IL-6, IL-8,
and TNF-« in human monocytes [8, 26] and murine peritone-
al macrophages [27] in vitro. In contrast to primary cells, a
human myeloid leukemia cell line, THP-1 cells, expresses
abundant Gb3 on the cell membrane and is susceptible to
apoptosis by Stx through the activation of caspases 2, 6, 8,
and 9 [25]. When THP-1 cells are differentiated to
macrophage-like cells, Stx is able to activate pro- and anti-
apoptotic signaling cascades simultaneously [28].

Involvement of inflammatory response
in Stx-HUS: contributions from animal models

Animal models of HUS are based on oral infection with STEC
[29, 30] or intravenous/intraperitoneal injection with purified
Stx with or without lipopolysaccharide (LPS), given that LPS
is an outer membrane component of Gram-negative bacteria
and a strong inflammation inducer [31]. These models usually
exhibit one or more of the three hallmarks of HUS: thrombo-
cytopenia, hemolytic anemia, and renal failure. While all
mouse models show histopathological changes in kidneys,
including acute tubular necrosis and matrix expansion, vascu-
lar congestion, and interstitial inflammation [32], some of
them (i.e., Stx plus LPS) also reproduce other systemic alter-
ations typically observed in HUS patients, such as platelet
activation, fragmented erythrocytes, neutrophilia, neurologi-
cal symptoms, and intestinal damage, but none reproduce all
of them [33-36]. Because mouse models have been particu-
larly valuable to study immune and inflammatory responses
during human diseases, we will focus on reports in mouse
models that shed light on the contribution of the inflammatory
response to HUS pathogenesis [37] (Table 1).
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Table 1 Inflammatory mediators
in Stx-HUS

Inflammatory mediators Stx-HUS patients Mouse models of STEC/
Stx-mediated HUS
Leukocytes
PMN counts 4+ ¥
- ROS production Diminished Increased
- Cytotoxicity Diminished Increased
- Degranulation markers Diminished Increased
- Apoptotic rate Diminished Increased
Monocyte counts ++* nr.
Platelet activation +++ +

Chemokines for
PMN: CXCLS/IL-8/KC
SDF-1
CXCL1
MIP-2 & (CXCL2)
CXCL4
ENA-78 (CXCL5)
G-CSF
Monocytes: MCP-1 (CCL2)
MIP-1 alpha (CCL3)
RANTES (CCL5)
Cytokines
TNF-x
1L-6
PAI-1
ET-1

Increasedi*

Kidney production

angiopoietin-2

IL-10

Complement factors
C3b, C3c¢, and C3d
sC5b-9

Increased* Increasedt

nr. Kidney production
nr. Kidney production
Increased nr.

Diminishedt* nr.

Increased* nr.

Increasedt i Kidney production
nr. Kidney production
Diminished Kidney production
Increasedt Increased
Increased* Increased
Increasedt nr.

Increasedt nr.

Increasedt nr.
Diminishedt/increasedf

Increasedt Increased+t
Increasedt Increasedt

* Correlated with HUS outcome or severity

T Serum levels
1 Urine levels

n.r. Mot reported

Mouse models based on STEC infections

STEC adhere to the apical membrane of colonic epithelial
cells and produce several pathogenic factors that, besides their
specific function, trigger an acute inflammation in the intes-
tine through different pathways [38]. These factors include
LPS, the surface protein intimin, Stx, and H7 flagellin.
Thanks to the availability of knock-out (KO) mice with break-
down in different components of the immune response, it has
been possible to elucidate their role in HUS pathogenesis.

For example, engineered KO mice lacking a component of
the signaling pathway shared by LPS and flagellin showed the
highest severity of clinical signs after infection with STEC
compared to controls or engineered KO mice lacking a com-
ponent exclusive of the LPS signaling pathway [39]. In fact,
the first mice have a defective bacterial clearance and a leakier
intestinal barrier, thus allowing systemic spread of Stx and
LPS [40, 41]. These results support the importance of the
initial steps of intestinal inflammation in the resolution of
STEC infection.

In conclusion, although excessive inflammation may be
deleterious, an initial response to STEC in the gut could
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activate cytoprotective mechanisms necessary for bacterial
clearance, such as PMN recruitment or production of IL-6
and chemokine ligand 1 /keratinocyte-derived chemokine
(CXCL1/KC), the murine IL-8 mimic [42].

Another STEC pathogenic factor is the pore-forming cyto-
lysin hemolysin (Hly). At the intestinal level, it has been dem-
onstrated that Hly induces a biphasic response in residing mast
cells, thus leading to the release of cytokines and inflamma-
tory mediators, including leukotrienes (LTs) [43]. In line with
this observation, it was shown that LTs concentration in-
creases in the intestinal mucosa during STEC infection in
mice and rabbits [44, 45]. Moreover, LTs pre-treatment of
STEC-infected mice affects intestinal integrity and increases
the susceptibility to HUS [45]. In addition, a more severe
score of intestinal damage after intragastrical infection of mice
with STEC was reported during experimental vitamin A defi-
ciency [30]. Altogether, these results support the conclusion
that the disruption of the mucosa may facilitate the passage of
pathogenic factors, mainly Stx, to the bloodstream.

Thus, mouse models based on STEC infection support the
idea that those factors that contribute to preserve mucosal
integrity and trigger a controlled inflammatory response are
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not only beneficial to the host, but necessary to avoid systemic
complications secondary to STEC infections.

Mouse models based on systemic inoculation of Stx

Mouse models have also been helpful in the study of the
systemic action of purified Stx, as well as in separating the
actions of Stx and LPS in HUS. Stx is produced in the intes-
tine and translocated across the intestinal epithelium by a still
not completely understood mechanism. Once Stx enters the
bloodstream, it can interact with endothelial and epithelial
cells of the kidney, leukocytes, and central nervous system
(CNS) cells. The intravenous injection of Stx into mice has
allowed demonstration that Stx induces an early and marked
neutrophilia, which positively correlates with renal damage;
and that this phenomenon is a consequence of several events,
including acceleration in the release of bone marrow cells,
increase in the proliferation of myeloid progenitor cells, and
prevention of migration into tissues [46]. Besides, peripheral
PMN show functional and phenotypic parameters of activa-
tion [46, 47]. The relevance of PMN activation in HUS is
indirectly supported by experiments done in mice treated with
retinoic acid, the precursor of vitamin A. These mice exhibit
an increased absolute number of circulating PMN with an
increased capacity to produce ROS, and are more sensitive
to Stx. On the other hand, vitamin A-deficient mice, which
exhibit a reduced number of PMN and a decreased capacity to
produce ROS, have a better outcome after STEC infection
than control mice [30]. Taken together, these results highlight
the direct relationship between functionality of PMN and sus-
ceptibility to Stx toxicity. In line with this, it has been demon-
strated that endogenous or exogenous glucocorticoids can at-
tenuate Stx2 toxicity and HUS severity in mice, at least in part,
by restraining PMN activation [48]. Besides, mice depleted of
PMN present a reduced sensitivity to Stx-dependent renal tox-
icity and lethal effects [37]. All of these results indicate that
neutrophilia is not merely an epiphenomenon, but contributes
to the pathophysiology of Stx by exacerbating Stx-induced
renal damage and mortality [37].

Stx injection into mice induces a strong oxidative stress both
systemically and locally at the kidney level [49]. ROS are
prothrombotic, induce endothelial dysfunction and damage by
lipid peroxidation, and the superoxide anion reduces the thresh-
old for platelet activation to several stimuli [50]. PMN represent
the main source of oxidative stress during HUS and antioxidant
treatment improves platelet response, renal damage, and sur-
vival after Stx injection [49]. The above evidence supports the
hypothesis that an imbalance of antioxidants and ROS contrib-
utes to endothelial damage and renal failure [51], both of them
central pathogenic events during Stx-HUS.

In conclusion, these experimental approaches have been im-
portant in demonstrating that Stx-dependent injury is enough to
trigger a strong inflammatory response in which circulating

PMN are activated early and intensely. Considering that the
direct effects of Stx on PMN are light or mild, it is reasonable
to hypothesize that the effect of PMN activation by Stx in vivo
is the result of direct but also indirect effects, mainly secondary
to Stx-mediated endothelium damage.

Furthermore, modeling HUS by intravenous injection of
Stx has also allowed it to be demonstrated that monocytes play
a pathogenic role [52]. In fact, this population would partici-
pate through secretion of IL-1 and TNF-«, which in turn sen-
sitize the endothelium to the cytotoxic effect of Stx, but also as
local players of inflammation in the glomeruli. In this regard,
chemokine receptor-1 (CCR1) KO mice have showed an in-
creased survival rate after Stx injection compared with CCRS
KO and control mice [53]. Both receptors share their main
ligands (chemokine ligand (CCL) 3 / macrophage inflamma-
tory protein 1 o (MIP-1), and CCL5 / regulated on activation,
normal T cell expressed and secreted (RANTES)), but while
CCR1 is expressed on monocytes, macrophages, and PMN,
CCRS5 expression is absent in PMN. Analysis of tissue-
associated leukocytes has demonstrated that CCR1 KO mice
have a delayed and lesser increase of circulating leukocytes,
and a delayed peak of plasmatic TNF-« and IL-6 compared to
control mice [53]. All these results suggest that CCR1 may be
necessary for cell recruitment and amplification of local and
systemic inflammatory responses in HUS [53]. Therefore, lo-
cally secreted chemokines participate in the accumulation of
inflammatory cells at the kidney level, and amplify the inflam-
matory processes instrumental to the activation of renal mi-
crovascular endothelial cells.

In the mouse model of HUS produced by injection of Stx
and LPS, the analysis of gene activation on endothelial and
renal tubule cells has showed that, whereas Stx enhances the
activity of LPS, LPS is the primary inducer of cytokines and
chemokines, such as CCL2/monocyte chemotactic protein 1
(MCP-1), CCL3/MIP-1, CCL5/RANTES [54]. Similarly,
the PMN chemotactic factors chemokine (C-X-C motif) li-
gand (CXCL) 1/KC and CXCL2/MIP-2 are induced at the
transcriptional level in the kidneys by LPS and enhanced by
Stx [55]. All these chemokines lead monocytes to the
extraglomerular space, while PMN also migrate into the glo-
meruli and set the stage for a local broad inflammatory re-
sponse. In line with this interpretation, the simultaneous neu-
tralization of these chemokines inhibits LPS/Stx-induced
monocyte accumulation and fibrin deposition in the kidneys
[54]. LPS is also the initial primary elicitor of renal coagula-
tion and thrombosis, but Stx enhances these effects and is the
lethal agent of STEC [56]. Considering that the mouse model
by Stx/LPS inoculation better resembles HUS in humans (in-
cluding the glomerular involvement and thrombotic re-
sponse), it prompts the question as to whether traces of LPS,
which is one of the biological agents with highest inflamma-
tory activity, could gain access to the bloodstream even when
STEC infection does not cause bacteremia.
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In contrast to the clear participation of inflammation during
systemic and endothelial complications after STEC infections,
the pathogenic mechanisms driving towards CNS alterations
are controversial or poorly understood. In this regard, the in-
jection of purified Stx directly into CNS parenchyma induces
similar symptoms to those observed in STEC-inoculated mice
[34] and rabbits [22] as well as in Stx-injected rabbits [35],
such as lethargy, hind-leg weakness, or paralysis. In addition,
ultrastructural studies of the brains of Stx-treated mice and rats
exhibit neuronal damage, including demyelinated axons, cy-
toplasmic edema, and degenerative phenotypes [34, 36].
These observations suggest that pro-inflammatory responses
can alter the blood—brain barrier (BBB) whereby Stx could
gain access to CNS parenchyma where it asserts its toxicity.
In fact, BBB weakening was evidenced by the reduction of
AQP4 in rats [57] and mice [58], and has been associated with
the increase of serum TNF-« in STEC-inoculated mice [59],
rabbits [22], and Stx2-injected rabbits [35].

In contrast, other studies do not support a direct effect of
Stx on brain endothelial cells [60] and suggest that energy
depletion by lack of glucose and oxygen intake or electrolyte
disorders and/or inflammatory mediators could damage the
brain [60]. Furthermore, symmetrical microglial activation oc-
curring in many parts of the brain suggests that local ischemic
or hemorrhagic events are not responsible for the neurological
damage, but operation of a more global process. In this regard,
even though mouse astrocytes lack Gb3 expression [34, 36], a
severe swelling and cellular breakdown was observed follow-
ing Stx injection, thus suggesting that these cells are indirectly
damaged. Moreover, selective deletion of Gb3 expression in
renal tubule cells resulted in around 65% of mice death due to
neurological complications [61]. These results suggest that
neurological damage is not just a secondary response to kid-
ney damage, and that Gb3-expressing cells that do not reside
in the kidney or endothelium play a significant role in Stx-
mediated complications and death [61].

In summary, the major advantage of animal models is the
possibility of performing cause—effect associations. In addi-
tion, a particular contribution of HUS mouse models devel-
oped by STEC infection or Stx/Stx + LPS intravenous injec-
tion is that they allow analysis of the early course of disease,
which normally takes place before clinical studies, since pa-
tients are studied at the moment of HUS diagnosis. This may
also be the cause of some differences found in both cases
(animals vs. humans) (Table 1).

Evidence of inflammatory response
in Stx-HUS patients

In the following paragraphs, the involvement of different com-
ponents of the inflammatory response in patients with Stx-HUS
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is summarized (Table 1). We have highlighted those studies that
provide the strongest support for a pathogenic role.

Leukocytes
Polymorphonuclear neutrophils (PMN)

An increased PMN count on peripheral blood at diagnosis is
one of the foremost and most consistent parameters of inflam-
mation associated with a poor prognosis [62, 63], and renal
biopsies carried out during the early phase of the disease com-
monly show infiltration of PMN in Stx-HUS patients [64, 65].
In this regard, different pathogenic roles have been proposed
for PMN. Among them, PMN could participate through the
delivery of Stx to the glomerular microcirculation [66], a pro-
cess driven in part by an increased expression of Toll-like re-
ceptors on circulating PMN [67]. However, PMN may also
directly contribute to renal inflammation and endothelial injury
during HUS, based on their great cytotoxic potential through
exocytosis of granules-containing proteases and other enzymes,
as well as high release of ROS upon activation.

The activation of PMN results in mobilization of their gran-
ules and a rapid upregulation on membrane expression of the
molecules contained in them, which can be analyzed by flow
cytometry. Mouse models of HUS have been particularly use-
ful to demonstrate PMN activation during very early phases of
Stx intoxication, as was previously described [46]. In contrast,
peripheral PMN from patients at HUS diagnosis show de-
creased expression of membrane antigens, together with the
presence of PMN-derived proteases in the serum, according to
a temporal biphasic process. In this regard, data reporting
decreased intracellular content of enzymes and antigens sup-
ports the concept that PMN from Stx-HUS patients have been
previously activated and degranulated [68, 69]. In line with
these results, it has been proposed that a strong initial activat-
ing stimulus would induce a strong activation of PMN, that in
turn would drive to a more severe clinical course.
Consequently, PMN deactivation at admission shows a close
correlation with the severity of renal dysfunction achieved
during the acute period [63].

Another potentially pathogenic mechanism is the release of
NETs in a ROS/NADPH-dependent manner by PMN. NETs
are a meshwork of DNA fibers comprising histones and gran-
ule proteins, such as elastase, myeloperoxidase (MPO), pen-
traxin, and lactoferrin, each of them with strong antimicrobial
and/or immunomodulatory properties [70]. Even though
NETs participate in the control of bacteria dissemination, high
amounts of them seem to be associated with pathophysiolog-
ical conditions, thus suggesting that NETs contribute to col-
lateral damage within inflamed tissues [71]. When these struc-
tures are formed inside the microvasculature, they act as a
stimulus for thrombus formation [72]. Besides, NETs induce
adhesion, activation and aggregation of platelets that finally
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promote fibrin deposition, thus suggesting that NETs are a
link between inflammation and thrombosis [71].
Interestingly, increased plasma levels of circulating free-
DNA (cf-DNA) that co-localize with MPO are increased in
plasma from Stx-HUS children [23]. In addition, increased
levels of cf-DNA have also been reported in thrombotic mi-
croangiopathy (TMA) patients [73]. Moreover, a recent report
showed that only those patients with Stx-HUS from a cohort
of TMA have a decreased ability to degrade NETs secondary
to a decreased nuclease activity, and decreased NET degrada-
tion is associated with disease activity in the TMA cohort [74].
Thus, a conserved or increased NET release by PMN in com-
bination with attenuated degradation may adversely contribute
to the kidney damage in Stx-HUS patients. In fact, it has been
suggested that NETs could serve as scaffolding that trap plate-
lets and express the prothrombotic tissue factor that initiates
coagulation [75]. Moreover, several authors have reported that
NETs can activate complement [76, 77] and this could en-
hance the Stx-induced complement activation, thus leading
to C3b deposition onto glomeruli and platelets [78, 79], with
the subsequent induction of microvascular thrombosis and
kidney injury [80]. These adverse procoagulant, proinflamma-
tory and complement-activating effects of NETs may be par-
ticularly severe in kidneys and fit well within the known pa-
thology of Stx-HUS.

Oxidative mediators

PMN represent the main source of oxidative stress, which is
removed or balanced by endogenous antioxidant compounds
[81]. On the other hand, glutathione (GSH) is the most impor-
tant intracellular antioxidant that acts as a reducing agent and
protects cells by sequestering ROS and detoxifying the intra-
cellular medium [82]. Therefore, the increase in oxidative
stress parallels the decrease in the antioxidant capacity of the
cell due to the loss of GSH [82].

Stx-HUS patients during the acute phase have higher levels
of lipid peroxidation of red blood cells [83], higher amounts of
proteins with signs of advanced oxidation [84], and higher
concentrations of oxidized glutathione (GSSG) than healthy
controls [85]. In parallel, a significant decrease in superoxide
dismutase (SOD) activity is found in erythrocytes from HUS
patients, and the addition of their own plasma to in vitro cul-
tures further decrease SOD activity [86, 87]. In line with these
results, Powell et al. studied the effects of vitamin E in a pilot
study conducted in a small group of Stx-HUS patients. They
observed that patients treated with vitamin E fared consider-
ably better than those not treated. In view of the absence of
side effects, they suggest further experience with this treat-
ment to be conclusive [88]. Taken together, these studies show
that acute renal failure can be triggered by ROS, but also that
once established it may contribute to an oxidative imbalance.

Monocytes/macrophages

Stx-HUS patients also show a correlation between
monocytosis and HUS severity [89], together with changes
in the expression of chemokine receptors on these cells
[89-91]. In particular, a selective depletion of circulating
mononuclear leukocytes expressing the receptor for
fractalkine/CX3CL1 (CX35CR1) was observed, that correlates
with the severity of renal failure [92]. Moreover, CX3CR1-
positive leukocytes were observed in renal biopsies from
Stx-HUS patients. Altogether these results suggest that the
interaction of CX;CR1-positive cells with CX3CL1 present
on activated kidney endothelial cells may contribute to renal
injury in HUS [92]. In addition, monocytes isolated from Stx-
HUS patients show a differential pattern of cytokine [90] and
chemokine [62, 93] production in vitro. In fact, production of
TNF-o and IL-10 by monocytes increases in parallel with the
severity of disease in Stx-HUS children, in such a way that
patients with moderate-to-severe disease have the greatest
number of TNF-x-producing monocytes [90].

All these data demonstrate that monocytes also suffer acti-
vation during Stx-HUS. Because histological studies of biop-
sy specimens from Stx-HUS patients show the presence of
monocytes in glomeruli [65], their involvement in glomerular
endothelial cell damage has been proposed.

Soluble mediators

Soluble mediators might play an important role in the patho-
genesis of Stx-HUS and may be also useful to predict the
severity of HUS. Their search has been an intensive field of
research because the collection and preservation of the sam-
ples is simple and allows new parameters to be evaluated a
posteriori. However, these reports do not always allow a caus-
al or associative relationship between inflammatory abnor-
malities and the disease to be distinguished, and it is difficult
to unify results between the different studies since the cyto-
kines are temporarily secreted and have a fine cross-regulation
system. Consequently, the concentration of cytokines found is
highly dependent on the time of sampling in relation to the
onset of disease and also highly variable among the
individuals.

Chemokines

It has been reported that the influx of monocytes and PMN
into glomeruli may be an important event in the initiation,
prolongation, and progression of glomerular endothelial cell
damage in Stx-HUS patients. In this regard, some clinical
studies have found elevated levels of specific chemokines in
urine samples from Stx-HUS patients, such as MCP-1 and IL-
8 [65]. In addition, plasma levels of G-CSF and the
chemokines epithelial cell-derived neutrophil-activating
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protein-78 (ENA-78), growth-related oncogen-alpha
(GRO-x), MIP-1f3 and MCP-1, are increased in pediatric pa-
tients with STEC infections [93]. However, only those chil-
dren who progress to HUS present abnormally increased cir-
culating levels of G-CSF and SDF-1 [9], and decreased ENA-
78 concentrations.

Cytokines

Several studies have consistently reported that Stx-HUS pa-
tients have higher plasma levels of TNF-«, IL-6, IL-8, and G-
CSF compared to healthy controls [94, 95]. Moreover, circu-
lating levels of TNF-« and IL-6 correlate with the severity of
Stx-HUS and the occurrence of extrarenal complications.
Patients who progress to severe renal dysfunction have a 10-
fold increase in IL-6 compared to those who maintain diuresis
[94]. Besides, elevated concentrations of IL-6 and soluble
TNF-receptor I (sSTNFRI) are associated with the occurrence
of encephalopathy [96].

On the other hand, while some authors have found lower
levels of IL-10 in STEC-infected patients, others have found
that most patients with typical signs of HUS have elevated
levels of circulating IL-10 compared to those without HUS
[97]. This discrepancy could represent differences in the
timing of serum sample collection with respect to diarrhea-
HUS onset among different studies, but also it could be spec-
ulated that increased serum IL-10 might lead to a prolongation
of the intestinal infection, which in turn could result in a
higher possibility of HUS outcome.

It has been reported that Stx-HUS children have reduced
levels of angiopoietin-1 (anti-inflammatory) and increased
levels of angiopoietin-2 (inflammatory) during the prodromal
phase, that worsen with the progression of microangiopathy
[98]. Alongside this, serum concentrations of endothelin and
thrombomodulin, which are molecular markers of endothelial
damage, are also elevated in Stx-HUS patients preceding the
deterioration of renal function [99, 100]. Increased levels of
thrombomodulin correlate with serum levels of IL-6, IL-8, IL-
10 and endothelin. Endothelin can induce microthrombosis by
the increased synthesis of vWEF, has vasoconstrictor properties
and is also able to increase the synthesis of IL-8. These find-
ings support the concept that subclinical endothelial dysfunc-
tion precedes HUS onset.

These findings certainly indicate that toxin-mediated endo-
thelial injury results in a prothrombogenic intravascular envi-
ronment and these alterations may potentiate systemic
inflammation.

In this regard, Shimizu et al. identified five serum bio-
markers, namely insulin growth factor-binding protein-2,
angiopoietin-2, soluble IL-6 receptor, sSTNFR type II
(sTNFRII), and matrix metalloprotease protein-3, whose
levels increase with HUS outcome and correlate with severity
[95]. In addition, it has been reported that increased plasma
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concentrations of procalcitonin [101] are associated with se-
verity of renal dysfunction during HUS.

Regarding T cell-specific immune response, no imbalance
of Thl vs Th2 cytokines is observed in patients, given that
serum levels of IL-2, IL-4, IL-13 and IFN-gamma are low and
comparable between Stx-HUS and control groups. However,
TGF-3 concentration is higher in STEC-infected children
than HUS children [94].

Although further studies to determine the role of all these
soluble factors on the pathogenesis of Stx-associated TMA are
needed, it is clear that a strong inflammatory response is on-
going during HUS development.

Complement

Although the classical lectin and alternative pathways of com-
plement are activated by various stimuli during disease, all of
these converge with the generation of the membrane terminal
attack complex (MAC). MAC can exist as a membrane-bound
form on cells and tissues, or as a soluble C5b-9 complex
(sC5b-9) in the fluid phase.

While initial studies of Stx-HUS patients showed normal
levels of C3 and C4 factors, others reported low levels of C3,
at least in a subset of patients, and/or increased levels of com-
plement degradation products (C3b, C3¢, and C3d) [102]. More
recently, clinical studies in Stx-HUS have shown activation of
the alternative pathway based on high plasma levels of Bb factor
and sC5b-9, which normalize after recovery [103, 104].

In addition, Karpman’s group found complement activa-
tion on platelet—leukocyte complexes and platelet- and
monocyte-derived microparticles in the circulation of Stx-
HUS children [79], as well as complement-coated red blood
cell-derived microvesicles [105].

The activation of the complement system is probably a
consequence of the acute phase reaction to the STEC infection
[106], but also the Stx-mediated direct inhibition of comple-
ment regulator Factor H, thus leading to dysregulation of the
alternative complement pathway [78, 104, 107]. On the other
hand, endothelial cells that are exposed to Stx in vitro increase
expression of P-selectin, which binds and activates C3 via the
alternative pathway [78]. The C3a that is produced following
the cleavage of C3 exacerbates the activation of the alternative
pathway, reduces the expression of thrombomodulin and pro-
motes thrombus formation. These findings indicate that the
complement system contributes to the abnormal vascular
function during Stx-HUS.

Although the pathogenic role of complement activation is
still poorly understood, new data from the most recent out-
breaks have suggested a relationship between complement ac-
tivation and CNS compromise. In fact, HUS systemic presen-
tation varies greatly among patients, but Stx-HUS-related early
death is generally related to CNS compromise, which is as high
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as 20% in pediatric Stx-HUS [108, 109], and even affected
50% of adults during the German O104 outbreak [110].

During the large German outbreak in 2011, the C5 comple-
ment inhibitor, eculizumab, which is licensed for paroxysmal
nocturnal hemoglobinuria and atypical HUS, was used mainly
in severe Stx-HUS or patients with neurological compromise.
Although two large series showed similar outcomes in patients
treated or not with eculizumab [111], subsequent smaller and
uncontrolled series have reported a rapid improvement with
eculizumab [112-114]. Interestingly, cumulative experience
in Stx-HUS has shown that the early use of eculizumab can
improve the clinical course of neurological symptoms but not
other parameters, such as the length of dialysis or duration of
thrombocytopenia [114, 115].

Although complement function (CH50 and APH50) is
abolished following eculizumab treatment, sC5b-9 decay is
not affected, probably due to its half-life and the incomplete
inhibition of the production of complement protein by renal
cells [106]. In addition, eculizumab only blocks the terminal
sequence of the complement system but does not interfere
with C3 activation, which can also lead to cell damage via
opsonization and subsequent activation of inflammatory cells.
A reduction of C3 activation (C3d) indicates that the initial
triggers for complement activation (tissue damage, Stx-
induced factor H inhibition) are only transiently active.

The question of whether Stx-HUS children really benefit from
eculizumab treatment can only be answered by future random-
ized trials with larger numbers of well-defined groups of patients
comparing early eculizumab treatment with standard care.

There is little evidence of cellular death in the brain, and
permanent neurologic damage is typically not observed in
human patients after resolution of the acute symptoms.
Altogether these results indicate that acute proinflammatory
reaction might be closely associated with the pathogenesis of
brain injury in Stx-HUS. Following this reasoning, and be-
cause corticosteroids are potent anti-inflammatory agents,
some therapeutic protocols have included methylprednisolone
(mPSL) treatment of patients with STEC encephalopathy
[116, 117]. In fact, mPSL pulse therapy increased the proba-
bility of a good outcome in an Argentinean group of patients
[117]. Based on similar results reported by Takanashi et al.
during the 2011 outbreak in Japan, the Japanese Society of
Pediatric Nephrology have recommended that mPSL pulse
therapy could be considered in patients with severe STEC
encephalopathy. Although the efficacy of this treatment has
not been completely established, severe encephalopathy is a
predictor of poor outcome with regard to neurologic function
and/or survival [118].

Some evidence suggests that neurological complica-
tions could be more related to systemic and local in-
flammatory reactions than to thrombosis, ischemic
changes or direct toxic effect of Stx on neurons. In this
regard, the postmortem neuropathological investigation

of brains from five patients who died during the
German outbreak in 2011 showed a slightly increased
activation of microglia and a higher neuronal expression
of IL-13 and Gb3 [119]. In the same line of reasoning,
elevated serum levels of tau protein are seen in patients
with STEC encephalopathy compared with STEC O111/
HUS patients without encephalopathy, patients with
non-STEC-related acute encephalopathy and healthy
controls [120]. Tau is a microtubule stabilizing protein
primarily localized in CNS neurons, but it is also
expressed at low levels in astrocytes and oligodendro-
cytes. Because deterioration of the BBB occurs in the
early stage of HUS, tau protein released from injured
axons might leak rapidly into the vascular space, thus
resulting in a serum-dominant increase in tau protein.
The same authors reported that serum tau protein levels
are positively correlated with proinflammatory cyto-
kines, including neopterin, IL-6, STNFRI, and sTNFRII
[120].

On the other hand and based on experimental studies, it has
been proposed that neurological compromise represents a
combined effect of Stx-induced vascular injury, endothelial
dysfunction, hypertension and electrolyte disorders. Overall,
these findings support the idea that the clinical outcome is
caused not only by the direct effects of Stx, but also by sec-
ondary effects induced by the inflammatory response and the
complement system (Fig. 1).

Conclusions

Children infected with Stx-producing bacteria can develop a
clinical pathological entity named Stx-HUS. After the binding
of Stx to Gb3 receptors, the A subunit undergoes retrograde
transport and interacts with ribosomes leading to the inhibition
of protein synthesis and causing injury, apoptosis, death, and
/or activation of the susceptible cells. The central pathogenic
feature of Stx-HUS is glomerular endothelial damage and the
development of microangiopathic thrombosis caused directly
by Stx. In addition, during the last decade several studies in
animal models have showed the simultaneous activation of a
strong inflammatory response causing the release of cytokines
and chemokines, the recruitment of leukocytes in the kidney
and the activation of complement and thrombotic cascades
during Stx-HUS outcome. In parallel, several studies in Stx-
HUS patients have found immunological parameters indica-
tive of an inflammatory status. Importantly, studies in animals
have demonstrated that the inflammatory response is able to
modulate Stx-direct cytotoxic effects, and that PMN and
monocytes play a central pathogenic role through their high
pro-oxidative and cytotoxic potential. In the same line, re-
search studies in Stx-HUS patients have showed a strong cor-
relation between alterations of those immunological
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Fig. 1 Involvement of inflammatory response in the pathogenic mechanism
of Stx-HUS. As a consequence of Stx-direct endothelial damage and Stx/
STEC-triggering of immune response, inflammatory and thrombotic re-
sponses are mutually stimulated. a Stx binds to monocytes and endothelial
cells (EC) promoting their activation, maturation and secretion of cytokines
and chemokines. b Cytokines released cause up-regulation of adhesion mol-
ecules and Gb3 receptor in EC. ¢ Activation of EC leads to secretion of
thrombotic factors that induce platelet aggregation and degranulation. d Stx
internalization in activated EC induces inhibition of protein synthesis and

parameters during the acute phase and the clinical outcome of
the disease, thus reinforcing the concept that inflammation is
another pathogenic mechanism and not merely an epiphenom-
enon. The analysis of those immune mechanisms using exper-
imental models allows cause—effect relationships to be prov-
en, which constitute the rational basis for development of
future therapies. On the other hand, some areas are still poorly
understood and need further research. The regulation of Stx
production in the human gut, toxin transport from the intestine
to target cells in the kidney and the pathogenic mechanism
underlying CNS complications are some of the issues that
require a better understanding for the development of early
intervention strategies against HUS.

Key summary points

1. Upon interaction of Stx with its specific receptor (Gb3) on

target cells, mainly endothelial and epithelial renal cells,
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cellular death. e Several factors released by activated endothelium, monocytes
and platelets collaborate in PMN activation. f Activated PMN release their
granule content, produce ROS and NETs, adhere to EC and, together with
platelets and monocytes, potentiate Stx-induced EC damage. ULvWEF: ultra-
large von Willebrand factor, TF: tissue factor, TNF-oc: tumor necrosis factor-
, IL-183: interleukin-1 (3, PF-4:platelet factor 4, MIP-o¢ macrophage inflam-
matory protein-&, MCP-3:monocyte chemoattractant protein-3, IL-8: inter-
leukin-8, ICAM-1: intercellular adhesion molecule-1. Adapted from [121]

Stx can inhibit protein synthesis but also can trigger
ribotoxic stress. In this way, Stx can induce cellular death
but also synthesis of inflammatory mediators depending
on cell type and toxin concentration.

2. Animal models allow the demonstration that inflammato-
ry response, mainly activation of PMN and monocytes/
macrophages are central pathogenic factors and not mere-
ly an epiphenomenon.

3. Studies on Stx-HUS patients show evidence of a

strong inflammatory response that may accompany
any other infectious disease. However, the special
feature of this disease is the simultaneity with the
Stx-direct endothelial damage. Stx-endothelial injury
leads to platelet aggregation, thrombotic occlusion,
and microangiopathic hemolytic anemia (the patho-
gnomonic TMA lesion), which certainly potentiates
inflammation, and this inflammation could contrib-
ute to endothelial damage, in a reciprocal positive
and pathogenic feedback loop.
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Multiple-choice questions (answers are
provided following the reference list)

Choose the correct answer for each question:

1.

b)

¢)
d)

a)
b)

¢)

d)

a)

b)

©)
d)

a)

b)

What are the consequences of Stx-Gb3 interactions on
susceptible cells?

This interaction leads to cell death or production of
chemokines/cytokines depending on the target cell and
toxin concentration.

This interaction leads only to the production of
chemokines/ cytokines in target cells.

This interaction leads to death of target cells

This interaction leads to apoptosis or proliferation of renal
cells depending on the toxin concentration.

How does STEC trigger the intestinal immune response?

Although LPS, Hly, flagellin and intimin trigger an intes-
tinal inflammatory response, Stx inhibits it.

STEC triggers the intestinal immune response through
Stx-production.

STEC triggers the intestinal immune response through
several bacterial components, mainly LPS, Hly flagellin,
intimin, and Stx.

STEC trigger the intestinal immune response through
several bacterial components, however, Stx is irrelevant
because Gb3 is absent from human gut.

How could systemic inflammation participate in Stx-HUS
development?

Systemic inflammation induces an anti-thrombotic
response.

Systemic inflammation neutralizes Stx.

Systemic inflammation is irrelevant for HUS outcome.
Systemic inflammation and thrombotic response are mu-
tually exacerbated.

‘What have mouse models based on intravenous Stx and
LPS injection contributed to our understanding?

These models better reproduce clinical aspects of Stx-
HUS compared to intravenous Stx injection, thus
supporting the concept that systemic inflammation (trig-
gered by LPS) plays a central pathogenic role during
HUS.

These models better reproduces gastrointestinal features
of children infected with STEC, as LPS is a major com-
ponent of STEC.

d)

a)
b)

¢)
d)

These models do not contribute any additional or supple-
mental information compared to mouse models based on
intravenous Stx injection.

These models better reproduce neurological alterations of
children infected with STEC, because LPS is neurotropic.

According to evidence recorded from Stx-HUS patients,
which components of the immune response are activated?

Cytokine production and activation of the classical path-
way of complement.

Activation of all components of inflammation: PMN,
monocytes, complement, cytokines and chemokines.
Thl-specific cellular response and chemokine release
Activation of local immune response in the gut, without
systemic response.
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