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Abstract: The global emergence of clinical diseases caused by enterohemorrhagic Escherichia coli
(EHEC) is an issue of great concern. EHEC release Shiga toxins (Stxs) as their key virulence factors, and
investigations on the cell-damaging mechanisms toward target cells are inevitable for the development
of novel mitigation strategies. Stx-mediated hemolytic uremic syndrome (HUS), characterized by
the triad of microangiopathic hemolytic anemia, thrombocytopenia, and acute renal injury, is the
most severe outcome of an EHEC infection. Hemolytic anemia during HUS is defined as the loss of
erythrocytes by mechanical disruption when passing through narrowed microvessels. The formation
of thrombi in the microvasculature is considered an indirect effect of Stx-mediated injury mainly
of the renal microvascular endothelial cells, resulting in obstructions of vessels. In this review, we
summarize and discuss recent data providing evidence that HUS-associated hemolytic anemia may
arise not only from intravascular rupture of erythrocytes, but also from the extravascular impairment
of erythropoiesis, the development of red blood cells in the bone marrow, via direct Stx-mediated
damage of maturing erythrocytes, leading to “non-hemolytic” anemia.

Keywords: ABs toxin; red blood cells; developing erythrocytes; EHEC; erythropoiesis; Gb3Cer;
Gb4Cer; glycosphingolipids; hemolytic anemia

Key Contribution: HUS-associated anemia can be the result of decreased red blood cell production
due to Stx-mediated impairment of the erythropoiesis in the bone marrow. This might occur in
addition to a mechanical shear stress-induced red blood cell breakdown in the constricted microvessels
of anemic HUS patients.

1. Introduction

The primary objective of the review is to improve our understanding of the clinical scenario of
the hemolytic uremic syndrome (HUS) from a more mechanistic and biochemical point of view that
focuses on the hemolytic anemia of patients suffering from infections of highly human pathogenic
enterohemorrhagic Escherichia coli (EHEC). HUS-associated anemia is considered as the outcome of
obstruction of vessels, which exert mechanical stress to circulating red blood cells when squeezing
through narrowed microvessels, resulting in disruption and hence the loss of erythrocytes. However,
the precise mechanisms that underly the hematologic impairments are largely unknown. We collate in
this review previous and recent findings that suggest the erythropoietic system in the human bone
marrow as an important target of Shiga toxins (Stxs), which are the major virulence factors of EHEC.
Before going into the details of Stx-mediated injury of erythropoietic cells, we provide a few chapters in
the beginning of the review looking beyond the horizon and shedding light on explanatory background
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knowledge related to the topic of the review. This might be helpful for understanding the main chapter
dealing with the Stx-mediated damage of developing erythrocytes that are supposed to be connected
to HUS-associated hemolytic anemia.

We start our review with the description of the mammalian hematopoietic system that represents
the cell factory producing all the different types of mature blood cells being continuously generated
in the bone marrow of skeletal bones. The general explanation of hematopoiesis leads to a detailed
portrayal of erythropoiesis, including the various developmental stages of erythrocyte maturation
controlled by erythropoietin (EPO). Next, we supply an updated overview of the current practice
and improvements of the ex vivo production of developing erythrocytes, followed by a brief outline
about some known prokaryotic pathogens and bacterial toxins that specifically harm human mature
and/or developing red blood cells. Then, the review continues with a short historical reflection on the
discovery of globo-series glycosphingolipids (GSLs) of human erythrocytes with an emphasis on the
cardinal Stx receptors. This paragraph is supplemented by explanations of their chemical structure
and highlights the differences between erythrocytes on the one hand and closely related myeloid and
lymphoid cells on the other hand with regard to their distinct GSL profiles. The ensuing chapter deals
at first with an evolutionary aspect of how Stx has developed as a primordial bacterial weapon against
eukaryotic predators. Then, we describe the life-threatening diseases caused by EHEC and how Stx,
the main virulence factor of EHEC, damages well known human target cells such as renal and cerebral
microvascular endothelial cells. The subsequent chapter lays emphasis on the flexible shape and
deformability of human erythrocytes, which can unscathedly pass through narrowed microvessels, and
it provides a critical view on the common opinion of the mechanical rupture of red blood cells due to
passage through constricted microvessels. Entering the main chapter of the review, we issue a synopsis
of recent findings with respect to the direct Stx-mediated injury of developing erythrocytes. This
includes clarification of the results by illustrations showing the morphological alterations occurring
during the differentiation of hematopoietic stem/progenitor cells propagated in ex vivo cell cultures.
Immunochemical detection depicts the concomitant changes in GSL expression as well as varied
binding profiles of Stx2a, one of the clinically important Stx subtypes, toward globo-series GSLs further
scrutinized by precise mass spectrometric analysis of their exact structures. The review ends with
the conclusions that anemia can be at least in part the result of decreased red blood cell production
due to Stx-mediated impairment of the erythropoiesis, which may lead to “non-hemolytic” anemia in
HUS patients.

2. Hematopoiesis

Mammalian hematopoiesis is a hierarchically organized process in which all types of mature
blood cells are continuously generated from more primitive cells that lack any morphological evidence
of differentiation [1], as shown in Figure 1. Enormous numbers of adult blood cells are constantly
regenerated throughout life from hematopoietic stem cells (HSCs) through a series of progenitor cells
aimed at keeping homeostasis of the cellular blood composition [2]. The hematopoiesis takes place in
the bone marrow (medulla of the bone) as the primary site where multipotent HSCs reside in specialized
microenvironments known as “niches” [3-7]. Hematopoiesis proceeds in long bones (femur and tibia)
and other skeletal bone marrow-containing bones such as the ribs, the breastbone (sternum), the pelvic
bone, and/or the vertebrae throughout life [8-11]. The simultaneous perpetuation of self-renewal and the
generation of differentiated progeny is a characteristic feature of HSCs known as “asymmetric stem-cell
division” [12]. Thus, HSC proliferation results in either self-renewal or differentiation into erythroid,
myeloid (granulocyte-monocyte), and lymphoid precursor cells, thereby maintaining the balance
between propagation and maturation as the linchpin of hematopoietic homeostasis [13]. Importantly,
the proximate daughter cells cannot renew themselves and propagate along their committed pathway.
Hematopoietic growth factors induce the mobilization and proliferation of HSCs and hematopoietic
progenitor cells (HPCs), resulting in spatial and quantitative in vivo expansion of the hematopoietic
tissue [14]. Certain hematopoietic growth factors that mobilize and regulate the proliferation and



Toxins 2020, 12, 373 3 of 53

maturation of HSCs play key roles in hematopoiesis with potential for clinical use [15,16]. There are a
number of colony-stimulating factors that are responsible for the specific mobilization of committed
cells of the myeloid lineage, the stem cell factor (SCF), and various interleukins (IL) videlicet IL-2,
IL-3, IL-5, and IL-7 [17,18]. Importantly, epigenetic modifications directly shape HSC developmental
pathways, including the cellular maintenance of self-renewal and multilineage potential, lineage
commitment, and aging [19,20]. Unraveling the molecular mechanisms that govern hematopoietic
development in physiological and pathological conditions requires knowledge of the hematopoietic
regulatory networks and their implication in gene expression to develop novel therapeutic concepts in
regenerative medicine [21,22]. However, even key mechanisms such as DNA methylation, histone
modifications, or non-coding RNAs inference underlying these modifications in the human genome are
far from being fully understood [20]. The current knowledge of human hematopoietic development
with respect to in vitro differentiation and available techniques as well as protocols that facilitate the
generation of HSCs and their progeny has been recently reviewed [23]. In short, human pluripotent
stem cells provide a vital opportunity to establish in vitro models of cell differentiation that will
improve our understanding of the hematopoietic system. Novel approaches have been designed
for generating progenitor populations intended for cell-based treatments and studying how specific
hematopoietic cell subtypes undergo differentiation resulting in mature blood cells [23]. Concerning
therapeutic interventions, EPO is applied for the treatment of anemia, and colony-stimulating factors
are in use for the therapy of neutropenia, while other hematopoietic growth factors still need to
demonstrate in vivo clinical relevance before reaching the market [24].

9

¥
CD34* HSPC @ HSC

_®

Lymphocytes

>—1

S

Q)

v SoR LS
© g
Erythrocyte Granulocytes Monocyte %/
Platelets

Figure 1. Scheme depicting the development of the diverse blood cells of the hematopoietic system
that takes place in the bone marrow. Hematopoiesis starts from pluripotent hematopoietic stem cells
(HSC). The erythroid and myeloid lineages originate from CD34* hematopoietic stem/progenitor cells
(HSPC). Differentiation (from left to right) of erythrocytes, megakaryocytes (platelet-forming cells),
granulocytes (neutrophilic, eosinophilic, and basophilic, from left to right), monocytes (which further
differentiate in tissues to adherent macrophages and/or dendritic cells), and small lymphocytes (T
and B lymphocytes) as well as natural killer cells (large granular lymphocytes) representing the main
groups of blood cells. IE, immature erythroblast (proerythroblast); BE, basophilic erythroblast; PE,
polychromatophilic erythroblast; OE, orthochromatophilic erythroblast; R, reticulocyte. The figure was
adapted from SERVIER MEDICAL ART (https://smart.servier.com) and modified in parts.
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3. Erythropoiesis

The following chapters describe the various developmental stages of erythrocyte maturation
being under the control of EPO, which regulates the proliferation and differentiation of erythrocyte
progenitor cells, and the erythrocyte suicidal cell death termed “eryptosis”, which leads to deformed
erythrocytes and may result in anemia.

3.1. Developmental Stages

Erythropoiesis of adult humans starts from hematopoietic stem/progenitor cells (HSPCs) residing
mainly in the skeletal bone marrow where they develop to mature erythrocytes, traversing a series
of consecutive erythroid progenitor cells. Erythropoiesis can be subdivided into three stages:
early erythropoiesis, terminal erythroid differentiation, and reticulocyte maturation [25]. At early
erythropoiesis, pluripotent HSCs proliferate and differentiate into committed erythroid progenitors
videlicet erythroid burst-forming unit (BFU-E) and then erythroid colony-forming unit (CFU-E) cells.
This is followed by initiation of the terminal erythroid differentiation of immature erythroblasts
(proerythroblasts), which subsequently undergo sequential cell divisions to enter the stages of
basophilic, polychromatophilic, and orthochromatophilic erythroblasts, which enucleate to become
reticulocytes [25,26] (Figure 1). Erythroblasts progressively decrease in size, condense their nuclei,
accumulate hemoglobin, and finally undergo enucleation to form reticulocytes until they become fully
mature red blood cells (RBCs) [27]. More precisely, the immature erythroblast is the first cell that is
morphologically recognizable in the erythroid lineage. Human immature erythroblasts (20-25 pum)
possess large nuclei, which occupy 75%-80% of the cell volume (Figure 1). The smaller basophilic
erythroblast (16-18 um) is characterized by a nucleus being somewhat reduced in size, exhibiting
coarser appearance and a more basophilic cytoplasm owing to the presence of ribosomes synthesizing
hemoglobin. With the beginning of hemoglobin biosynthesis, the cytoplasm is dyeable with both basic
and eosin stains being the reason for terming these progenitor cells polychromatophilic erythroblasts
(“loving several colors”). They are smaller (12-15 um), and the nucleus is more condensed compared
to basophilic erythroblasts. Proceeding maturation results in orthochromatophilic erythroblasts, the
last and smallest erythroid progenitors (10-15 um) that possess chromatin-condensed nuclei [28,29]
being incapable of cellular division. Nuclear expulsion in orthochromatophilic erythroblasts gives
rise to reticulocytes (8-10 um) that remain at first in the bone marrow, where they undergo further
maturation for up to 48 h before becoming circulating fully developed erythrocytes [27,28]. Reticulocytes
exhibit eponymous reticular (net-like) aggregates and retain organelles such as the mitochondria and
polyribosomes. They leave the bone marrow via diapedesis through the bone marrow capillaries and
enter the bloodstream, where they circulate for 24 to 48 h and constitute approximately 1% to 2% of the
total erythrocyte count [27]. Erythrocytes have a normal lifespan of approximately 120 days in the blood
stream and deliver oxygen from lungs to cells and tissues throughout the body by transportation bound
to hemoglobin. Erythrocytes are small biconcave discs (6-8 um) filled with hemoglobin containing no
cellular organelles [27,30]. Importantly, in the progress of maturation, an erythroblast is converted
from a cell with a large nucleus and a volume of about 900 fL to a flat enucleated disc with a volume of
approximately 90 fL [31].

3.2. Erythropoietin

Erythropoietin (EPO) is the main humoral regulator of erythropoiesis that stimulates the
proliferation and differentiation of erythroid precursor cells [32]. EPO is mainly produced by
specialized pericytes in the kidneys [33] that wrap around the endothelial cells in the microcirculation.
Its plasma concentration is essentially under control of the oxygen partial pressure in the circulation,
regulating the production of RBCs [34]. A decrease in the partial pressure of O, increases the activity
of the hypoxia-inducible transcription factor, which in turn triggers EPO gene transcription [32].
Disorders of kidney function can lead to inadequate EPO production, and compromised release of EPO
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from the defective kidney with subsequent impairment of erythropoiesis is the primary cause of anemia
in chronic kidney disease [35]. In this disease, pericytes transdifferentiate to myofibroblasts, and the
EPO production subsequently decreases, leading to renal anemia [33]. Consequently, the treatment of
renal anemia is still restricted to EPO-stimulating agents. EPO represents arguably the most successful
drug spawned by the revolution in recombinant DNA technology [36]. However, the various available
EPOs, notably the three generations of EPOs, can be misused by athletes. Significant advances have
occurred in detecting EPO misuse and, currently, the World Anti-Doping Agency’s athlete biological
passport with its hematological component has become an important but not infallible mechanism to
identify heating athletes [37,38].

3.3. Eryptosis

Similar to the apoptosis of nucleated cells, erythrocytes may undergo eryptosis, a suicidal
erythrocyte death characterized by cell shrinkage, cell membrane blebbing, and breakdown of the
phospholipid asymmetry [39—42]. The disturbed membrane assembly results in phosphatidylserine
exposure at the cell surface, which, in turn, mediates phagocytic recognition and the rapid clearance of
deformed erythrocytes from the circulation in the liver [43]. Eryptosis is enhanced in a variety of clinical
conditions including, among many others, HUS [44—46]. If compensation of eryptosis by enhanced
erythropoiesis is not sufficient, clinically relevant anemia develops [42,47]. Beyond this, enhanced
eryptosis shortens the lifespan of circulating erythrocytes and confers a procoagulant phenotype. This
phenomenon has been tangibly implicated in the pathogenesis of anemia, impaired microcirculation
due to the adhesion of eryptotic erythrocytes to the endothelial cells of the microvasculature, and
prothrombotic risk associated with a multitude of clinical conditions [43].

4. Ex Vivo Generation of Developing Erythrocytes

Although blood transfusion is a vital therapy in carrying out and improving many medical and
surgical applications, the ex vivo generation of RBCs for clinical transplantation appears on the horizon.
Basic research on the dynamics of cellular differentiation markers and the employment of certain
erythropoietic growth factors and cytokines paved the way for future biotechnological production in
bioreactors on industrial scale. These items are briefly outlined in the following subparagraphs.

4.1. Blood Transfusion

Blood transfusion is an indispensable part of modern medicine in supporting numerous clinical
therapies [48-50]. However, the complete procedure from blood collection to administration faces a
number of concerns and challenges to overcome that need to be addressed [51,52]. Major handicaps
are the paucity of appropriate donors, possible transfusion-transmitted infections, new emerging
pathogens or pathogen-derived toxic compounds, and the overall costs of the transfusion procedure
eliciting an increasing demand for artificial blood [53]. Thus, the ex vivo production of transfusable
RBCs from HSCs provides a solution for deficiencies in blood transfusion and has met scientific,
medical, and industrial interest [54,55]. Significant progress in exploring erythropoiesis paved the
way toward the realization of this task and improvements in refining the ex vivo cell production of
erythropoietic cells will overcome obstacles of the currently available methods in the near future [52].

4.2. Ex Vivo Generation of Cells of the Erythroid Lineage

Ex vivo expansion of HSCs for clinical use has been recognized as a very promising approach for
hematotherapy, since HSCs are known to reconstitute the hematopoietic system in disease-related bone
marrow failure and bone marrow aplasia [56]. Bone marrow aspirates, mobilized peripheral blood, and
umbilical cord blood have developed as graft sources for HSPCs for stem cell transplanation and other
cellular therapeutics [57-59]. Besides embryonic stem cells and induced pluripotent stem cells, primary
HSCs have shown the potential to produce RBCs, giving rise to possible clinical applications [55,60,61].
Advances in unraveling the molecular and cellular mechanisms as well as the metabolic pathways
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governing erythrocyte development and regeneration [26,62,63] have encouraged the optimization
of the ex vivo generation of erythroid cultures. HSCs can be mobilized from the bone marrow
into the peripheral blood using hematopoietic colony-stimulating factors, allowing the convenient
harvest of these cells for clinical transplantation [64]. The ex vivo proliferation and differentiation
of developing erythrocytes demands on external signals, such as EPO, SCF, and IL-3, allowing for
the regular production of mature and transfusable units of RBCs [65,66]. It is now possible to enrich
for erythroid progenitors and precursors to a much greater extent than has been possible before with
impact on application to regenerative medicine [67,68]. Stem cells can be accumulated, e.g., by the
use of anti-CD34* monoclonal antibodies [69]. CD34 is a transmembrane glycoprotein, which was
first identified on HSPCs [70]. Moreover, CD34 is commonly applied as a target for the selection and
enrichment of HSCs for bone marrow transplants, since CD34™ cells have been known for quite some
time as being capable of reconstituting all hematopoietic lineages [71]. A number of systems have been
developed to facilitate the isolation of these hematopoietic cell populations, including immunoaffinity
columns, immunomagnetic beads, and submicroscopic beads. They are based on the utilization of
commercially available monoclonal anti-CD34 antibodies and are suitable for the isolation of highly
purified CD34* cells from various hematopoietic sources [72-75]. Inmunomagnetic beads conjugated
with monoclonal anti-CD34 antibodies have been reported, allowing for the efficient isolation of
CD34* progenitor cells from peripheral blood with a degree of purity >90% by use of a magnetic cell
selector [76]. However, CD34 is expressed at low frequency not only in cells from peripheral and
umbilical cord blood, but also in cells derived from tissues of non-hematopoietic origin and is therefore
considered as general marker for diverse progenitor cells [70,77].

4.3. Dynamics of Erythropoietic Markers Glycophorin A, CD36, and CD45

The normal development of RBCs is accompanied by the expression of a number of functionally
distinct and stage-specific cell surface membrane proteins [78,79]. By examining their dynamic changes
during ex vivo differentiation, the surface markers of maturing erythroid cells such as glycophorin A
(GPA, CD235a) and the thrombin receptor CD36 [80] are associated with certain developmental stages,
whereas the CD45 (common leukocyte antigen), a marker of the myeloid lineage, gets lost during
proceeding erythroid differentiation. More specifically, GPA is a highly glycosylated transmembrane
protein carrying mostly O-linked glycans [81,82] and exhibits an apparent molecular weight of
approximately 39 kDa [83,84]. GPA is a renowned marker for the preceding maturation of erythroid
cells during development from immature erythroblasts until the final stages of erythroid differentiation
achieved in ex vivo cell cultures [25,85-87]. The CD36 transmembrane protein provides another useful
marker to outline maturation [87]. CD36, also known as glycoprotein 1V, is a highly glycoslyated
integral membrane protein with an apprent molecular weight of 88 kDa [88]. Early erythroblast
differentiation is accompanied by a rapid and progressive increase of CD36. Its expression is retained
at intermediate levels and slightly decreases in the nucleated erythroid population along with a
reduction in cell size [25,85,87]. On the other hand, the CD45 membrane protein is strongly expressed
among all hematopoietic cells except for mature erythrocytes, which completely lack this protein [89].
CD45 is a leukocyte transmembrane glycoprotein with a molecular mass of about 200 kDa [90],
harboring an intrinsic receptor-linked protein tyrosine phosphatase activity and playing a crucial
role in the regulation of signal transduction in immune cells [91-93]. CD45 shows moderate to faint
expression of early stage erythroblasts and disappears as cells develop from erythroid progenitors
to more mature nucleated erythroid cells [66,87]. Importantly, innovative mass spectrometry-based
proteomic analysis allows for the total molecular characterization of dynamic proteome changes that
occurr during erythropoiesis. A comprehensive quantitative expression analysis of 6130 proteins has
been performed, highlighting a breakpoint in the erythroid differentiation process at the basophilic
stage of RBC development [94]. Proteomic analysis provides the foundation for future studies of
disordered erythropoiesis that may correspond to the specific developmental stages of erythropoietic
differentiation. Moreover, the mass spectrometric technology is capable of generating a wealth of data
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beyond the proteome. Of note, the novel mass spectrometry imaging of cells and tissue throughout
erythroid differentiation ex vivo should be capable of precisely characterizing metabolic and lipidomic
changes, opening new avenues for erythropoiesis research [95-97].

4.4. Biotechnological Aspects

The ex vivo generation of human RBCs from HSCs has been established, permitting the massive
expansion of CD34" stem cells by mimicking the marrow microenvironment. This has been done
through the application of cytokines and the coculture of HSCs on stroma cells, reaching 100%
conversion into mature RBCs coupled with the substantial amplification of CD34* stem cells up to
1.95 x 10°-fold [98,99]. The described protocol comprises cell proliferation and erythroid differentiation
under serum-free conditions in the presence of growth factors and emphasizes the impact of the ex
vivo medullar microenvironment on the terminal maturation of erythroid cells, which can be adopted
to HSCs from diverse sources: bone marrow, cord blood, or peripheral blood. Thus, the production of
bio-engineered RBCs from stem cells ex vivo on the industrial level has become a possible alternative
to classical transfusion products [86,100,101]. However, the major challenge requires biotechnological
breakthroughs with respect to the efficacy and safety as well as the switch from two-dimensional
production to large-scale three-dimensional bioreactors, allowing a cost-effective process to match the
current prices of high-quality blood products. In addition, biological validation of cellular alterations
resulting from a poorly controlled production process is needed as well as monitoring the quality of
the transfusion products arising from new biotechnologies, assuming that the culture conditions may
influence the quality of the cell products generated [100]. Nevertheless, the proof of principle for the
transfusion of RBCs generated ex vivo under good manufacturing practice conditions has testified
globally their quality and functionality [102]. An alternative resource for ex vivo produced erythrocytes
as a continuous supply of RBCs are immortalized erythroid progenitor cell lines that are inducible to
differentiate in vitro and are able to produce mature enucleated and transfusable RBCs [103-106].

5. Mature and Developing Erythrocytes as Targets for Pathogens and Bacterial Toxins

A few examples of pathogens, which are known to target mature or developing RBCs, are
described in the next section, followed by mentioning some bacterial toxins with the potential to
damage cells of the human erythroid lineage.

5.1. Pathogens That Target Human Mature or Developing Red Blood Cells

RBCs can be harmed by infectious microorganisms and pathogen-released toxic compounds,
resulting in hemolysis and associated hemolytic anemia. The invasion of RBCs by Plasmodium falciparum,
the best known and most serious form of malaria, involves several erythrocyte-binding ligands of the
heavily glycosylated glycophorins A, B, C, and D [107,108]. High rates of parasitemia in which >10% of
RBCs are parasitized may cause significant hemolysis and anemia. The human-pathogenic parvovirus
B19 is also a causative agent of anemia, showing a remarkable tropism for human erythroid progenitor
cells, namely the erythroid burst-forming and colony-forming unit (BFU-E and CFU-E, respectively) cells
that result in the viral suppression of erythropoiesis [109-112]. The B19 parvovirus targets the erythroid
progenitors in the bone marrow by binding to the GSL globotetraosylceramide (Gb4Cer, globoside) [113].
Parvovirus B19 is highly tropic to human bone marrow, replicates only in erythroid progenitor cells,
and may cause chronic anemia in case of persistent infection [114,115]. Large receptor-mediated
structural changes of capsid rearrangements required for subsequent virus uptake [116] trigger cell
death either by lysis or apoptosis, so anemia may develop [107,117]. Individuals negative for Gb4Cer
are naturally resistant to infection with parvovirus B19 [118]. Interestingly, parvovirus was found
to also bind to human myeloblasts at early myeloid differentiation that do express both globo- and
neolacto-series GSLs, of which Gb4Cer represents the potential virus receptor [119].
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5.2. Bacterial Toxins That Target Human Mature or Developing Red Blood Cells

A number of bacteria-released toxins harms RBCs, causing intravascular hemolysis or the
accelerated destruction of damaged RBCs via the liver and spleen [107]. The o-toxin of
Clostridium perfringens induces the hemolysis of erythrocytes from various species due to its lipolytic
enzymatic activities, phospholipase C, and sphingomyelinase, which preferentially hydrolyze
sphingomyelin and unsaturated phosphatidylcholine to toxic compounds that damage the RBC
membrane, resulting in intravascular hemolysis [107,120]. The toxin changes the physical properties
and morphology of the erythrocyte membrane and, moreover, it impairs erythropoiesis by the inhibition
of erythroid differentiation [121] and disturbing the production of RBCs. The RBC membrane is also
target of a number of bacterial pore-forming cytolysins of the highy diverse RTX (repeats in toxin)
family [122]. Their common feature is the release via the type I secretion system and the typical
glycine- and aspartate-rich nonapeptide repeats that can bind a large number of Ca" ions [123]. The
generation of pores by RTX toxins leads to the collapse of ion gradients and the membrane potential
across the plasma membrane of target cells, which results in cell death [124]. A prototype member of
the RTX pore-forming toxins is the x-hemolysin, which is often encoded by strains of uropathogenic
E. coli (UPEC) [125]. It correlates with the strength of infection as the majority of UPEC isolates
from pyelonephritis cases express «-hemolysin [126]. The enterohemolysin of EHEC, also termed
EHEC-hemolysin (EHEC-Hly), is a further member of the RTX family regarded as a potential virulence
factor frequently associated with severe human disease such as hemorrhagic colitis and HUS [127,128].
EHEC-Hly is a membrane pore-forming toxin and demonstrates similar efficiency in the lysis of sheep
and human erythrocytes [129]. Upon entering the circulation, EHEC-Hly may cause RBC destruction
and its activity, especially in the absence of neutralizing antibodies, may directly lead to hemolysis
along with increased levels of intravascular heme [127,128]. Moreover, besides the formation of pores
in human RBCs, EHEC-Hly was shown to induce the production of IL-1p from human monocytes,
which is one of the serum risk markers for HUS [130]. Since it is known that IL-1p increases the
biosynthesis of the Stx receptor globotriaosylceramide (Gb3Cer) of human endothelial cells [131], it
is tempting to speculate about implications of EHEC-Hly for the pathogenesis of HUS by enhancing
the detrimental effect of Stx. In addition, EHEC-Hly per se is capable of injuring human endothelial
cells as shown for Stx-negative E. coli O26 strains isolated from patients with HUS [132] and to cause
endothelial and epithelial apoptosis [133]. EHEC-Hly is secreted extracellularly both in a free soluble
form and associated to outer membrane vesicles (OMVs) [134]. The OMYV association stabilizes the RTX
toxin and considerably prolongs its hemolytic activity compared to the free form [127]. Of note, recent
findings suggest that OMVs provide a general concept for the stabilization of EHEC virulence factors,
opening new insights into the mechanisms of cell interaction as well as the intracellular delivery,
trafficking, and mechanisms of vesicularly stabilized toxins [135]. However, the primary and best
characterized virulence factor of pathogenic E. coli is Stx of the ABs family of protein toxins released
by Stx-producing E. coli (STEC) [136-141]. Although Stx can bind to human erythrocytes [142,143],
direct damage of the erythrocyte cell membrane caused by Stx has, to the best of our knowledge, never
been reported. Interestingly, in this context, evidence has been provided that Stx is capable of injuring
developing erythrocytes [144,145]. Experimental data showing the cytotoxic effects of Stx toward
certain developmental stages of nucleated erythroblasts will be intensively described and discussed
below in the main chapter of this review (see Section 9).

6. A Short Historical Reflection on Glycosphingolipids of Mature and Developing Erythrocytes

The next remarks start with a concise historical review on the detection and structural identification
of globo-series GSLs of human erythrocytes, focusing on the eponymous GSLs Gb3Cer and Gb4Cer.
Then, we shortly debate the GSL composition of human myeloid and lymphoid cells and close the
chapter with an outline on the GSL expression of erythroleukemic cell lines, which are commonly used
as models of erythrocyte differentiation in vitro.
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6.1. Glycosphingolipids of Human Red Blood Cells

Two fundamental reviews published by Sen-itiroh Hakomori in 1981 and Minoru Fukuda in 1985
gave profound insights into the surface glycoconjugate structures of hematopoietic cells [146,147]. One
important message taken from these reviews was the recognition that GSLs are frequently specific
to the divergent cell lineages of the hematopoietic system and, in particular, to the developing and
mature erythrocytes of the erythroid lineage. By considering the molecular structures of GSLs, they are
basically composed of a hydrophilic oligosaccharide moiety and a twin-tailed hydrophobic ceramide
(Cer) portion, built up from eponymous sphingosine (d18:1), a dihydroxylated and mono-unsaturated
amino alcohol with a C18 alkyl chain, and a fatty acid with varying carbon chain length [148-152].
For a long time now, it has been known that human erythrocytes do express neutral GSLs of the
globo-series [153-156]. The major GSL of the globo-series is the tetrahexosylceramide Gb4Cer [157-160],
which has been termed “globoside” by Tamio Yamakawa in 1952 [161], and it is also known as
human blood group P antigen [162,163]. In human RBCs, Gb4Cer is accompanied by the less
abundant ceramidetrihexoside (CTH) denoted as Gb3Cer, which is also known as blood group PX
antigen [162,163] (for structures, see Figure 2). As a key feature among the different GSL families,
Gb3Cer and Gb4Cer exhibit galactose in al-4-configuration linked to lactosylceramide (Lc2Cer,
Galp1-4Glcf31-1Cer), which is the common precursor of the mammalian GSL families [151,152,164]. The
first committed step in the biosynthesis of globo-series GSLs is executed by the enzyme UDP-Gal:Lc2Cer
«l,4-galactosyltransferase («1,4GalT) [165]. Resulting structures are Galx1-4Gal31-4Glc31-1Cer
(Gb3Cer) carrying a terminally oc1-4-linked Gal and GalNAc[31-3Galx1-4Gal31-4Glc31-1Cer (Gb4Cer)
corresponding to GalNAc-elongated Gb3Cer harboring a subterminally «1-4-linked Gal molecule
(Figure 2). For the general structural diversity of GSLs beyond the globo-series and GSL biosynthesis
pathways in general as well as their multiple functions in cellular processes such as development
and differentiation, the reader should refer to a number of excellent reviews addressing these
topics [151,152,164,166-169]. The Gb3 and Gb4 oligosaccharides are not found as O- or N-glycans
on mammalian glycoproteins. Thus, the Gb3 and Gb4 glycans are unique among all known
oligosaccharides with respect to their exceptional existence as lipid-linked structures in GSLs of
the globo-series.
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Figure 2. Biosynthesis flow diagram of globo-series Gb3Cer and globotetraosylceramide (Gb4Cer) and
neolacto-series lactotriaosylceramide (Lc3Cer) and neolactotetraosylceramide (Lc4Cer) (A) together
with the related structures and Shiga toxin (Stx)-recognition competence (B). (A) Galactose is
transferred to glucosylceramide (GlcCer) by the action of a 31,4-galactosyltransferase (31,4GalT)
producing lactosylceramide (Lc2Cer), which represents the precursor globo-series glycosphingolipids
(GSL) and linchpin for the biosynthesis of the various GSL families. Right side: Gb3Cer is
the first globo-series GSL being produced by an «1,4-galactosyltransferase («1,4GalT) that adds
a galactose molecule in ol-4-configuration to Lc2Cer. Then, Gb4Cer is synthesized by action
of a p1,3-N-acetylgalactosaminyltransferase (31,3GalNAcT). Left side: Lc3Cer is produced by a
1,3-N-acetylglucosaminyltransferase (1,3GlcNAcT) that adds an N-acetylglucosamine molecule in
1-3-configuration to Lc2Cer. Then, the neolacto-series GSL nLc4Cer is synthesized by action of a
1,4-galactosyltransferase (31,4GalT). (B) The structures of Gb3Cer and Gb4Cer as well as Lc3Cer
and nLc4Cer are depicted in the chair conformation. The four GSLs are exemplarily portrayed with
a ceramide (Cer) moiety carrying sphingosine (d18:1) and a C16:0 fatty acid in the double-tailed Cer
(d18:1, C16:0) lipid anchor. Both Gb3Cer and Gb4Cer are recognized by Stx (Stx+), whereas Lc3Cer and
nLc4Cer are not (Stx—).

6.2. Glycosphingolipids of Human Myeloid and Lymphoid Cells and Cell Lines

Considering shortly the GSLs of non-erythrocyte cells of human blood, the GSL content of
human erythrocytes contrasts with that of granulocytes, which are characterized by the neolacto-series
GSL neolactotetraosylceramide (nLc4Cer), the presence of minor lactotriaosylceramide (Lc3Cer),
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and the omission of globo-series GSLs [170,171] (for structures, see Figure 2). However, at the
early stage of neutrophil differentiation, myeloblasts do express, in addition to neolacto-series
GSLs, the globo-series GSLs Gb3Cer and Gb4Cer [119]. Human monocytes express GSLs of both,
i.e., the globo- and the neolacto-series, whereas the heterogeneous population of human T and B
lymphocytes express mainly globo-series GSLs with a higher content of GSLs in B cells [172-176].
Interestingly, pre-B cells contain neolacto-series GSLs, which change during B cell differentiation to
globo-series GSLs [177]. Human leukemic cells or cell lines that are arrested at a specific stage of
hematopoietic/erythropoietic development are widely used, aiming at the identification of presumptive
stage-specific or lineage-specific marker GSLs. However, one should be aware that some observed
characteristic compounds might be related to malignancy rather than differentiation. The human
monocytic THP-1 cell line is such a cell line being widely used as an in vitro phagocytic cell model
owing to similar cellular properties to monocyte-derived macrophages [178]. Undifferentiated THP-1
cells express Gb3Cer and Gb4Cer [179-181], which decrease upon macrophagic maturation concomitant
with severely modified surface glycosylation [178,182]. Last but not least, GSLs of the globo-series are
absent in the Jurkat cell line (T cell descendant) and the HL-60 cell line (granulocyte lineage) [181],
whereas Raji cells (B cell descendant) were found to contain Gb3Cer as the major neutral GSL [180,181],
whereby corresponding «1,4GalT activity was found to correlate with the GSL content of analyzed
HL-60 and Raji cells [165].

6.3. Erythroid Character and Glycosphingolipid Expression of the Human Erythroleukemic K562 and HEL
Cell Lines

The biochemical analysis of the GSL expression of developing human erythrocytes became possible
after establishing immortal human erythroleukemic cell lines arrested at distinct stages of erythropoietic
differentiation as an alternative to primary cells. The erythroid nature of K562 cells, which were
initially regarded as myeloid cells [183], was verified by demonstrating the presence of GPA, which
represents the major glycoprotein of RBCs [184-186]. This highly glycosylated membrane protein
is known to be expressed exclusively on basophilic erythroblasts and on later erythropoietic stages,
but not on immature erythroblasts (proerythroblasts) [187]. The erythroid character was afterwards
confirmed by the detection of inducible hemoglobin synthesis [188]. Subsequent investigations
of the GSL composition of the K562 cell line revealed Lc3Cer and nLc4Cer as the characteristic
neutral GSLs of K562 cells [189], whereas Gb4Cer, the major neutral GSL of mature erythrocytes,
and Gb3Cer were detected only in very low amounts [190] (for structures, see Figure 2). These
striking differences between K562 cells and mature erythrocytes gave a first hint that GSLs may be
useful development-associated markers of normal erythrocyte differentiation [191]. Another human
erythroleukemic cell line exhibiting an erythroid character is HEL [192], showing very similar cell
surface properties when compared to K562 cells and being a valuable complementary cellular model for
studying erythroid-specific proteins [147,186,193-195]. However, in contrast to the K562 cell line, HEL
cells can be also differentiated to macrophage-like cells, suggesting that HEL cells are developmentally
arrested at an earlier erythropoietic stage than K562 cells [196]. Similar to K562 cells, HEL cells showed
a remarkably lower content of globo-series GSLs [190]. Thus, both erythroleukemic cell lines, K562 and
HEL, serve as classical models of erythroid differentiation in vitro and the acquisition of an erythroid
phenotype upon exposure to appropriate inducers [193,197-204].

7. EHEC-Caused Diseases and Damage of Human Target Cells

Starting this chapter, we above all touch an evolutionary aspect on the primordial Stx-based
defense mechanisms of STEC against protozoan predators in a “non-clinical environment”. Then, we
highlight the current knowledge on the pathogenicity of Stxs released by EHEC strains. The third
part considers the Stx structure and Stx-mediated cellular impairment effects, followed by a short
compilation that delineates the Stx target cells residing in the human colon, kidneys, and the brain.
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7.1. Shiga Toxin as Primordial Bacterial Weapon Against Eukaryotic Predators

From the perspective of evolution, bacterial pathogens may have acquired their pathogenic
capability by incorporating genetic elements through horizontal gene transfer, whereby the ancestors
of infectious bacteria most likely derive from natural ecosystems of the environmental microbiota [205].
For this reason, exotoxin-mediated killing of protists represents a basic principle of bacterial defense
against unicellular eukaryotic predators. The unexpected high frequency of exotoxin-coding genes
in regions lacking the presumed mammalian hosts suggest that (1) mammals are not their primary
targets and (2) exotoxins such as Stx may have evolved for the purpose of bacterial antipredator
defense [206,207]. The bacterivorous predator Tetrahymena thermophila is killed in cocultures with STEC
for which the Stx-encoding bacteria enhance survival in the face of protist predation over those bacteria
that are negative for Stx expression [208]. Bacteriophage-mediated lysis of Stx-encoding bacteria is
required for Stx cytotoxicity in Tetrahymena. Thus, Stx must be released prior to digestion, since toxin
released as a consequence of digestion is harmless to the protozoan [209]. Phage-encoded exotoxins
including Stx kill mammalian cells by the impairment of universally conserved factors or pathways
after internalization, although the existence of Gb3Cer or a Gb3Cer-analogous receptor has never been
described for Tetrahymena species and remains obscure [209].

7.2. EHEC-Caused Life-Threatening Diseases

EHEC are zoonotic pathogens that are capable of causing deadly epidemics [210]. Ruminants are
symptomless carriers of EHEC bacteria and are recognized as their primary natural reservoir [211,212].
Cattle represent the most important source of human infections, where EHEC localize in the recto-anal
junction of the animals [213-215]. EHEC O157 outbreaks are mostly linked to the consumption of
contaminated bovine-derived products, including animal contact in petting zoos with lower incidence,
as sources of STEC infections [211,213,216-219]. After ingestion, EHEC selectively colonize the mucosa
of the human large intestine with the “attaching and effacing” mechanism, genetically governed by a
large pathogenicity island defined as the Locus of Enterocyte Effacement (LEE) [211,220-225]. Besides
severe diarrhea and hemorrhagic colitis, EHEC raise life-threatening extraintestinal complications
such HUS with frequent long-term and grave sequelae. These relate to hypertension, permanent
residual kidney dysfunction, or persistent proteinuria with the risk of progressing to chronic renal
failure and end-stage renal disease after more than 5 years, and sometimes as late as 20 years, after
the acute disease [226-235]. Extrarenal complications in Stx-mediated HUS affecting other organ
systems including the central nervous, gastrointestinal, cardiac, and musculoskeletal systems have been
reported as well, and they do occur not only in the acute setting but may also be seen well after recovery
from the acute phase of HUS [236,237]. HUS is characterized by the simultaneous occurrence of
hemolytic anemia (anemia caused by the destruction of erythrocytes), thrombocytopenia (low platelet
count), and acute kidney failure (uremia) [227,238-241], while damage of the brain results in serious
neurological disorders [233,236,237,242-244]. Neurological injury can be sudden and severe and is the
most frequent cause of acute mortality in patients suffering from vigorous EHEC infections [233,245].
Of note, EHEC-derived Stxs are also capable of activating multiple cell stress signaling pathways,
which may converge to innate immune responses and inflammation, thereby increasing the severity of
organ injury in infected patients [246-249]. This is further aggravated by the fact that Stx interacts
with the complement system, resulting in enhanced complement activation [250-252]. To date, there
is no specific therapy for EHEC-associated HUS, but patients benefit from supportive care [253,254].
In particular, antibiotic treatment is controversial and a matter of debate, because at least some
antibiotics may increase the risk of HUS [255-261]. In this context, it might be of interest that lower
erythrocyte Gb3Cer levels in comparison to healthy controls were found to associate with HUS,
showing an interesting relationship between differential susceptibility to HUS and erythrocyte Gb3Cer
content [262]. Such an altered Gb3Cer profile might eventually reflect a genetic predisposition for the
differential outcome of EHEC infections.
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EHEC of various serotypes release Stxs as their major virulence factors, whereby Stxla and Stx2a
(in previous publications imprecisely denoted as Stx1 and Stx2, respectively) are the clinically most
relevant subtypes for humans [139,227,263,264]. Stxs are presently the best characterized virulence
determinants of EHEC strains being differently associated with the risk of developing severe course
of the disease [265-268]. Epidemiologically, Stx2a seems to be more important than Stxla in the
development of HUS [136]. The globally widespread EHEC of serotype O157:H7 is responsible for most
STEC infections [227,269-271]. Among the numerous non-0157 serogroups associated with outbreaks
and sporadic illness, the serogroups 026, 045, 0103, O111, O121, and O145 have been reported in the
past to account for the vast majority of reported non-O157 STEC infections worldwide [218,272-275].
However, the devastating 2011 outbreak in Germany was caused by the “unusual” EHEC serotype
0104:H4 [217,259,276,277] and has been portrayed by 855 HUS cases and 53 deaths [278,279]. A
subsequent experimental infection study of calves with the outbreak strain provided first evidence that
cattle can be colonized by unusual EHEC strains such as O104:H4 [280].

7.3. Shiga Toxin and Toxin-Mediated Cell Damage

The ensuing chapters are dealing first of all with a short description of the classical ABs structure
of Stx and the N-glycosidase-mediated depurination of certain adenosines of ribosomal RNA and
nuclear DNA caused by the catalytically active Al fragment. Subsequently, the Stx binding specificity
of the B pentamer is elucidated, followed by a short survey of the remarkable interaction of the toxin’s
A subunit with Toll-like receptor 4 (TLR4) and the intracellular retrograde routing of Stx.

7.3.1. Structure of Stx and Enzymatical Depurination of Ribosomal RNA and Nuclear DNA

All Stxs share an ABs structure, built up from a single A subunit non-covalently linked to five
identical B subunits [140,281-284] similar to the subtilase cytotoxin (SubAB), which represents the
prototype of a “new” family of potent ABs cytotoxins produced by STEC strains [285-288]. The 32 kDa
A subunit of Stx is made of a large enzymatically active 27.5 kDa A1l and a small 4.5 kDa A2 fragment,
which are linked via a disulfide bond [136]. The B pentamer consists of five identical 7.7 kDa B
subunits forming a doughnut-shaped structure that surrounds the A subunit near the C-terminus [289].
Crystallographic studies have shown that the active site of the Al fragment of Stx2a from E. coli
0157:H7 binds to a specific adenosine of the ribosomal RNA underlining the toxin’s N-glycosidase
activity [290,291]. In this context, we highly recommend the expert review recently published by
Chan and Ng [140] dealing with latest Stx-related topics and tracing an arc from the structure and
mechanisms to applications of Stxs.

Stxs belong to the type 2 (two-chain) ribosome-inactivating proteins (RIPs) [138,292-295]. The
unique N-glycosidase activity of the Al fragment targets not only a universally conserved adenosine
in the x-sarcin loop of the 28S ribosomal RNA of the eukaryotic 60S ribosomal subunit, but it also
depurinates adenosines of various polynucleotide substrates and nuclear DNA, leading to lesions
of the cell nucleus [296-300]. The enzymatic inactivation of eukaryotic ribosomes results in the
irreversible abrogation of cellular protein biosynthesis and, thus, leads to ultimate cell death [301].
Moreover, many studies suggest that Stx induces apoptosis in endothelial, epithelial, and other
cell types [141,302,303] and are capable for eliciting a ribotoxic stress response [246,304,305] again
confirming Stxs as multifunctional proteins [247].

7.3.2. Stx Binding Specificity of the Inherent B Pentamer

Stx is a member of the group of galactose-specific RIPs comparable to the heterodimeric highly toxic
AB plant protein ricin, which is produced by the seeds of the castor oil plant Ricinus communis [306,307].
The B subunit of ricin binds to glycans bearing 31-4-linked galactose residues [306] with the preference
of Galp1-4GIcNAc > Gal31-3GalNAc > Gal31-4Glc as determined with GSLs harboring the mentioned
structures with terminally -configurated galactose molecules [308]. In contrast, the B pentamer of
Stx binds to globo-series GSLs [309] exhibiting a keen preference for the Gb3Cer GSL unique for
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the Galx1-4Gal31-4Glc trisaccharide [137,139,284,310-313]. This holds true for the human—pathogenic
subtypes Stxla and Stx2a, which recognize also Gb4Cer but to a lesser extent than Gb3Cer [314-317].
Remarkably, the swine-pathogenic Stx2e is special among the various Stx subtypes showing, besides binding
toward Gb3Cer, a pronounced preference toward Gb4Cer carrying the GalNAcf31-3Gala1-4Galp1-4Glc
tetrasaccharide [316,318,319] and a promiscuous binding activity toward elongated Gb4Cer structures.
These are globopentaosylceramide (Gb5Cer) with Galf31-3GalNAcp1-3Galx1-4Galp1-4Glc31-1Cer
structure [320] and GalNAcx1-3GalNAcp1-3Galx1-4Galp1-4Glcp1-1Cer, which is defined as the
Forssman GSL [316,321]. A Gb3 analogue trisaccharide was found to bind to the 3 densely located
binding sites of each of the identical B subunits, whereby all 15 trisaccharide molecules bind to one side
of the B pentamer, indicating that this side faces the cell membrane [290,291,322-324]. Although binding
site 2 was the key site in terms of binding using free glycans, site 2 alone is not sufficient to confer high
avidity attachment to membrane-localized Gb3Cer. Furthermore, the membrane environment was
found to be essential for biologically relevant studies of the interaction based on investigations using
Gb3-decorated liposomal membranes [323].

7.3.3. Interaction of the A Subunit of Stx with the Toll-like Receptor 4

An alternative non-GSL receptor has been detected for Stx, based on early findings that Stx sticks
toward human granulocytes [325]. Granulocytes (see Figure 1) do not own globo-series Gb3Cer and
Gb4Cer, which are the well-known receptor GSLs for Stxs, but they have the neolacto-series GSLs
Lc3Cer and nLc4Cer [170,171], which do not bind to Stxs (for structures, see Figure 2). The strength of
Stx adhesion to granulocytes was 100-fold less than that of Stx toward Gb3Cer. This rather low binding
affinity allows the transfer of Stx from Stx-preloaded granulocytes to human glomerular microvascular
endothelial cells, which do express the high-affinity receptor Gb3Cer being recognized be the B
pentamer of Stx [325]. Hereafter, Stx-carrying granulocytes were detected in the systemic circulation
of children suffering from HUS [326,327]. Furthermore, Stxs were detectable for a median period of
5 days providing a valuable tool for the laboratory diagnosis of STEC infection in HUS [328]. The role
of granulocytes as carriers for Stx was scrutinized in a study that showed the passage of Stx from older
granulocytes to new, mature cells entering the circulation from the bone marrow [329] and explained
the previously reported persistence of Stx in the blood of children with HUS [328]. Investigations aimed
at identifying the non-GSL receptor of Stx on human granulocytes [330] finally yielded TLR4 as the
receptor in human neutrophilic granulocytes that recognizes Stxs [331], in contrast to human monocytes,
where Stx interacts via Gb3Cer in terms of releasing HUS-associated proinflammatory mediators [332].
Of note, the antibiotic polymyxin B is capable of impairing the interaction between Stx and human
neutrophilic granulocytes [333] and, moreover, the soluble extracellular domain of TLR4 was found to
inhibit the adhesion of Stx to neutrophilic granulocytes [334]. Stx2a complexed with soluble TLR4
escaped from capture by human serum amyloid P component (HuSAP), allowing the toxin to target and
damage human cells. HuSAP is considered a negative modulating factor that specifically binds Stx2a
and abrogates its toxic action, suggesting soluble TLR4 as a positive modulating factor for Stx2a [334].
Collectively, the interplay of Stx with TLR4 suggests a protein—protein interaction mechanism between
the Stx A subunit and TLR4 that seems to be independent from the protein—carbohydrate interaction
between the Stx B pentamer and Gb3Cer.

7.3.4. Retrograde Transport of Stx

Upon receptor-mediated binding of the pentameric B subunit to cell surface-exposed Gb3Cer, Stx
enters an intracellular retrograde trafficking route from the plasma membrane through the Golgi network
to the endoplasmic reticulum, followed by cleavage of the A subunit and translocation of the catalytically
active A1l fragment into the cytosol, where it exerts its cytotoxic action [138,140,141,283,301,335,336].
The Stx-binding GSLs are not randomly distributed in the plasma membrane, but they are organized
in liquid-ordered nanometer-sized clusters as dynamic microdomains denoted as lipid rafts. They
float freely in the membrane bilayer [337-339], thereby interacting with actin-connecting proteins and
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the underlying cytoskeleton, regulating many facets of eukaryotic cell function [340-342]. Recent
findings suggest an interdigitation between “very-long-chain” (glyco)sphingolipids of the outer
membrane leaflet and phosphatidylserine (18:0/18:1) in the inner membrane leaflet, which are termed
as “handshaking” of the two partners. It can be speculated that such interleaflet coupling between
the “very-long-chain” Gb3Cer (d18:1, C24:0/C24:1) and phosphatidylserine (18:0, 18:1) in conjunction
with cholesterol may play an important role for the intracellular signaling of Stx [343-345]. GSLs are
closely associated with cholesterol AD sphingomyelin, which rank among canonical lipid raft markers,
and membrane proteins interacting with these classes of lipids [346-349]. Attachment, uptake, and
endocytosis of Stx and related ABs toxins may occur most efficiently when the GSL receptors are
inserted in lipid rafts [350-354], which is a process that is excluded, for instance, under conditions of
cholesterol depletion [350,355]. The clustered occurrence of Stx-binding GSLs in human renal glomeruli
may define a glomerular- and age-restricted pathology of Stx-caused HUS and has been hypothesized
as the first example, where membrane Gb3Cer organization may predict a tissue selective in vivo
pathology [356-358]. Moreover, Stx-induced tubular membrane invaginations were discovered as a
new principle for Stx uptake into cells providing a rationale for the various endocytic uptake processes
and the bewildering diversity of endocytic routing of the Stx-GSL complex to the cell interior [359-362].
It is hypothesized that lipid rafts are the origin of vesicular trafficking [339] and that additional factors
such as the density of Gb3Cer in lipid rafts may have an effect on binding [363] and that the co-assembly
with other GSLs may influence the extent of Stx-mediated cellular damage [352].

7.4. Human Target Cells of Shiga Toxins

The emphasis in the following paragraphs was put on the interplay of Stx with the human
intestinal epithelium and EHEC-released Stx-carrying outer membrane vesicles in the intestine as
well as Stx-mediated extraintestinal complications after transfer into the circulation such as HUS and
cerebral dysfunction. In this context, an Stx shuttle by cellular compounds and Stx-loaded microvesicles
play a pivotal role targeting not only endothelial cells, but also epithelial cells and other cells of the
kidney, rounding off the topic of this paragraph.

7.4.1. Interaction of Stx with the Human Intestinal Epithelium

The exact mechanism of how Stx attaches to the human intestinal epithelium, crosses this cellular
barrier, and gains access to the blood stream is a matter of debate and remains in a number of
ways enigmatic [221]. Macropinocytosis and the transcytosis of Stx across intact intestinal epithelial
cells are steps that are necessary for its systemic spread, without apparent cellular damage having
been demonstrated for Stx1 using a cell culture electrical resistance in vitro model employing the
human CaCo2A and T84 colon cancer cell lines [364,365]. On the other hand, Stx1 and Stx2 were
found to cause the inhibition of protein synthesis and apoptosis in Gb3Cer-positive Caco-2 cells
but not in Gb3Cer-negative T84 cells [366]. Of note, both Stxs were internalized and directed to
the endoplasmic reticulum in both cell lines, indicating a Gb3Cer-independent transport route in
T84 cells for Stx that does not induce cell damage in the Gb3Cer-deficient cell line [366]. However,
the expression of Gb3Cer in metastatic colon cancer cells and cancer-derived cell lines such as the
Caco-2 [367,368] versus postulated absence in normal human epithelial cells of the small intestine [369]
and the large intestine [370] suggests its association in metastatic transformation among a colon tumor
cell population [371]. Unlike the general assumption, the presence of Gb3Cer has been indirectly shown
by the binding of Stx1 and Stx2 toward colonic epithelia in fresh human tissue sections along with
the detection of Gb3Cer synthase mRNA [372]. This finding was further supported by the presence
of the lower-affinity Stx receptor Gb4Cer, suggesting that Gb3Cer may exist in small quantities in
human colonic epithelia, where it may compete for Stx binding with more abundant Gb4Cer [372].
Simulation of the microaerobic environment in the human intestine and the application of a vertical
diffusion chamber using T84 colon carcinoma cells provided novel insights into alternative virulence
strategies of Stx-producing E. coli O157:H7 and O104:H4 [373]. The authors could show a significantly
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reduced bacterial growth as well as a decreased production and release of Stx at microaerobiosis,
whereas translocation across the epithelial cell layer was enhanced under microaerobic versus aerobic
conditions, suggesting that the microenvironment in the human colon may modulate Stx-related events
and enhance the absorption during STEC infection [373]. Importantly, the T84 microaerobic infection
model revealed evidence for substantially lowered Stx2a translocation across the colon epithelial cell
layer in STEC strains rarely or not linked to human disease compared to STEC strains associated with
severe human intestinal disease and outbreaks [374]. Thus, high Stx2a translocation efficacy correlates
with the strong virulence of Stx-producing E. coli, arguing that the extent of Stx transcytosis across the
intestinal epithelium may represent an important indicator of STEC pathogenicity for humans [374].
Last, but not least, Stx has been shown to elicit a ribotoxic stress response via the stimulation of classical
mitogen-activated protein kinases in the colorectal carcinoma cell line HCT-8, which is known to harbor
Stx-binding GSLs of the globo-series [368], thereby contributing to Stx-induced inflammation [375].
Collectively, although a number of studies have provided evidence of possible Stx-mediated damage of
the human colon epithelium, the data are chiefly based on in vitro cell culture models utilizing human
colon carcinoma cell lines, which do not reflect the in vivo conditions. Thus, the existence, for instance,
of Gb3Cer or Gb4Cer in cancer-derived cell lines cannot be taken as a proof for their existence in
normal colon epithelium, since the molecular pattern of GSLs may change in cancer cells with respect
to the healthy counterpart. Thus, exploring the in vivo situation of Stx-mediated injury and unraveling
the mechanism employed by the toxin to pass from the intestinal lumen to underlying tissue and to
enter the systemic circulation still remains a challenging approach for future research. Potential routes
are a Gb3Cer-mediated translocation by Paneth cells, a paracellular “piggy-back” transport through
neutrophil transmigration or transcytosis by M cells, thus pointing to a few knowledge gaps in our
understanding of the early event of STEC infection. The causal mechanisms of this yet understudied
field are far from being clarified and need to be addressed further [221].

7.4.2. EHEC and Outer Membrane Vesicles

In the human colon, Stxs may be released by EHEC in free form through phage-induced bacterial
cell lysis by decaying bacteria, since no specific secretion system has been identified so far for the
active release of Stxs [140,221,257]. Noteworthy, liberated Stx phages can infect not only E. coli but also
other types of bacteria, such as Citrobacter freundii or Enterobacter cloacae, and may “abuse” susceptible
bacteria in the population as surrogates to multiply toxin and phage production [376-379]. Thus,
Stx-encoding bacteriophages have to be considered extremely mobile genetic elements that play a
pivotal role in the (1) expression of Stx, (2) horizontal gene transfer, and more generally (3) genome
diversification acting as “genomes in motion”, thereby strengthening the severity of STEC infections as
prophesized by the Karch research consortium in 2004 [380]. As an alternative to release in free form,
Stx was found entrapped in or associated with OMVs being shed from STEC during growth in vitro
and in vivo. Thus, OMVs, composed of bacterial outer membrane wrapped around the contents of the
periplasmic space, the inner membrane and the cytosol have been identified as a novel principle for
interspecies communication of an increasing number of intestinal bacteria with host intestinal epithelial
cells and an economic delivery strategy for the release of toxins [127,381-383]. First considered as
a by-product of cell lysis, it soon became evident that these spherical nanostructures are actively
shed from Gram-negative bacteria, thereby attracting attention as a highly conserved mechanism in
the context of host—pathogen interaction and virulence regulation [133,384-387]. Evidence for this
hypothesis with special reference to interrelationship of Stx delivery with OMVs has been provided
by bacterial cell cultures of EHEC O157:H7 and O104:H4. Investigations on these outbreak strains
producing Stx2a as the major virulence factor (besides others) indicated virulence from OMVs as
an effective strategy of Stx-mediated host cell injury [135,261,388,389]. Thus, novel mechanisms of
releasing a myriad of virulence factors, including Stx attached to or entrapped in OMVs derived from
the EHEC outer membrane, represent unprecedented ways for EHEC strains to deliver pathogenic
cargoes and harm host cells.
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7.4.3. Stx-Mediated HUS and Cerebral Dysfunction

Upon transfer into the circulation, Stx evokes life-threatening systemic extraintestinal complications
such as HUS with a risk for the development of long-term chronic sequelae [226]. HUS is
the leading cause of Stx-mediated kidney injury characterized by microangiopathic hemolytic
anemia, thrombocytopenia, and acute renal failure [232,253,302,390-392]. The renal histopathology
is characterized primarily by glomerular thrombotic microangiopathy with glomeruli showing
morphological changes of the arterial and capillary endothelial cells and narrowing of the microvascular
lumen [393]. More precisely, the term “thrombotic microangiopathy” defines a lesion of microvessel
wall thickening, intraluminal platelet thrombosis, partial or complete obstruction of the vessel lumen,
and associated organ dysfunction [394-396]. Hence, severe glomerular thrombotic microangiopathy
with changes ranging from endothelial cell damage to overt thrombosis suggests that Stx-induced
injury of renal microvascular endothelial cells of the glomeruli has been recognized as the trigger event
of acute renal impairment that underlies the pathological changes in HUS [231,263,393,397]. Platelet
activation leads to thrombocytopenia and vessel occlusion during HUS and is the result of platelet
consumption in platelet—fibrin aggregates [398,399]. Plausible explanations for thrombus formation are
the contact of Gb3Cer-containing platelets with aggregating agents such as Stx known to bind to and
activate platelets [400,401] or binding to the surface of Stx-injured endothelium. Activated endothelial
cells in response to Stxs lose the normal thromboresistance phenotype and become thrombogenic,
initiating microvascular thrombus formation [231]. Stxs induce the expression of adhesive molecules
culminating in leukocyte adhesion and platelet thrombus formation and, together with complement
activation, confer the glomerular endothelium a thrombogenic phenotype [252]. In addition, cerebral
microvascular endothelial cells are targeted by Stxs, leading to injured brain with the associated
endothelial dysfunction considered responsible for neurological complications [140,233,234,236,395].
Disturbance of the endothelial blood—-brain barrier elicits serious cerebral malfunction and neurological
complications comprising an array of symptoms of the central nervous system such as altered mental
status, seizures, stroke, and coma [237,242,243,302]. Collectively, although thrombotic microangiopathy
mainly affects the microvasculature of the kidneys, vascular beds of other organs are affected as well,
and the net result is a multi-organ thrombotic process [254,397,402]. A hallmark of thrombotic
microangiopathy is the mechanical fragmentation of erythrocytes due to increased vascular stress
by the microvascular thrombi, which is a setting event that may then sustain and amplify the
microangiopathic process, resulting in hemolytic anemia and hemolysis [394,396].

7.4.4. Cellular Stx Shuttle in the Bloodstream and Microvesicles

Once entered into the circulation, Stx is disseminated through the bloodstream and delivered
to the principal target cells in the human body videlicet microvascular endothelial cells of the
kidneys and the brain. This shuttle happens most likely by cellular blood components and/or
macromolecular assemblies, suggesting several processes operating independently from each other.
In the blood, neutrophilic granulocytes are considered transport vehicles of the toxin cargo through
circulation [325,326]. The presence of Stxs on granulocytes circulating in the blood of children with
HUS and correlation with Stx amounts in the intestinal lumen of the patients was shown by the Brigotti
group [328]. The binding of Stx was corroborated in a subsequent investigation of the same group,
showing that Stx-coated granulocytes are capable of transmigrating through confluent monolayers of
endothelial cells and to transfer Stx to the target cells, resulting in significant cellular damage [403].
Blood cells, cellular aggregates, or cellular compounds carrying the high-affinity receptor Gb3Cer
may thus, according to the given explanations above in the context of Stx A, subunit interaction with
granulocyte TLR4 (see Section 7.3.3), being excluded from shuttling Stxs through the circulation and
transfer to target cells. These are monocytes [181,404,405], leukocyte-platelet aggregates [406], or
platelets [400,401]. For further details, the interested reader should refer to a nice review of Brigotti
released in 2012 covering the proposed Stx carriers in the bloodstream and their role in renal damage in
overt EHEC-caused HUS [407]. Further candidates that might act as macromolecular shuttle vehicles in
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the human bloodstream are plasma lipoproteins deduced from their content of Stx1la- and Stx2a-binding
Gb3Cer [408]. However, this assumption to serve as possible Stx transport and transfer molecules has
not yet been verified. As a novel mechanism of how bacterial virulence factors may gain access to
the circulation and thereafter cause organ damage, the transfer of Stx entrapped within host blood
cell-derived microvesicles has been reported by the Karpman group [409]. The researchers could
show that blood cell-derived microvesicles harboring Stx were endocytosed by in vitro cultivated
human renal endothelial cells, leading to the shutdown of protein biosynthesis and ultimate cell death,
supporting the idea of a novel virulence mechanism in which the toxin can beyond that evade the
immune system [409]. Microvesicles belong to the group of extracellular vesicles including exosomes
and apoptotic bodies that are small membranous beads ranging from 30 nm to 5 um in size [344]. They
are shed by cells during activation, injury, and/or apoptosis, carrying components of parental cells and
enable cells to rid themselves of unwanted substances [410,411]. With reference to EHEC infections, the
involvement of blood cell-derived microvesicles in all categorical aspects of Stx-mediated hemolysis
and Stx-associated HUS, thrombosis, and renal feature has been summarized in a readable review [412].
In a very recent study, “particulate” Stx, i.e., Stx entrapped in microvesicles (vesicular Stx), was shown
being associated with the development of HUS in children [413]. Importantly, the distinctive feature of
the patients who developed HUS (compared to those who recovered) was the presence of vesicular S5tx2
in blood the day before diagnosis of HUS, suggesting the involvement of vesicular, blood cell-derived
Stx2 in the transition from hemorrhagic colitis to HUS [413]. However, mechanical stress in the course
of thrombotic microangiopathy, caused by vessel wall thickening, intraluminal platelet thrombosis,
and partial or complete obstruction of the vessel lumen, may provoke the shedding of erythrocyte
membrane vesicles, which is known as “blebbing” [414], “vesiculation” [415], and “fragmentation”
of RBCs [416], resulting in hemolysis and hemolytic anemia as characteristic features in the onset of
HUS [394,396]. Thus, vesicles as remnants of mechanical RBC membrane disrupture due to increased
shear forces in the microangiopathic process constitute a further resource of vesicular Stx carriers. The
same holds true for membrane fragments derived from eryptotic blebbing events (see Section 3.3),
considering such erythrocyte remnants as potential Stx shuttle vehicles as well. Overall, Stx-loaded
cellular blood components, namely granulocytes, and Stx-carrying microvesicles, released from various
blood cells, may act in a multifaceted process to disseminate its toxic cargo through the circulation and
to deliver it to endothelial cells of various vascular beds, preferably in the kidneys and the brain.

7.4.5. Interaction of Stx with Non-Endothelial Cells of the Kidney

There is an increasing body of evidence that Stx may directly attack not only renal and cerebral
endothelial cells leading to pathological malfunction of the endothelium that faces Stx-loaded
granulocytes and/or Stx-carrying microvesicles. In terms of the kidney, Stx also damages other renal
cells videlicet glomerular and tubular epithelial cells as well as mesangial cells [136,140,390,417,418].
To briefly explain these different cell types of the Bowman capsule, glomerular epithelial cells surround
the glomerular capillary tuft as an envelope would, while tubular epithelial cells line the renal tubuli
being connected with the renal capsule wall, and mesangial cells constitute the central stalk of the
glomerulus [419,420]. Various Stx-mediated cell-damaging effects have been shown for normal human
kidney (tubular) epithelial cells such as apoptotic cell death, the arrest of protein synthesis, a decrease in
cell viability, an increase of Stx responsiveness by inflammatory factors, inhibition of water absorption,
and negative impact on the cellular regeneration in 3D cultures [421-430]. Besides renal epithelial
cells, diverse biologic responses were detected in human mesangial cells upon exposure to Stx such as
the inhibition of protein synthesis, decrease in cell viability, reduction in nitric oxide production, and
TNF-a-induced sensitization by Gb3Cer upregulation [335,422,431,432]. Direct tubular damage in vivo
has been shown for Stx2 in a mouse model, suggesting the involvement of renal tubular epithelial cells
in Stx-mediated kidney failure [433]. These reports indicate that, in addition to renal endothelial cells,
a variety of non-endothelial cell types, such as epithelial and mesangial cells of the kidney, has so far
been confirmed as direct targets for Stxs. Thus, glomerular pathology in HUS may also result from
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cumulative effects of Stx on non-endothelial cells, contributing to the aggravation of the thrombotic
microangiopathy and renal failure in HUS.

8. Erythrocyte Morphology in the Microcirculation and Hemolysis

In this chapter, we highlight the flexible shape of erythrocytes, which can be precisely studied
these days with novel microfluidic models aimed at analyzing microcirculatory dynamics. Particularly,
the capability of erythrocytes to unscathedly pass through narrow microvessels is addressed. In this
regard, we critically scrutinize the common and easily traceable opinion that vascular occlusion in the
course of the development of HUS may lead to the mechanical disruption of erythrocytes and hence to
intravascular hemolysis and ultimate hemolytic anemia.

8.1. Blood: A Juice of Very Special Kind

In Goethe’s Faust, Mephistoteles stated ,,Blood is a juice of very special kind”, laying emphasis
on blood as the essence of life being nowadays an indispensable means for clinically required blood
transfusion [434]. More specifically, blood is a two-phase suspension of formed elements (erythrocytes,
leukocytes, and platelets) dispersed in an aqueous solution of organic molecules, proteins, and salts
called plasma [435]. Erythrocytes are nucleus-free, devoid of DNA and RNA, apparently unable to
synthesize proteins, and consequently have limited repair capabilities. RBCs are biconcavely shaped
discs consisting of a lipid bilayer with an attached spectrin-based cytoskeleton. Consequently, they
are remarkably flexible and deformable based on the spectrin network that endows the RBCs with
shear elasticity [436]. The motion of RBCs in the microcirculation plays a central role in blood flow
resistance and cell partitioning within the microvasculature. Erythrocytes can readily change their
shape when exposed to mechanical forces in the bloodstream and can flow smoothly without any
damage when passing narrow capillaries, which is a feature that can be significantly altered under
pathological conditions. Narrow capillaries determine the erythrocytes’ flow-induced morphological
alterations including the change of the biconcave discoid shape to parachute and slipper shapes
observed in microchannels, which serve as idealized microvessels [437-441]. Improvements in
experimental technologies using microfluidic models allows for the exact determination of applied
shear stress and associated forces toward RBCs, their microcirculatory dynamics, mechanical stability
and deformability, heterogeneity in rheological properties, the deformation of molecular architecture as
well as hydrodynamic and macromolecule-induced interaction [436,442-448]. The specific mechanical
and hemodynamic properties of RBCs contribute to aiding blood flow especially when exposed to
shear forces in the microcirculation that may lead to morphological changes and associated vesicle
formation [435]. For instance, microfluidic tools enable scientists to create physiologically relevant
culture models taking advantage of the small dimensions resembling many features of the in vivo
vascular microenvironment with fine spatial and temporal resolution excellently reviewed by Wong and
co-workers [443]. The visualization of cytoskeleton-induced protrusions on RBC surfaces performed
by computer simulation revealed that membrane blebbing can be elicited when the cytoskeleton is
subject to a localized ablation or a uniform compression [414] and that the vesiculation of mature
RBCs contributes to the removal of defective patches of the erythrocytes membrane [415]. However, it
is important to point out that the extreme deformability allows RBCs to squeeze through occluded
capillaries without any damage [436].

8.2. Microangiopathy and Hemolytic Anemia

Thrombotic microangiopathy due to Stx-induced endothelial functional disorder represents
the clinical picture of thrombocytopenia and hemolytic anemia in the setting of small blood
vessel thrombosis in the course of developing HUS [231,399,449]. These are the hallmarks in the
pathogenesis of HUS caused by Stx-producing E. coli strains, and it is generally supposed that the
mechanical disruption of RBCs evoked by increased shear stress in occluded microvessels results in
intravascular hemolysis, a lowered number of RBCs, and ultimate microangiopathic hemolytic
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anemia [228,390,394,396,450]. HUS-associated symptoms such as abnormalities in erythrocyte
morphology and erythroid fragmentation are attributed to enhanced shear forces to erythrocytes
that have to squeeze through constricted vessels of the microvasculature as a consequence of the
formation of microthrombi. So far, the possible involvement of Stx-damaged erythrocyte progenitor
cells that may cumulatively contribute to the unfolding of mechanical load-induced intravascular
hemolysis and hereinafter hemolytic anemia has to this day been largely ignored by the medical and
scientific community.

9. Direct Shiga Toxin-Mediated Injury of Developing Human Erythrocytes

In the course of ex vivo purging of Stx receptor-expressing malignant cells from autologous stem
cell grafts, a multifold depletion of tumor cells was achieved by making use of Stx’s cytotoxicity toward
Gb3Cer-expressing malign cells, whereby erythrocyte progenitor cells escaped Stx cytotoxicity [451]
(see scheme of hematopoiesis in Figure 1 as well as Section 2 and Section 3). This refractiveness rests
on the absence of Stx receptors on human CD34* hematopoietic progenitor cells, allowing the ex vivo
use of Stx in purging Stx receptor-expressing malignant cells from autologous stem cell grafts [451].
However, the existence of Gb3Cer on myeloblasts, and possibly myeloid stem cells, representing early
stages of myeloid differentiation, may have a remarkable impact on the application of Stx as an ex vivo
purging agent [119]. Regarding the sensitivity of maturing erythrocytes, the exposure of erythroid cells
in human cord blood cultures toward a combination of Stx and interferon-o had a direct toxic effect on
the nucleated erythrocyte precursors [144]. On the other hand, Stx treatment without interferon-«,
which has been shown to increase the biosynthesis of Stx-binding GSLs, had no significant effect on
erythrocyte development. This study provided preliminary data on a synergistic effect of interferon-o
and Stx on erythropoiesis, i.e., a direct and specific targeting of Stx onto developing erythrocytes,
suggesting clinical relevance to infection with Stx-producing E. coli strains.

The following sections explain the current knowledge on the principles of ex vivo propagation
of human CD34* HSPCs, recently obtained data about the Stx2a-mediated damage of developing
erythrocytes, their endowment with globo-series GSLs, and, finally, their Stx2a-mediated damage
along with solid phase binding assays, demonstrating the attachment of Stx2a toward Gb3Cer and
Gb4Cer isolated from ex vivo propagated erythropoietic cells.

9.1. Ex Vivo Amplification and Maturation of CD34* Hematopoietic Stem/Progenitor Cells

In the chapters that follow, we start with the acquaintance about the clinical use of CD34* HSPCs
and the contemporary know how of stem cell mobilization, continue with the presentation of recent
results on cytokine-induced ex vivo expansion and differentiation of erythroid cells as well as their
concomitant morphological alterations, and finalize the section with a synopsis of morphological shifts
recognized during ex vivo erythropoiesis.

9.1.1. CD34" HSPCs and Stem Cell Mobilization

As already explained above (see Section 2 and Section 3), erythropoiesis is a complex multistep
process as part of the hematopoietic system (see Figure 1). An early step of maturing RBCs in the
bone marrow niche is the genesis of multipotent CD34* HSPCs, which subsequently traverse various
intermediary developmental stages and end up in enucleated spheroid reticulocytes. At this late
maturation stage, reticulocytes enter the bloodstream and mature in the blood to erythrocytes with
characteristic biconcave shape (see Section 3 and Section 8). CD34* stem cells have traditionally been
used clinically to reconstitute the hematopoietic system (see Figure 1) after radiation or chemotherapy
of a wide variety of malignancies [452]. CD34 represents an unambiguous molecular marker of
hematopoietic stem cells that can be applied to the enrichment of HSPCs, because the pool of stem
cells in vivo and in vitro consists of a mix of cells at several stages of differentiation that makes it
difficult to attain a homogenous cell population [453,454]. Thus, CD34 has an enormous clinical
utility in the identification, enumeration, and purification of engraftable hematopoietic progenitors for
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transplantation [452]. For this reason, several strategies for stem cell mobilization, i.e., the movement
of stem cells from the bone marrow into the blood aimed at collecting a sufficient number of peripheral
blood stem cells in response to stimulating factors, and harvesting techniques have been established
since the early 1990s [455,456]. Most mobilization regimens are based on application by one or more
growth factors such as granulocyte colony-stimulating factor (G-CSF) or granulocyte-macrophage
colony-stimulating factor (GM-CSF), which are the standard agents approved for peripheral blood stem
cell mobilization, or SCF, EPO, and other chemokines that synergize with G-CSF as a basis to promote
alternate regimens and improve mobilization protocols to be used in regenerative medicine [457-459].
In recent times, the use of G-CSF-mobilized peripheral blood HSPCs has largely replaced bone marrow
as a source of stem cells, although research has to go on to identify new agents or combinations, which
may lead to more efficient stem cell mobilization aimed at entering clinical practice [460-464]. In
particular, individualized techniques are required to enhance HSPC yields and to harvest adequate
quantities of CD34* cells, especially for patients whose cells mobilize poorly [59,465,466].

9.1.2. Cytokine-Induced Ex Vivo Amplification and Differentiation of Erythroid Cells

A number of protocols have been established for the isolation of CD34* HSPCs from peripheral
blood by immunomagnetic separation using iron beads coated with an anti-CD34 monoclonal antibody
and the ensuing ex vivo propagation of erythroid cells (see Section 4). This strategy allows the
differentiation and amplification of CD34* HSPCs covering the various stages from early erythroblasts
to reticulocytes (see Figure 1 and Section 3). Figure 3 portrays the ex vivo propagation and differentiation
of erythropoietic cells over a period of 15 days obtained from three healthy donors based on recently
obtained experimental data [145]. The ex vivo cell expansion starts with the inoculation of a cell culture
with CD34* HSPCs in conditioned medium supplemented with IL-3, SCF, and EPO as indicated in
Figure 3A. IL-3, SCFE, and EPO are added from the time point of initiation of culturing until days
8, 11, and 15, respectively. The cytokine-stimulated cultivation gave an average approximately
22.700-fold cell multiplication in the time period from day 0 to day 15. In order to monitor the course of
differentiation in the ex vivo erythropoiesis model, flow cytometry analysis allows for the distinction
of various types of early- and late-maturing blood cells by their surface-exposed marker proteins such
as GPA, CD36, and CD45, as shown in Figure 3B. GPA is characteristic for erythroid cells, CD36 (also
known as glycoprotein 1V) is a specific marker of erythroid progenitor cells, which declines during
terminal maturation to erythrocytes, and CD45 is expressed on HSPCs, erythroid cells at early stage
of maturation, and myeloid cells. Starting with mobilized CD34* HSPCs and monitoring the time
course of altered cell surface marker proteins covers the various stages of erythroid differentiation and
corroborates the ex vivo erythropoietic cell culture model (see Section 4.3).



Toxins 2020, 12, 373

B 100

Fold expansion
N N
o o
fid fid

-
A
1

-
o
°

CD34* HSPCs /

80

60

40

Positive cells [%]

20

/.

T T T T T T T T T T T T
0 ) 8 1
L3 Time [daysI]
| SCF ' .
LEPO '

8
Time [days]

22 of 53

Figure 3. Cytokine-driven amplification of ex vivo cultured CD34" HSPCs monitored in a time interval
of 15 days (A) and the portrayal of cell surface markers of the developing erythrocytes (B). Cells were
cultivated in the presence of interleukin (IL)-3, stem cell factor (SCF), and erythropoietin (EPO), which
were applied from the initiation of cultivation at day 0 until day 8 (IL-3), day 11 (SCF), and the end of
cultivation at day 15 (EPO). The graph shows the average cell expansion of HSPCs of three donors

([145], modified).

9.1.3. Morphological Alterations of Developing Erythrocytes

Adequate samples of cytospin preparations were performd with cell aliquots from ex vivo
HSPCs cultured for 15 days [145] and are shown by way of an example of donor 2 in Figure 4.
The May-Griinwald-Giemsa stain illustrates the morphological changes during erythropoietic
differentiation. From day 0 to day 4, the uniformly stained HSPCs enter the first stage of differentiation
of immature erythroblasts (proerythryoblasts) (see Figure 1 and Section 3). An increasing number of
further matured basophilic erythroblasts is observed at day 8, followed by switching to the prevalence
of polychromatophilic erythroblasts, which is accompanied by slowly rising orthochromatophilic
erythroblasts and in a number of considerably reduced basophilic erythroblasts. The final stage of ex
vivo erythropoiesis is attained at day 15 with the main transition into orthochromatophilic erythroblasts
and enucleated reticulocytes.
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Figure 4. Cytospin preparations of adequate samples of HSPCs ex vivo propagated for a period of
15 days (d). Cells were obtained from donor 2 and stained with May-Griinwald-Giemsa solution; the
bars correspond to 10 um ([145], modified).

9.1.4. Synopsis of Morphological Shifts During Ex Vivo Erythropoiesis

In order to assess the magnitude of the ex vivo erythropoietic differentiation of HSPCs during
15 days of cultivation [145], the average cell counts of maturing erythroid cells obtained from three
donors is shown as bar chart in Figure 5. Cell stainings of day 4 revealed a shift of HSPCs to 87.3%
of immature erythroblasts, followed by a switch to mostly basophilic erythroblasts determined at
day 8 amounting to 83.7% and indicating almost full commitment of HPSCs to the erythroid lineage.
An increased percentage of 58.8% of hemoglobin-producing polychromatophilic erythroblasts was
a characteristic feature of the cell samples on day 11, accompanied by newly emerging 13.7% of
orthochromatophilic erythroblasts. The final stage of ex vivo erythropoietic differentiation at day 15
ended up with orthochromatophilic erythroblasts and reticulocytes, representing 53.6% and 43.8% of
the cell culture, respectively. These data corroborate the suitability of ex vivo expansion to track the
in vivo differentiation and maturation of erythropoietic cells.
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Figure 5. Quantitative assessment of ex vivo erythropoiesis of HSPCs during 15 days of development.
Average cell counts from the different developmental stages (see Figure 4) were performed based on
the May-Griinwald-Giemsa-stained erythrocyte progenitor cells of three donors ([145], modified).

9.2. Shiga Toxin-Mediated Damage of Erythroblasts During Erythropoiesis

The knowledge of cytotoxic effects of EHEC-released Stxs toward HSPCs and their erythroid
descandants is poor. Therefore, we asked for the possible direct cytotoxic action of clinically highly
relevant Stx2a (see Section 7) to developing erythrocytes in the ex vivo erythropoietic cell culture
model [145]. The extent of the Stx2a-caused impact on the cell viability upon challenging with toxin
concentrations of 0.1, 1, and 10 ng/mL in the period of 15 days of ex vivo differentiation is displayed in
Figure 6. A clear dose-dependent cell-damaging effect along with ascending concentrations of Stx2a
was detected at day 8 and day 11 for the three individual donors. The Stx-responsible cell samples of
day 8 comprise mainly basophilic erythroblasts, and those of day 11 harbor mostly polychromatophilic
erythroblasts (see Figures 4 and 5). On the other hand, the Stx-resistant cell samples of day 0 contain
exclusively HSPCs and those of day 15 are solely composed of orthochromatophilic erythroblasts
and reticulocytes (see Figures 4 and 5). This demonstrates the preferential Stx2a-mediated injury of
nucleated erythrocyte progenitor cells at intermediate stages of erythropoiesis, especially in the time
interval corresponding to the basophilic and polychromatophilic differentiation. In striking contrast to
this, undifferentiated HSPCs at the very early stage of development as well as orthochromatophilc
erythroblasts and enucleated reticulocytes at the late stage of erythropoietic differentiation are highly
refractory and almost resistant toward Stx2a.



Toxins 2020, 12, 373 25 of 53

do d4
125 ®
=100 # ill 8 o
2 e © © ® o ¢
S 754 ® e 2
2
§ 50 -
s
25_ I I I I I I I I
0 01 1 10 0 01 1 10
d8 d11
125
°\° -
=100 § e g .
8 75- §é °
2 8§ 8
2 50 ’
S - © ¥ ¥
25_ I I I I I I I I
0 01 1 10 0 01 1 10
d15
125
= - ®
= e
2100_ - > ; ? Donor 1
8 75- Donor 2
o ® Donor3
§ 50
s
25_ | I I I
0 01 1 10

Stx2a [ng/mL]

Figure 6. Loss in cell viability of ex vivo propagated erythrocyte progenitor cells caused by Stx2a at
intermediate stages of maturation. Cell culture aliquots were taken from the different developmental
stages during the cultivation of 15 days (d) (see Figures 4 and 5) and exposed for 48 h to increasing
Stx2a concentrations of 0.1 ng/mL, 1 ng/mL, and 10 ng/mL or kept in cell culture medium without
toxin (control). Cell viability triple determinations were performed in relation to control cells and are
provided as percent values. Colored full circles indicate the three donors: red marks donor 1, green
donor 2, and blue donor 3 as indicated ([145], modified).

9.3. Globo-Series Glycosphingolipids of Human Erythropoietic Cells

A Drief retrospective view roughly compiles the present knowledge on the GSL expression
during human stem cell differentiation and summarizes existing preliminary data regarding the GSL
composition of developing human erythroid cells analyzed so far. Recently obtained new insights into
the developmental changes of Gb3Cer and Gb4Cer content observed for ex vivo cultivated primary
human erythropoietic cells throughout maturation finalizes this part of the review.

9.3.1. Glycosphingolipid Expression during Human Stem Cell Differentiation

Owing to the very limited amounts of cell material available, studies directed at GSL analysis
of human stem cells has in the past been mainly based on immunological assays and, hence, added
up to the indirect detection of carbohydrate antigens on the cell surface using poly- or monoclonal
antibodies [467]. In recent years, the knowledge regarding the precise structural characterization of
GSLs and the determination of GSL dynamics in human embryonic and pluripotent stem cells has
been vastly extended by biochemical and biophysical concepts based on latest progress in the design of
improved analytical methodologies [166,468,469]. GSLs are principally considered marker molecules
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of various human stem cell types, including HSPCs [470]. Switching of the GSL core structure between
the various GSL series indicated some exceptionally altered stage-specific GSL expression during
human embryonic stem cell differentiation using flow cytometry and mass spectrometry analyses [471].
With the aim to bring human stem cells into clinical application, particularly for use in regenerative
medicine and transplantation, the structural complexity of the GSL composition of stem cells has to be
defined. The precise structural GSL analysis of human stem cells using antibody and lectin binding
assays combined with mass spectrometry and proton NMR revealed a huge glycan diversity to be
more complex than previously expected [472-474].

9.3.2. Glycosphingolipid Expression of Human Erythroid Cells

The globo-series GSLs of primary erythropoietic cells are of particular interest from the medical
microbiological viewpoint, because Gb3Cer (and to less extent Gb4Cer) are well-known functional
and highly specific receptors of Stxs released by an emerging number of human-pathogenic EHEC
strains (see Section 7). However, beyond the indirect detection of surface-exposed glycan structures
of developing erythrocytes, detailed analyses of the GSL content of primary human erythropoietic
cells are very limited in the literature. Early studies with a Gb4Cer-specific monoclonal antibody
demonstrated the presence of globoside (Gb4Cer) on RBCs and erythroblasts, but not on erythroblast
precursors (CFU-E, BFU-E), immature erythroblasts (proerythroblasts, see Figure 1) or on the cells of
the proerythroblastic cell lines K562 and HEL [475] (see Section 6). Importantly, K562 cells expressed
Gb4Cer upon the induction of maturation into erythroblasts [475]. This finding was inline with
precedent GSL analyses of the Marcus group in the 1980s, who evidenced Lc3Cer and nLc4Cer as
the characteristic neutral GSLs of K562 cells [189], while the team of Hakomori detected only trace
quantities of Gb4Cer (and Gb3Cer) in ensuing studies of the K562 cell line [190] (for structures, see
Figure 2).

9.3.3. Glycosphingolipid Expression of Ex Vivo Amplified Primary Human Erythropoietic Cells

The occurrence of Gb3Cer and Gb4Cer in erythrocyte-committed precursor cells and developing
erythrocytes at various erythroblastic stages (see Figure 1) is of particular interest for the medical
microbiologist, because globo-series GSLs are functional and specific receptors of Stxs (see Section 7).
The analysis of developmental changes of GSLs of cells throughout erythropoiesis using a pure
population of isolated precursor cells is feasible only to a limited extent. In continuation of our
recently obtained data on the course of ex vivo erythropoiesis showing Stx2a-mediated cell damage of
erythroblasts at intermediate developmental stages (see Figures 4-6), we questioned the expression of
Gb3Cer and Gb4Cer during erythropoietic differentiation. As a result, we were able to show for the
first time the presence of Gb3Cer and Gb4Cer in erythropoietic cells during ex vivo maturation, as
depicted in Figure 7, using lipid extracts obtained from cell samples of donor 2 as a representative
example [145]. The thin-layer chromatography (TLC) overlay analysis revealed the absence of Gb3Cer
in HSPCs at day 0 (Figure 7A), a clear detection of a Gb3Cer-positive double band at day 4, further
increase of Gb3Cer double-band intensity at day 8, followed by a slight gradual decrease on day
11 and stronger decline on day 15. A very similar rise and fall of Gb4Cer-positive double bands
throughout erythrocytic development was detected with the anti-Gb4Cer antibody (Figure 7B). The
averaged densitometric TLC quantification of the scan values of three donors is summarized in the bar
graph shown in Figure 7C indicating a maximal content of Gb3Cer and Gb4Cer in the time frame of
ex vivo erythropoiesis on day 8 and day 11, when the dominance of basophilic and polychromatophilic
erythroblasts, respectively, was apparent in the cell samples.
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Figure 7. Immunochemical detection of Gb3Cer (A) and Gb4Cer (B) and portrayal of the dynamic
change of Gb3Cer and Gb4Cer content during the ex vivo propagation of erythroid progenitor cells (C).
The detection of TLC-separated Gb3Cer and Gb4Cer in lipid extracts of donor 2, which correspond to
1 x 10° cells, each, was conducted with an anti-Gb3Cer and anti-Gb4Cer antibody, respectively. The bar
chart depicts the averaged TLC scanning values of three donors showing the relative ascent and descent
of Gb3Cer and Gb4Cer content during ex vivo erythropoiesis (see Figures 4 and 5) ([145], modified).

9.4. Shiga Toxin 2a-Mediated Cell Damage and Toxin Receptors of Ex Vivo-Propagated Erythropoietic Cells

A résumé of the time frame of the Stx2a-caused injury of erythroid progenitor cells during
15 days of ex vivo propagation together with binding patterns of Stx2a-recognized Gb3Cer and
Gb4Cer species and their structural features explored by mass spectrometric analysis is given
in Figure 8. The pictorial representation in Figure 8A summarizes the progress over time and
magnitude of Stx2a-mediated cellular damage emphasizing higher-ranking damage to nucleated
basophilic and polychromatophilic erythroblasts when compared to immature (proerythroblasts) and
orthochromatophilic erythroblasts [145].

The TLC overlay detection using Stx2a combined with an anti-Stx2 antibody demonstrates
pronounced binding of the toxin toward Gb3Cer and Gb4Cer at day 8 and day 11 of the ex vivo cell
culture [145]. Remarkably, the Gb4Cer upper band of the doublet exhibited strongest positive binding
intensity compared to less intensively stained Gb3Cer double bands. Although less sensitive than the
antibody-mediated detection, as can be deduced from the color intensities of the antibody-positive
bands (see Figure 7), receptor detection by Stx2a (Figure 8B) is in agreement with the immunochemical
detection, showing the enhanced content of Gb3Cer and Gb4Cer at day 8 and day 11, lowered content at
day 4 and day 15, and absence of Stx-binding GSLs in the beginning of the cell culture at day 0. Bearing
in mind that Stx2a exhibits an inferior binding strength toward Gb4Cer in comparison to Gb3Cer [316],
its stronger staining intensity toward Gb4Cer observed in the toxin TLC overlay assay suggests a
significantly higher concentration of Gb4Cer versus Gb3Cer in the developing erythrocytes. Due to
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limitation in GSL material, an orcinol stain of TLC-separated GSLs allowing a direct comparative
analysis (in contrast to indirect immunochemical and Stx-mediated detection) was not feasible [145].
However, with the exception of day 0, highly sensitive mass spectrometry analysis was successful
in terms of the structural characterization of the various Gb3Cer and Gb4Cer lipoforms [145]. An
example is provided in Figure 8C showing mass spectra of Gb3Cer and Gb4Cer, which were obtained
from extracts of the immunostained Gb3Cer and Gb4Cer double bands of samples derived from donor
2 (see Figure 7A,B, respectively) at day 8 of the ex vivo cell culture. Gb3Cer and Gb4Cer lipoforms
harboring sphingosine (d18:1) as the constant moiety of the ceramide lipid anchor and variable fatty
acids ranging from C16 to C24 chain length were detected during the superior Stx2a-responsive phase
of the 15 days lasting ex vivo cultivation. Failure of mass spectrometric detection in GSL preparations
of day 0 was in line with the negative results of antibody- and Stx-mediated TLC overlay detection
(see Figure 7).
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Figure 8. Scale of Stx2a-mediated cell damage over time during 15 days of ex vivo expansion of
erythroid cells (A) and Stx2a TLC attachment toward Gb3Cer and Gb4Cer of the developing erythrocytes
(B) together with mass spectra showing the various lipoforms of Stx2a-binding Gb3Cer and Gb4Cer (C).
(A) The figure was adapted from SERVIER MEDICAL ART (https://smart.servier.com). IE, immature
erythroblast (proerythroblast); BE, basophilic erythroblast; PE, polychromatophilic erythroblast; OE,
orthochromatophilic erythroblast; R, reticulocyte (see Figure 1). This panel summarizes the data of the
May-Griinwald-Giemsa-stained cell samples shown in Figures 4 and 5, and the viability assays of
cellular Stx2a exposure depicted in Figure 6. (B) The Stx2a overlay assay was performed with aliquots
of lipid extracts prepared from cell samples of donor 2, each equal to 1 x 10° cells, and served as a
representative example of three donors. (C) The Gb3Cer and Gb4Cer mass spectra were produced
from extracts of TLC overlay-detected Gb3Cer and Gb4Cer (see Figure 7) of cell samples from donor 2
corresponding to day 8 of the ex vivo cell culture (for structures, see Figure 2) ([145], modified). The
respective ceramide moieties harbor sphingosine (d18:1) as the invariable portion linked with a fatty
acid variable in carbohydrate chain length from C16 up to C24, as indicated in the spectra.
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10. Conclusions and Outlook

The data presented in this review demonstrate that Stx2a, a clinically highly relevant Stx subtype,
has a detrimental effect on developing erythrocytes propagated in a human ex vivo erythropoiesis
cell culture model. Using low doses of Stx2a, the toxin-induced loss in cell viability confines to
intermediate developmental stages and is most likely restricted to nucleated erythroid cells. We
hypothesize that hemolytic anemia during HUS, by definition the loss of erythrocytes due to their
mechanical deformation and disruption in the bloodstream, arises not only from intravascular cell
damage due to passing through occluded microvessels, but also from the extravascular impairment of
erythrocyte progenitors in the bone marrow via direct damage by Stx2a leading to “non-hemolytic”
anemia. Moreover, a possible “supportive” effect of EHEC-Hly regarding the manifestation of anemia
in EHEC-associated HUS should be given more attention in coming studies dealing with erythropoietic
cells. EHEC-Hly might presumably target especially developing erythrocytes in the late stages
of differentiation, which are largely refractory to the cytotoxic action of Stx. These stages are the
orthochromatophilic erythroblasts and enucleated reticulocytes (see Figure 8) and investigation of
their response toward EHEC-Hly is a challenging approach for pending future experiments. Thus, the
question remains whether EHEC-Hly may act as a “helpful dude” for Stx perhaps having a cumulative
effect on the serious injury of the human erythropoietic system that should be analyzed in a timely
manner. Unquestionably, the results of our ex vivo cell cultures provide reasonable evidence for a
possible correlation with Stx-induced hemolysis and subsequent hemolytic anemia during EHEC
infections in vivo. Our hypothesis is further underlined by previous and current complementary
literature from interdisciplinary and closely related research fields videlicet glycobiology, stem cell
biology, cell culture technology, medical microbiology, and biophysics. Thus, from our viewpoint, it
seems rather unlikely that mechanical stress in narrowed vessels alone could be the reason for the
anemic condition in EHEC-infected patients. Rather, anemia occurring during HUS seems to be a
multifaceted event whereby multiple processes might be involved in the dramatic loss of circulating
erythrocytes. Thus, in our opinion, HUS-associated anemia can be caused either by an increased
red blood cell breakdown, but it might be also caused by a decreased red blood cell production in
the bone marrow, resulting in anemic conditions in EHEC patients. In this context, it deserves to
be mentioned that isotope-labeled verotoxin 1 and 2 (synonymous to Stxla and Stx2a, respectively)
applied to mice were localized in the murine bone marrow of the spine, long bones, and ribs, indicating
the presence of Stx receptors, although the type of Stx-binding cells has not been determined [476].
Collectively, the sum of data vividly underscores our view as emphasized in the provocative title on the
“Valid Presumption of Shiga Toxin-Mediated Damage of Developing Erythrocytes in EHEC-Associated
Hemolytic Uremic Syndrome”.

Future research on Stx-mediated HUS is in want of a mouse model that conforms to the
human scenario of EHEC infections and recapitulates the pathogenesis caused by EHEC as a whole.
Various mouse models that simulate one or more events of EHEC infection and disease have been
developed [477]. They can be used to monitor EHEC colonization, disease, pathology, or combinations
of these features. However, murine models of EHEC toxemia do not develop thrombocytopenia and,
therefore, do not present with Stx-induced HUS [399]. Thus, unfortunately there is not yet any one
mouse model that fully mimics the spectrum of EHEC illness [222]. A different GSL status, i.e., the
absence or low content of the canonical Stx receptors Gb3Cer and/or Gb4Cer in mouse endothelial cells
versus the human counterparts, might be just one among many other reasons for this discrepancy. On
the other hand, piglets are known to exhibit a similar GSL repertoire similar to humans in terms of
globo-series GSLs occurring in many organs, including the kidney and the brain [478]. This makes
piglets suitable to further study the pathophysiology of EHEC-induced HUS. Gnotobiotic piglets
orally infected with EHEC wild-type isolates developed intestinal and extraintestinal manifestations of
EHEC diseases, including thrombotic microangiopathy in the kidneys, the morphologic hallmark of
HUS in humans [479]. However, the reservation must be made that the breeding and maintenance
of large animal models, such as the gnotobiotic piglet, require considerable veterinary skill, space,
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and financial support [477]. Although mouse models do not fully mimic human infection, strategies
for the evaluation of novel EHEC therapeutics are evolved in murine models of infection [480].
Promising vaccine candidates offering high prospects are EHEC-specific polysaccharide conjugates
that induced high levels of anti-LPS antibodies in humans with bactericidal activities against E. coli
0157 or constructs using the B subunit of Stx that elicited both bacterial and toxin-neutralizing
antibodies in mice [481]. Monoclonal antibodies raised against O-polysaccharide—protein conjugates
with an exceptional degree of specificity and relative affinity against E. coli O157 and 0145 serogroups
have been recently developed [482]. B subunit-specific murine monoclonal antibodies that strongly
neutralize the toxicity of Stx2 have been generated as well, which may serve as the basis for generating
mouse-human chimeric Stx2-neutralizing antibodies [483]. Such protective efficacy of chimeric
anti-Stx1 and anti-Stx2 monoclonal antibodies has been demonstrated shortly afterwards, which
could be used therapeutically for the prevention or treatment early in the development of HUS [484].
Recombinant antibody fragments that recognize and neutralize Stx or camelid single chain antibodies
against Stx with therapeutic potential against HUS are other candidates for future clinical applications,
respectively [485-487]. Furthermore, plant-based recombinant secretory IgA represents an innovative
approach applicable as an agent for oral passive immunotherapy [488,489]. Based on the interaction
of Stx2 with the complement system [251], the C5-complement inhibiting monoclonal antibody
Eculizumab was therapeutically employed as rescue therapy for EHEC-HUS patients, which had
seizures or were in a stupor or coma [490]. In a number of studies, Eculizumab showed positive
clinical improvement after treatment in severe EHEC-HUS with progressive neurological improvement
that often lead to serious long-term disabilities [491]. In particular, the early use of Eculizumab
appeared to improve neurological outcome suggesting that prophylactic antibody therapy before
the development of neurological symptoms could be advantageous [490]. However, future proper
randomized controlled trials are urgently needed to resolve the debate as to whether Eculizumab
can be a prophylactic treatment for the prevention of extraintestinal complications or curing of
EHEC-HUS [492]. Among potential glycoconjugate-based neutralizers of Stx that could capture free
Stx within the gut or the circulation and impede or at least attenuate the toxin’s action either locally or
systemically, respectively [493-495], semisynthetic neoglycolipids with glycans derived from fruit or
vegetable pectins might be suitable as a supportive measure in EHEC diseases. Embedded in lipid
vesicles, termed “glycovesicles”, pectin-derived and Gb3-carrying neoglycolipids have shown their
capacity as multivalent inhibitors of the cytotoxic action of various Stx subtypes in vitro [496,497]. As
a dietary supplement, neoglycolipids can be orally applied as glycovesicles or encapsulated, e.g., in
pectin—alginate particles, to provide gastroresistance [498] and could improve EHEC and HUS patient
outcomes. Unfortunately, despite decades of work unraveling the mechanisms of Stx toxicity, there
are currently no available causative therapeutics to prevent or treat EHEC-associated HUS, while
therapy is limited to supportive care based mainly on alleviating symptoms [254,305,499]. Last but
not least, the emergence of new strains with rapidly aggressive virulence makes clinical and research
initiatives in this field a high public health priority [278,279,399]. The stepping up of efforts directed
toward the development of Stx therapeutics beyond neutralization is an additional challenge [500]
with large global incidence for the years ahead to combat or, preferably, to prevent EHEC epidemic
outbreaks [305].

Author Contributions: Conceptualization, ]J.D., G.P. and J.M.; formal analysis, ].D.; data curation, J.D.;
writing—original draft preparation, ].M. and G.P.; writing—review and editing, ].M. and ].D.; visualization,
G.P; supervision, ].M.; funding acquisition, ].M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the German Research Foundation (Deutsche Forschungsgemeinschaft,
DFG), grant number MU845/7-1 with reference number 404813761 (J.M.).

Acknowledgments: This review is dedicated to Roland Schauer, former director of the Institute of Biochemistry
of the University of Kiel, who passed away on 24 October 2019 in Kiel at the age of 82. We lost an outstanding
scientist in Glycobiology and a very dear friend. He will be greatly missed, and we will always keep him in
honorable memory. We thank Dagmar Mense and Nikola Skutta for distinguished technical assistance. We are



Toxins 2020, 12, 373 31 of 53

deeply indepted to Helge Karch for his intellectual leadership and long-lasting promotion of our scientific projects
over many years. We appreciate support by the Open Access Publication Fund of the University of Miinster.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to

publish the results.

References

1. Babovic, S.; Eaves, C.J. Hierarchical organization of fetal and adult hematopoietic stem cells. Exp. Cell Res.
2014, 329, 185-191. [CrossRef] [PubMed]

2. Rieger, M.A,; Schroeder, T. Hematopoiesis. Cold Spring Harb. Perspect. Biol. 2012, 4, a008250. [CrossRef]
[PubMed]

3. Moore, K.A.; Lemischka, L.R. Stem cells and their niches. Science 2006, 311, 1880-1885. [CrossRef] [PubMed]

4. Yin, T.; Li, L. The stem cell niches in bone. J. Clin. Investig. 2006, 116, 1195-1201. [CrossRef] [PubMed]

5. Morrison, S.J.; Scadden, D.T. The bone marrow niche for haematopoietic stem cells. Nature 2014, 505, 327-334.
[CrossRef] [PubMed]

6.  Zhao, M.; Li, L. Regulation of hematopoietic stem cells in the niche. Sci. China Life Sci. 2015, 58, 1209-1215.
[CrossRef]

7. Beerman, I; Luis, T.C,; Singbrant, S.; Lo Celso, C.; Méndez-Ferrer, S. The evolving view of the hematopoietic
stem cell niche. Exp. Hematol. 2017, 50, 22-26. [CrossRef]

8.  Shen, Y;; Nilsson, S.K. Bone, microenvironment and hematopoiesis. Curr. Opin. Hematol. 2012, 19, 250-255.
[CrossRef]

9. Calvi, LM,; Link, D.C. Cellular complexity of the bone marrow hematopoietic stem cell niche. Calcif. Tissue Int.
2014, 94, 112-124. [CrossRef]

10. Bianco, P.; Robey, P.G. Skeletal stem cells. Development 2015, 142, 1023-1027. [CrossRef]

11.  Grabowski, P. Physiology of bone. Endocr. Dev. 2015, 28, 33-55. [CrossRef] [PubMed]

12. Morrison, S.J.; Kimble, J. Asymmetric and symmetric stem-cell divisions in development and cancer. Nature
2006, 441, 1068-1074. [CrossRef] [PubMed]

13. Ito, K,; Ito, K. Hematopoietic stem cell fate through metabolic control. Exp. Hematol. 2018, 64, 1-11. [CrossRef]
[PubMed]

14. Mohle, R,; Kanz, L. Hematopoietic growth factors for hematopoietic stem cell mobilization and expansion.
Semin. Hematol. 2007, 44, 193-202. [CrossRef]

15. Thomas, D.; Vadas, M.; Lopez, A. Regulation of haematopoiesis by growth factors—Emerging insights and
therapies. Expert Opin. Biol. Ther. 2004, 4, 869-879. [CrossRef]

16. Wadhwa, M.; Thorpe, R. Haematopoietic growth factors and their therapeutic use. Thromb. Haemost. 2008,
99, 863-873.

17.  Duarte, R.F; Franf, D.A. The synergy between stem cell factor (SCF) and granulocyte colony-stimulating
factor (G-CSF): Molecular basis and clinical relevance. Leuk. Lymphoma 2002, 43, 1179-1187. [CrossRef]

18. Barreda, D.R.; Hanington, P.C.; Belosevic, M. Regulation of myeloid development and function by colony
stimulating factors. Dev. Comp. Immunol. 2004, 28, 509-554. [CrossRef]

19. Cullen, S.M.; Mayle, A.; Rossi, L.; Goodell, M.A. Hematopoietic stem cell development: An epigenetic
journey. Curr. Top. Dev. Biol. 2014, 107, 39-75. [CrossRef]

20. Raghuwanshi, S.; Dahariya, S.; Kandi, R.; Gutti, U.; Undi, R.B.; Sharma, D.S.; Sahu, I.; Kovuru, N.; Yarla, N.S,;
Saladi, R.G.V,; et al. Epigenetic mechanisms: Role in hematopoietic stem cell lineage commitment and
differentiation. Curr. Drug Targets 2018, 19, 1683-1695. [CrossRef]

21. Antoniani, C.; Romano, O.; Miccio, A. Concise review: Epigenetic regulation of hematopoiesis: Biological
insights and therapeutic applications. Stem Cells Transl. Med. 2017, 6, 2106-2114. [CrossRef] [PubMed]

22.  Ganuza, M.; McKinney-Freeman, S. Hematopoietic stem cells under pressure. Curr. Opin. Hematol. 2017, 24,
314-321. [CrossRef] [PubMed]

23. Kumar, A.; D’Souza, S.S.; Thakur, A.S. Understanding the journey of human hematopoietic stem cell
development. Stem Cells Int. 2019, 2019, 2141475. [CrossRef] [PubMed]

24. Silva, A.C.; Lobo, ] M.S. Cytokines and growth factors. Adv. Biochem. Eng. Biotechnol. 2019, 6. [CrossRef]


http://dx.doi.org/10.1016/j.yexcr.2014.08.005
http://www.ncbi.nlm.nih.gov/pubmed/25128815
http://dx.doi.org/10.1101/cshperspect.a008250
http://www.ncbi.nlm.nih.gov/pubmed/23209149
http://dx.doi.org/10.1126/science.1110542
http://www.ncbi.nlm.nih.gov/pubmed/16574858
http://dx.doi.org/10.1172/JCI28568
http://www.ncbi.nlm.nih.gov/pubmed/16670760
http://dx.doi.org/10.1038/nature12984
http://www.ncbi.nlm.nih.gov/pubmed/24429631
http://dx.doi.org/10.1007/s11427-015-4960-y
http://dx.doi.org/10.1016/j.exphem.2017.01.008
http://dx.doi.org/10.1097/MOH.0b013e328353c714
http://dx.doi.org/10.1007/s00223-013-9805-8
http://dx.doi.org/10.1242/dev.102210
http://dx.doi.org/10.1159/000380991
http://www.ncbi.nlm.nih.gov/pubmed/26138834
http://dx.doi.org/10.1038/nature04956
http://www.ncbi.nlm.nih.gov/pubmed/16810241
http://dx.doi.org/10.1016/j.exphem.2018.05.005
http://www.ncbi.nlm.nih.gov/pubmed/29807063
http://dx.doi.org/10.1053/j.seminhematol.2007.04.006
http://dx.doi.org/10.1517/14712598.4.6.869
http://dx.doi.org/10.1080/10428190290026231
http://dx.doi.org/10.1016/j.dci.2003.09.010
http://dx.doi.org/10.1016/B978-0-12-416022-4.00002-0
http://dx.doi.org/10.2174/1389450118666171122141821
http://dx.doi.org/10.1002/sctm.17-0192
http://www.ncbi.nlm.nih.gov/pubmed/29080249
http://dx.doi.org/10.1097/MOH.0000000000000347
http://www.ncbi.nlm.nih.gov/pubmed/28375987
http://dx.doi.org/10.1155/2019/2141475
http://www.ncbi.nlm.nih.gov/pubmed/31198425
http://dx.doi.org/10.1007/10_2019_105

Toxins 2020, 12, 373 32 of 53

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Hu, J.; Liu, J.; Xue, E; Halverson, G.; Reid, M.; Guo, A ; Chen, L.; Raza, A.; Galili, N.; Jaffray, J.; et al. Isolation
and functional characterization of human erythroblasts at distinct stages: Implications for understanding of
normal and disordered erythropoiesis in vivo. Blood 2013, 121, 3246-3253. [CrossRef]

Liang, R.; Ghaffari, S. Advances in understanding the mechanisms of erythropoiesis in homeostasis and
disease. Br. |. Haematol. 2016, 174, 661-673. [CrossRef]

Yeo, J. H.; Lam, Y.W.; Fraser, S.T. Cellular dynamics of mammalian red blood cell production in the
erythroblastic island niche. Biophys. Rev. 2019, 11, 873-894. [CrossRef]

Ji, P. New insights into the mechanisms of mammalian erythroid chromatin condensation and enucleation.
Int. Rev. Cell. Mol. Biol. 2015, 316, 159-182. [CrossRef]

Zhao, B.; Yang, J.; Ji, O. Chromatin condensation during terminal erythropoiesis. Nucleus 2016, 7, 425-429.
[CrossRef]

Polliack, A. The contribution of scanning electron microscopy in haematology: Its role on defining leucocyte
and erythrocyte disorders. J. Microsc. 1981, 123, 177-187. [CrossRef]

McLaren, C.E.; Brittenham, G.M.; Hasselblad, V. Statistical and graphical evaluation of erythrocyte volume
distributions. Am. J. Physiol. 1987, 252, H857-H866. [CrossRef] [PubMed]

Wenger, R.H.; Kurtz, A. Erythropoietin. Compr. Physiol. 2011, 1, 1759-1794. [CrossRef] [PubMed]

Shih, HM.; Wu, C.J.; Lin, S.L. Physiology and pathophysiology of renal erythropoietin-producing cells.
J. Formos. Med. Assoc. 2018, 117, 955-963. [CrossRef] [PubMed]

Nolan, K.A.; Wenger, R.H. Source and microenvironmental regulation of erythropoietin in the kidney.
Curr. Opin. Nephrol. Hypertens. 2018, 27, 277-282. [CrossRef]

Jelkmann, W. Physiology and pharmacology of erythropoietin. Transfus. Med. Hemother. 2013, 40, 302-309.
[CrossRef]

Bunn, H.E. Erythropoietin. Cold Spring Harb. Perspect. Med. 2013, 3, a011619. [CrossRef]

Jelkmann, W. Erythropoietin. Front. Horm. Res. 2016, 47, 115-127. [CrossRef]

Fitch, K.D. Blood doping at the Olympic Games. |. Sports Med. Phys. Fit. 2017, 57, 1526-1532. [CrossRef]
Foller, M.; Huber, S.M.; Lang, F. Erythrocyte programmed cell death. IUBMB Life 2008, 60, 661-668. [CrossRef]
Lang, F.; Lang, E.; Foller, M. Physiology and pathophysiology of eryptosis. Transfus. Med. Hemother. 2012, 39,
308-314. [CrossRef]

Pretorius, E.; du Plooy, ].N.; Bester, J. A comprehensive review on eryptosis. Cell. Physiol. Biochem. 2016, 39,
1977-2000. [CrossRef] [PubMed]

Repsold, L.; Joubert, AM. Eryptosis: An erythrocyt’s suicidal type of cell death. Biomed. Res. Int. 2018, 2018,
9405617. [CrossRef]

Qadri, S.M.; Bissinger, R.; Solh, Z.; Oldenborg, P.A. Eryptosis in health and disease: A paradigm shift towards
understanding the (patho)physiological implications of programmed cell death of erythrocytes. Blood Rev.
2017, 31, 349-361. [CrossRef]

Lang, P.A ; Beringer, O.; Nicolay, ].P.; Amon, O.; Kempe, D.S.; Hermle, T.; Attanasio, P.; Akel, A.; Schifer, R.;
Friedrich, B; et al. Suicidal death of erythrocytes in recurrent hemolytic uremic syndrome. J. Mol. Med. 2006,
84,378-388. [CrossRef] [PubMed]

Luft, EC. Suicidal erythrocyte death occurs in the hemolytic uremic syndrome. J. Mol. Med. 2006, 84, 347-348.
[CrossRef] [PubMed]

Lang, F.,; Qadri, S.M. Mechanisms and significance of eryptosis, the suicidal death of erythrocytes. Blood Purif.
2012, 33, 125-130. [CrossRef]

Lang, F,; Bissinger, R.; Abed, M.; Artunc, F. Eryptosis—The neglected cause of anemia in end stage renal
disease. Kidney Blood Press. Res. 2017, 42, 749-760. [CrossRef]

Goodnough, L.T.; Levy, ].H.; Murphy, M.F. Concepts of blood transfusion in adults. Lancet 2013, 381,
1845-1854. [CrossRef]

Meier, J. Blood transfusion and coagulation management. Best Pract. Res. Clin. Anaesthesiol. 2016, 30, 371-379.
[CrossRef]

Roubinian, N.; Carson, J.L. Red blood cell transfusion strategies in adult and pediatric patients with
malignancy. Hematol. Oncol. Clin. N. Am. 2016, 30, 529-540. [CrossRef]

Zeuner, A.; Martelli, F,; Vaglio, S.; Federici, G.; Whitsett, C.; Migliaccio, A.R. Concise review: Stem cell-derived
erythrocytes as upcoming players in blood transfusion. Stem Cells 2012, 30, 1587-1596. [CrossRef] [PubMed]


http://dx.doi.org/10.1182/blood-2013-01-476390
http://dx.doi.org/10.1111/bjh.14194
http://dx.doi.org/10.1007/s12551-019-00579-2
http://dx.doi.org/10.1016/bs.ircmb.2015.01.006
http://dx.doi.org/10.1080/19491034.2016.1226717
http://dx.doi.org/10.1111/j.1365-2818.1981.tb01293.x
http://dx.doi.org/10.1152/ajpheart.1987.252.4.H857
http://www.ncbi.nlm.nih.gov/pubmed/3565597
http://dx.doi.org/10.1002/cphy.c100075
http://www.ncbi.nlm.nih.gov/pubmed/23733688
http://dx.doi.org/10.1016/j.jfma.2018.03.017
http://www.ncbi.nlm.nih.gov/pubmed/29655605
http://dx.doi.org/10.1097/MNH.0000000000000420
http://dx.doi.org/10.1159/000356193
http://dx.doi.org/10.1101/cshperspect.a011619
http://dx.doi.org/10.1159/000445174
http://dx.doi.org/10.23736/S0022-4707.17.06948-1
http://dx.doi.org/10.1002/iub.106
http://dx.doi.org/10.1159/000342534
http://dx.doi.org/10.1159/000447895
http://www.ncbi.nlm.nih.gov/pubmed/27771701
http://dx.doi.org/10.1155/2018/9405617
http://dx.doi.org/10.1016/j.blre.2017.06.001
http://dx.doi.org/10.1007/s00109-006-0058-0
http://www.ncbi.nlm.nih.gov/pubmed/16622713
http://dx.doi.org/10.1007/s00109-006-0059-z
http://www.ncbi.nlm.nih.gov/pubmed/16649057
http://dx.doi.org/10.1159/000334163
http://dx.doi.org/10.1159/000484215
http://dx.doi.org/10.1016/S0140-6736(13)60650-9
http://dx.doi.org/10.1016/j.bpa.2016.06.002
http://dx.doi.org/10.1016/j.hoc.2016.01.001
http://dx.doi.org/10.1002/stem.1136
http://www.ncbi.nlm.nih.gov/pubmed/22644674

Toxins 2020, 12, 373 33 of 53

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Christaki, E.E.; Politou, M.; Antonelou, M.; Athanasopoulos, A.; Simantirakis, E.; Seghatchian, J.;
Vassilopoulos, G. Ex vivo generation of transfusable red blood cells from various stem cell sources:
A concise revisit of where we are now. Transfus. Apher. Sci. 2019, 58, 108-112. [CrossRef] [PubMed]

Kim, H.O. In-vitro stem cell derived red blood cells for transfusion: Are we there yet? Yonsei Med. J. 2014, 55,
304-309. [CrossRef] [PubMed]

Ramesh, B.; Guhathakurta, S. Large-scale in-vitro expansion of RBCs from hematopoietic stem cells. Artif. Cells
Nanomed. Biotechnol. 2013, 41, 42-51. [CrossRef] [PubMed]

Xie, X.; Li, Y.; Pei, X. From stem cells to red blood cells: How far away from the clinical application? Sci.
China Life Sci. 2014, 57, 581-585. [CrossRef]

Douay, L. Experimental culture conditions are critical for ex vivo expansion of hematopoietic cells.
J. Hematother. Stem Cell Res. 2001, 10, 341-346. [CrossRef]

Kuroda, R.; Matsumoto, T.; Kawakami, Y.; Fukui, T.; Mifune, Y.; Kurosaka, M. Clinical impact of circulating
CD34-positive cells on bone regeneration and healing. Tissue Eng. Part B Rev. 2014, 20, 190-199. [CrossRef]
Schwaber, J.L.; Brunck, M.E.; Lévesque, J.P.; Nielsen, L.K. Filling the void: Allogeneic myeloid cells for
transplantation. Curr. Opin. Hematol. 2016, 23, 72-77. [CrossRef]

Panch, S.R.; Szymanski, J.; Savani, B.N.; Stroncek, D.E. Sources of hematopoietic stem and progenitor cells
and methods to optimize yields for clinical cell therapy. Biol. Blood Marrow Transplant. 2017, 23, 1241-1249.
[CrossRef]

Migliaccio, A.R.; Whitsett, C.; Papayannopoulou, T.; Sadelain, M. The potential of stem cells as an in vitro
source of red blood cells for transfusion. Cell Stem Cell 2012, 10, 115-119. [CrossRef]

Shah, S.; Huang, X.; Cheng, L. Concise review: Stem cell-based approaches to red blood cell production for
transfusion. Stem Cells Transl. Med. 2014, 3, 346-355. [CrossRef] [PubMed]

Oburogluy, L.; Romano, M.; Taylor, N.; Kinet, S. Metabolic regulation of hematopoietic stem cell commitment
and erythroid differentiation. Curr. Opin. Hematol. 2016, 23, 198-205. [CrossRef] [PubMed]

Bresnick, E.H.; Hewitt, K.J.; Mehta, C.; Keles, S.; Paulson, R.E,; Johnson, K.D. Mechanisms of erythrocyte
development and regeneration: Implications for regenerative medicine and beyond. Development 2018, 145,
dev151423. [CrossRef] [PubMed]

Gunsilius, E.; Gastl, G.; Petzer, A.L. Hepatopoietic stem cells. Biomed. Pharmocother. 2001, 55, 186-194.
[CrossRef]

Singh, V.K; Saini, A.; Kalsan, M.; Kumar, N.; Chandra, R. Stage-specific regulation of erythropoiesis and its
implications in ex-vivo RBCs generation. . Stem Cells 2016, 11, 149-169.

Bernecker, C.; Ackermann, M.; Lachmann, N.; Rohrhofer, L.; Zaehres, H.,, Arauzo-Bravo, M.],;
van den Akker, E.; Schlenke, P.; Dorn, 1. Enhanced ex vivo generation of erythroid cells from human
induced pluripotent stem cells in a simplified cell culture system with low cytokine support. Stem Cell Dev.
2019, 28, 1540-1551. [CrossRef]

Mehta, R.S.; Rezvani, K.; Olson, A.; Oran, B.; Hosing, C.; Shah, N.; Parmar, S.; Armitage, S.; Shpall, E.J. Novel
techniques for ex vivo expansion of cord blood: Clinical trials. Front. Med. 2015, 2, 89. [CrossRef]
Nandakumar, S.K.; Ulirsch, J.C.; Sankaran, V.G. Advances in understanding erythropoiesis: Evolving
perspectives. Br. |. Haematol. 2016, 173, 206-218. [CrossRef]

Moore, M.A. Cytokine and chemokine networks influencing stem cell proliferation, differentiation, and
marrow homing. J. Cell. Biochem. 2002, 38, 29-38. [CrossRef]

Sidney, L.E.; Branch, M.].; Dunphy, S.E.; Dua, H.S.; Hopkinson, A. Concise review: Evidence for CD34 as a
common marker for diverse progenitors. Stem Cells 2014, 32, 1380-1390. [CrossRef]

Sutherland, D.R.; Stewart, A.K.; Keating, A. CD34 antigen: Molecular features and potential clinical
applications. Stem Cells 1993, 11, 50-57. [CrossRef] [PubMed]

De Wynter, E.A.; Ryder, D.; Lanza, F.; Nadali, G.; Johnsen, H.; Denning-Kendall, P.; Thing-Mortensen, B.;
Silvestri, F; Test, N.G. Multicentre European study comparing selection techniques fort he isolation of CD34+
cells. Bone Marrow Transpl. 1999, 23, 1191-1196. [CrossRef] [PubMed]

Pafumi, C.; Leanza, V.; Carbonaro, A.; Leanza, G.; lemmola, A.; Abate, G.; Stracquadanio, M.G.; D’Agati, A.
CD34* stem cells from umbilical cord. Clin. Pract. 2011, 1, €79. [CrossRef] [PubMed]

Spohn, G.; Wiercinska, E.; Karpova, D.; Bunos, M.; Hiimmer, C.; Wingenfeld, E.; Sorg, N.; Poppe, C.;
Huppert, V.; Stuth, J.; et al. Automated CD34+ cell isolation of peripheral blood stem cell apheresis product.
Cytotherapy 2015, 17, 1465-1471. [CrossRef]


http://dx.doi.org/10.1016/j.transci.2018.12.015
http://www.ncbi.nlm.nih.gov/pubmed/30616958
http://dx.doi.org/10.3349/ymj.2014.55.2.304
http://www.ncbi.nlm.nih.gov/pubmed/24532496
http://dx.doi.org/10.3109/10731199.2012.702315
http://www.ncbi.nlm.nih.gov/pubmed/22834784
http://dx.doi.org/10.1007/s11427-014-4667-5
http://dx.doi.org/10.1089/152581601750288948
http://dx.doi.org/10.1089/ten.teb.2013.0511
http://dx.doi.org/10.1097/MOH.0000000000000205
http://dx.doi.org/10.1016/j.bbmt.2017.05.003
http://dx.doi.org/10.1016/j.stem.2012.01.001
http://dx.doi.org/10.5966/sctm.2013-0054
http://www.ncbi.nlm.nih.gov/pubmed/24361925
http://dx.doi.org/10.1097/MOH.0000000000000234
http://www.ncbi.nlm.nih.gov/pubmed/26871253
http://dx.doi.org/10.1242/dev.151423
http://www.ncbi.nlm.nih.gov/pubmed/29321181
http://dx.doi.org/10.1016/S0753-3322(01)00051-8
http://dx.doi.org/10.1089/scd.2019.0132
http://dx.doi.org/10.3389/fmed.2015.00089
http://dx.doi.org/10.1111/bjh.13938
http://dx.doi.org/10.1002/jcb.10105
http://dx.doi.org/10.1002/stem.1661
http://dx.doi.org/10.1002/stem.5530110914
http://www.ncbi.nlm.nih.gov/pubmed/7507757
http://dx.doi.org/10.1038/sj.bmt.1701789
http://www.ncbi.nlm.nih.gov/pubmed/10382960
http://dx.doi.org/10.4081/cp.2011.e79
http://www.ncbi.nlm.nih.gov/pubmed/24765340
http://dx.doi.org/10.1016/j.jcyt.2015.04.005

Toxins 2020, 12, 373 34 of 53

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Avecilla, S.T.; Goss, C.; Bleau, S.; Tonon, H.A.; Meagher, R.C. How do I perform hematopoietic progenitor
selection? Transfusion 2016, 56, 1008-1012. [CrossRef]

Martin-Henao, G.A.; Picon, M.; Rueda, F.; Amill, B.; Querol, S.; Gonzalez-Barca, E.; Ferra, G.; Grafiena, A.;
Garcia, J. Combined isolation of CD34+ progenitor cells and reduction of B cells from peripheral blood by
use of immunomagnetic methods. Transfusion 2002, 42, 912-920. [CrossRef]

Sudheer Shenov, P.; Bose, B. Identification, isolation, quantification and systems approach towards CD34, a
biomarker present in the progenitor/stem cells from diverse lineages. Methods 2017, 131, 147-156. [CrossRef]
Daniels, G. Functions of red cell surface proteins. Vox Sang. 2007, 93, 331-340. [CrossRef]

Liu, J.; Mohandas, N.; An, X. Membrane assembly during erythropoiesis. Curr. Opin. Hematol. 2011, 18,
133-138. [CrossRef]

Telen, M.J. Erythrocyte adhesion receptors: Blood group antigens and related molecules. Transfus. Med. Rev.
2005, 19, 32—44. [CrossRef]

Tomita, M.; Marchesi, V.T. Amino-acid sequence and oligosaccharide attachment sites of human erythrocyte
glycophorin. Proc. Natl. Acad. Sci. USA 1975, 72, 2964-2968. [CrossRef] [PubMed]

Aoki, T. A comprehensive review of our current understanding of red blood cell (RBC) glycoproteins.
Membrane 2017, 7, E56. [CrossRef] [PubMed]

Gahmberg, C.G.; Jokinen, M.; Karhi, K.K.; Ulmanen, I.; Kaariainen, L.; Andersson, L.C. Biosynthesis of the
major human red cell sialoglycoprotein, glycophorin A. A review. Rev. Fr. Transfus. Immunohematol. 1981, 24,
53-73. [CrossRef]

Jokinen, M.; Andersson, L.C.; Gahmberg, C.G. Biosynthesis of the major human red cell sialoglycoprotein,
glycophorin A. O-Glycosylation. ]. Biol. Chem. 1985, 260, 11314-11321.

Dorn, I.; Lazar-Karsten, P.; Boie, S.; Ribbat, J.; Hartwig, D.; Driller, B.; Kirchner, H.; Schlenke, P. In vitro
proliferation and differentiation of human CD34+ cells from peripheral blood into mature red blood cells
with two different cell culture systems. Transfusion 2008, 48, 1122-1132. [CrossRef] [PubMed]

Xi, J; Li, Y.,; Wang, R.; Wang, Y.; Nan, X.; He, L.; Zhang, P.; Chen, L.; Yue, W.; Pei, X. In vitro large scale
production of human mature red blood cells from hematopoietic stem cells by coculturing with human fetal
liver stromal cells. Biomed. Res. Int. 2013, 807863. [CrossRef]

Wangen, J.R.; Eidenschink Brodersen, L.; Stolk, T.T.; Wells, D.A.; Loken, M.R. Assessment of normal
erythropoiesis by flow cytometry: Important considerations for specimen preparation. Int. J. Lab. Hematol.
2014, 36, 184-196. [CrossRef]

Greenwalt, D.E.; Watt, KW.; So, O.Y,; Jiwani, N. PASIV, an integral membrane protein of mammary epithelial
cells, is related to platelet and endothelial cell CD36 (GP 1V). Biochemistry 1990, 29, 7054-7059. [CrossRef]
Woodford-Thomas, T.; Thomas, M.L. The leukocyte common antigen, CD45 and other protein tyrosine
phosphatases in hematopoietic cells. Semin. Cell Biol. 1993, 4, 409-418. [CrossRef]

Nakano, A.; Harada, T.; Morikawa, S.; Kato, Y. Expression of leukocyre common antigen (CD45) on various
human leukemia/lymphoma cell lines. Acta Pathol. Jpn. 1990, 40, 107-115. [CrossRef]

Altin, J.G.; Sloan, E.K. The role of CD45 and CD45-associated molecules in T cell activation. Immunol. Cell Biol.
1997, 75, 430-445. [CrossRef] [PubMed]

Hermiston, M.L.; Xu, Z.; Weiss, A. CD45: A critical regulator of signaling thresholds in immune cells.
Annu. Rev. Immunol. 2003, 21, 107-137. [CrossRef] [PubMed]

Holmes, N. CD45: All is not yet crystal clear. Immunology 2006, 117, 145-155. [CrossRef] [PubMed]
Gautier, E.E; Ducamp, S.; Leduc, M.; Salnot, V.; Guillonneau, E; Dussiot, M.; Hale, J.; Giarratana, M.C.;
Rainbault, A.; Douay, L.; et al. Comprehensive proteomic analysis of human erythropoiesis. Cell Rep. 2016,
16, 1470-1484. [CrossRef]

Soltwisch, J.; Kettling, H.; Vens-Cappell, S.; Wiegelmann, M.; Miithing, J.; Dreisewerd, K. Mass spectrometry
imaging with laser-induced postionization. Science 2015, 348, 211-215. [CrossRef]

Vens-Cappell, S.; Kouzel, I.U.; Kettling, H.; Soltwisch, J.; Bauwens, A.; Porubsky, S.; Miithing, J.; Dreisewerd, K.
On-tissue phospholipase C digestion for enhanced MALDI-MS imaging of neutral glycosphingolipids.
Anal. Chem. 2016, 88, 5595-5599. [CrossRef]

Niehaus, M.; Soltwisch, J.; Belov, M.E.; Dreisewerd, K. Transmission-mode MALDI-2 mass spectrometry
imaging of cells and tissues at subcellular resolution. Nat. Methods 2019, 16, 925-931. [CrossRef]


http://dx.doi.org/10.1111/trf.13534
http://dx.doi.org/10.1046/j.1537-2995.2002.00146.x
http://dx.doi.org/10.1016/j.ymeth.2017.06.035
http://dx.doi.org/10.1111/j.1423-0410.2007.00970.x
http://dx.doi.org/10.1097/MOH.0b013e32834521f3
http://dx.doi.org/10.1016/j.tmrv.2004.09.006
http://dx.doi.org/10.1073/pnas.72.8.2964
http://www.ncbi.nlm.nih.gov/pubmed/1059087
http://dx.doi.org/10.3390/membranes7040056
http://www.ncbi.nlm.nih.gov/pubmed/28961212
http://dx.doi.org/10.1016/S0338-4535(81)80027-X
http://dx.doi.org/10.1111/j.1537-2995.2008.01653.x
http://www.ncbi.nlm.nih.gov/pubmed/18298595
http://dx.doi.org/10.1155/2013/807863
http://dx.doi.org/10.1111/ijlh.12151
http://dx.doi.org/10.1021/bi00482a015
http://dx.doi.org/10.1006/scel.1993.1049
http://dx.doi.org/10.1111/j.1440-1827.1990.tb01549.x
http://dx.doi.org/10.1038/icb.1997.68
http://www.ncbi.nlm.nih.gov/pubmed/9429890
http://dx.doi.org/10.1146/annurev.immunol.21.120601.140946
http://www.ncbi.nlm.nih.gov/pubmed/12414720
http://dx.doi.org/10.1111/j.1365-2567.2005.02265.x
http://www.ncbi.nlm.nih.gov/pubmed/16423050
http://dx.doi.org/10.1016/j.celrep.2016.06.085
http://dx.doi.org/10.1126/science.aaa1051
http://dx.doi.org/10.1021/acs.analchem.6b01084
http://dx.doi.org/10.1038/s41592-019-0536-2

Toxins 2020, 12, 373 35 of 53

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.
109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Giarratana, M.C.; Kobari, L.; Lapillonne, H.; Chalmers, D.; Kiger, L.; Cynober, T.; Marden, M.C.; Wajcman, H.;
Douay, L. Ex vivo generation of fully mature human red blood cells from hematopoietic stem cells.
Nat. Biotechnol. 2005, 23, 69-74. [CrossRef]

Douay, L.; Giarratana, M.C. Ex vivo generation of human red blood cells: A new advance in stem cell
engineering. Methods Mol. Biol. 2009, 482, 127-140. [CrossRef]

Giarratana, M.C.; Marie, T.; Darghouth, D.; Douay, L. Biological validation of bio-engineered red blood cell
productions. Blood Cells Mol. Dis. 2013, 50, 69-79. [CrossRef]

Rousseau, G.F,; Giarratana, M.C.; Douay, L. Large-scale production of red blood cells from stem cells: What
are the technical challenges ahead? Biotechnol. |. 2014, 9, 28-38. [CrossRef] [PubMed]

Giarratana, M.C.; Rouard, H.; Dumont, A ; Kiger, L.; Safeukui, I.; Le Pennec, P.Y.; Frangois, S.; Trugnan, G.;
Peyrard, T.; Marie, T.; et al. Proof of principle for transfusion of in vitro-generated red blood cells. Blood
2011, 118, 5071-5079. [CrossRef] [PubMed]

Hiroyama, T.; Miharada, K.; Kurita, R.; Nakamura, Y. Plasticity of cells and ex vivo production of red blood
cells. Stem Cells Int. 2011, 2011, 195780. [CrossRef] [PubMed]

Kurita, R.; Suda, N.; Sudo, K.; Miharada, K.; Hiroyama, T.; Miyoshi, H.; Tani, K.; Nakamura, Y. Establishment
of immortalized human erythroid progenitor cell lines able to produce enucleated red blood cells. PLoS ONE
2013, 8, €59890. [CrossRef] [PubMed]

Trakarnsanga, K.; Griffiths, R.E.; Wilson, M.C.; Blair, A.; Satchwell, T.].; Meinders, M.; Cogan, N.; Kupzig, S.;
Kurita, R.; Nakamura, Y.; et al. An immortalized adult human erythroid line facilitates sustainable and
scalable generation of functional red cells. Nat. Commun. 2017, 8, 14750. [CrossRef] [PubMed]

Kurita, R.; Funato, K.; Abe, T.; Watanabe, Y.; Shiba, M.; Tadokoro, K.; Nakamura, Y.; Nagai, T.; Satake, M.
Establishment and characterization of immortalized erythroid progenitor cell lines derived from a common
cell source. Exp. Hematol. 2019, 69, 11-16. [CrossRef]

McCullough, J. RBCs as targets of infection. Hematol. Am. Soc. Hematol. Educ. Program 2014, 2014, 404-409.
[CrossRef]

Jaskiewicz, E.; Jodlowska, M.; Kaczmarek, R.; Zerka, A. Erythrocyte glycophorins as receptors for Plasmodium
merozoites. Parasit. Vectors 2019, 12, 317. [CrossRef]

Carper, E.; Kurtzman, G.J. Human parvovirus B19 infection. Curr. Opin. Hematol. 1996, 3, 111-117. [CrossRef]
Young, N.S. Parvovirus infection and its treatment. Clin. Exp. Immunol. 1996, 104, 26-30. [CrossRef]
Chisaka, H.; Morita, E.; Yaegashi, N.; Sugamura, K. Parvovirus B19 and the pathogenesis of anaemia. Rev.
Med. Virol. 2003, 13, 347-359. [CrossRef] [PubMed]

Filippone, C.; Franssila, R.; Kumar, A.; Saikko, L.; Kovanen, P.E.; S6derlund-Venermo, M.; Hedman, K.
Erythroid progenitor cells expanded from peripheral blood without mobilization or preselection: Molecular
characteristics and functional competence. PLoS ONE 2010, 5, €9496. [CrossRef] [PubMed]

Brown, K.E.; Anderson, S.M.; Young, N.S. Erythrocyte P antigen: Cellzular receptor for B19 parvovirus.
Science 1993, 262, 114-117. [CrossRef] [PubMed]

Brown, K.E.; Young, N.S. Parvovirus B19 infection and hematopoiesis. Blood Rev. 1995, 9, 176-182. [CrossRef]
Wong, S.; Zhi, N.; Filippone, C.; Keyvanfar, K.; Kajigaya, S.; Brown, K.E.; Young, N.S. Ex vivo-generated
CD36™ erythroid progenitors are highly permissive to human parvovirus B19 replication. J. Virol. 2008, 82,
2470-2476. [CrossRef]

Bonsch, C.; Zuercher, C.; Lieby, P.; Kempf, C.; Ros, C. The globoside receptor triggers structural changes in
the B19 virus capsid that facilitate virus internalization. J. Virol. 2010, 84, 11737-11746. [CrossRef]

Rogo, L.D.; Mokhtari-Azad, T.; Kabir, M.H.; Rezaei, F. Human parvovirus B19: A review. Acta Virol. 2014, 58,
199-213. [CrossRef]

Brown, K.E.; Hibbs, ].R.; Gallinella, G.; Anderson, S.M.; Lehman, E.D.; McCarthy, P.; Young, N.S. Resistance
to parvovirus B19 infection due to lack of virus receptor (erythrocyte P antigen). N. Engl. ]. Med. 1994, 330,
1192-1196. [CrossRef]

Cooling, L.L.; Zhang, D.S.; Naides, S.J.; Koerner, T.A. Glycosphingolipid expression in acute nonlymphocytic
leukemia: Common expression of Shiga toxin and parvovirus B19 receptors on early myeloblasts. Blood
2003, 101, 711-721. [CrossRef]

Jewell, S.A.; Titball, RW.; Huyet, J.; Naylor, C.E.; Basak, A.K.; Gologan, P.; Winlove, C.P,; Petrov, P.G.
Clostridium perfringens «-toxin interaction with red cells and model membranes. Soft Matter 2015, 11,
7748-7761. [CrossRef]


http://dx.doi.org/10.1038/nbt1047
http://dx.doi.org/10.1007/978-1-59745-060-7_8
http://dx.doi.org/10.1016/j.bcmd.2012.09.003
http://dx.doi.org/10.1002/biot.201200368
http://www.ncbi.nlm.nih.gov/pubmed/24408610
http://dx.doi.org/10.1182/blood-2011-06-362038
http://www.ncbi.nlm.nih.gov/pubmed/21885599
http://dx.doi.org/10.4061/2011/195780
http://www.ncbi.nlm.nih.gov/pubmed/21785608
http://dx.doi.org/10.1371/journal.pone.0059890
http://www.ncbi.nlm.nih.gov/pubmed/23533656
http://dx.doi.org/10.1038/ncomms14750
http://www.ncbi.nlm.nih.gov/pubmed/28290447
http://dx.doi.org/10.1016/j.exphem.2018.10.005
http://dx.doi.org/10.1182/asheducation-2014.1.404
http://dx.doi.org/10.1186/s13071-019-3575-8
http://dx.doi.org/10.1097/00062752-199603020-00002
http://dx.doi.org/10.1111/cei.1996.104.s1.26
http://dx.doi.org/10.1002/rmv.395
http://www.ncbi.nlm.nih.gov/pubmed/14625883
http://dx.doi.org/10.1371/journal.pone.0009496
http://www.ncbi.nlm.nih.gov/pubmed/20209110
http://dx.doi.org/10.1126/science.8211117
http://www.ncbi.nlm.nih.gov/pubmed/8211117
http://dx.doi.org/10.1016/0268-960X(95)90023-3
http://dx.doi.org/10.1128/JVI.02247-07
http://dx.doi.org/10.1128/JVI.01143-10
http://dx.doi.org/10.4149/av_2014_03_199
http://dx.doi.org/10.1056/NEJM199404283301704
http://dx.doi.org/10.1182/blood-2002-03-0718
http://dx.doi.org/10.1039/C5SM00876J

Toxins 2020, 12, 373 36 of 53

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.

138.

139.

140.

Takagishi, T.; Takehara, M.; Seike, S.; Miyamoto, K.; Kobayashi, K.; Nagahama, M. Clostridium perfringens
a-toxin impairs erythropoiesis by inhibition of erythroid differentiation. Sci. Rep. 2017, 7, 5217. [CrossRef]
[PubMed]

Benz, R. Channel formation by RTX-toxins of pathogenic bacteria: Basis of their biological activity. Biochim.
Biophys. Acta 2016, 1858, 526-527. [CrossRef]

Linhartov4, I.; Bumba, L.; Masin, J.; Basler, M.; Osic¢ka, R.; Kamanova, J.; Prochazkova, K.; Adkins, I.;
Heinova-Holubovs, J.; Sadilkova, L.; et al. RTX proteins: A highly diverse family secreted by a common
mechanism. FEMS Microbiol. Rev. 2010, 34, 1076-1112. [CrossRef] [PubMed]

Ostolaza, H.; Gonzales-Bullon, D.; Uribe, K.B.; Martin, C.; Amuategi, J.; Fernandez-Martinez, X. Membrane
permebilization by pore-forming RTX toxins: What kind of lesions do these toxins form? Toxins 2019, 11,
E354. [CrossRef] [PubMed]

Wiles, T.J.; Mulvey, M. A. The RTX pore-forming toxin a-hemolysin of uropathogenic Escherichia coli: Progress
and perspectives. Future Microbiol. 2013, 8, 73-84. [CrossRef] [PubMed]

Ristow, L.C.; Welch, R.A. Hemolysin of uropathogenic Escherichia coli: A cloak or a dagger? Biochim. Biophys. Acta
2016, 1858, 538-545. [CrossRef]

Bielaszewska, M.; Aldick, T.; Bauwens, A.; Karch, H. Hemolysin of enterohemorrhagic Escherichia coli:
Structure, transport, biological activity and putative role in virulence. Int. J. Med. Microbiol. 2014, 304,
521-529. [CrossRef]

Schwidder, M.; Heinisch, L.; Schmidt, H. Genetics, toxicity, and distribution of enterohemorrhagic
Escherichia coli hemolysin. Toxins 2019, 11, E502. [CrossRef]

Bauer, M.E.; Welch, R.A. Characterization of an RTX toxin from enterohemorrhagic Escherichia coli O157:H7.
Infect. Immun. 1996, 64, 167-175. [CrossRef]

Taneike, I.; Zhang, H.M.; Wakisaka-Saito, N.; Yamamoto, T. Enterohemolysin operon of Shiga toxin-producing
Escherichia coli: A virulence function of inflammatory cytokine production from human monocytes. FEBS Lett.
2002, 524, 219-224. [CrossRef]

Van de Kar, N.C.; Monnens, L.A.; Karmali, M.A.; van Hinsbergh, V.W. Tumor necrosis factor and
interleukin-1 induce expression of the verocytotoxin receptor globotriaosylceramide on human endothelial
cells: Implications for the pathogenesis of the hemolytic uremic syndrome. Blood 1992, 80, 2755-2764.
[CrossRef] [PubMed]

Aldick, T.; Bielaszewska, M.; Zhang, W.; Brockmeyer, J.; Schmidt, H.; Friedrich, A.W.; Kim, K.S.; Schmidt, M.A.;
Karch, H. Hemolysin from Shiga toxin-negative Escherichia coli O26 strain injures microvascular endothelium.
Microbes Infect. 2007, 9, 282-290. [CrossRef] [PubMed]

Bielaszewska, M.; Riiter, C.; Kunsmann, L.; Greune, L.; Bauwens, A.; Zhang, W.; Kuczius, T.; Kim, K.S.;
Mellmann, A.; Schmidt, M.A.; et al. Enterohemorrhagic Escherichia coli hemolysin employs outer membrane
vesicles to target mitochondria and cause endothelial and epithelial apoptosis. PLoS Pathog. 2013, 9, e1003797.
[CrossRef] [PubMed]

Aldick, T.; Bielaszewska, M.; Uhlin, B.E.; Humpf, H.U.; Wai, S.N.; Karch, H. Vesicular stabilization and
activity augmentation of enterohaemorrhagic Escherichia coli haemolysin. Mol. Microbiol. 2009, 71, 1496-1508.
[CrossRef] [PubMed]

Bielaszewska, M.; Riiter, C.; Bauwens, A.; Greune, L.; Jarosch, K.A.; Steil, D.; Zhang, W.; He, X,;
Lloubes, R.; Fruth, A.; et al. Host cell interactions of outer membrane vesicle-associated virulence factors of
enterohemorrhagic Escherichia coli O157: Intracellular delivery, trafficking and mechanisms of cell injury.
PLoS Pathog. 2017, 3, €1006159. [CrossRef]

Nakao, H.; Takeda, T. Escherichia coli Shiga toxin. ]. Nat. Toxins 2000, 9, 299-313.

Miithing, J.; Schweppe, C.H.; Karch, H.; Friedrich, A.W. Shiga toxins, glycosphingolipid diversity, and
endothelial cell injury. Thromb. Haemost. 2009, 101, 252-264.

Bergan, ].; Dyve Lingelem, A.B.; Simm, R.; Skotland, T.; Sandvig, K. Shiga toxins. Toxicon 2012, 60, 1085-1107.
[CrossRef]

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

Chan, Y.S.; Ng, T.B. Shiga toxins: From structure and mechanism to applications. Appl. Microbiol. Biotechnol.
2016, 100, 1597-1610. [CrossRef]


http://dx.doi.org/10.1038/s41598-017-05567-8
http://www.ncbi.nlm.nih.gov/pubmed/28701754
http://dx.doi.org/10.1016/j.bbamem.2015.10.025
http://dx.doi.org/10.1111/j.1574-6976.2010.00231.x
http://www.ncbi.nlm.nih.gov/pubmed/20528947
http://dx.doi.org/10.3390/toxins11060354
http://www.ncbi.nlm.nih.gov/pubmed/31216745
http://dx.doi.org/10.2217/fmb.12.131
http://www.ncbi.nlm.nih.gov/pubmed/23252494
http://dx.doi.org/10.1016/j.bbamem.2015.08.015
http://dx.doi.org/10.1016/j.ijmm.2014.05.005
http://dx.doi.org/10.3390/toxins11090502
http://dx.doi.org/10.1128/IAI.64.1.167-175.1996
http://dx.doi.org/10.1016/S0014-5793(02)03027-2
http://dx.doi.org/10.1182/blood.V80.11.2755.2755
http://www.ncbi.nlm.nih.gov/pubmed/1333300
http://dx.doi.org/10.1016/j.micinf.2006.12.001
http://www.ncbi.nlm.nih.gov/pubmed/17314059
http://dx.doi.org/10.1371/journal.ppat.1003797
http://www.ncbi.nlm.nih.gov/pubmed/24348251
http://dx.doi.org/10.1111/j.1365-2958.2009.06618.x
http://www.ncbi.nlm.nih.gov/pubmed/19210618
http://dx.doi.org/10.1371/journal.ppat.1006159
http://dx.doi.org/10.1016/j.toxicon.2012.07.016
http://dx.doi.org/10.1128/microbiolspec.EHEC-0024-2013
http://dx.doi.org/10.1007/s00253-015-7236-3

Toxins 2020, 12, 373 37 of 53

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Kavaliauskiene, S.; Dyve Lingelem, A.B.; Skotland, T.; Sandvig, K. Protection against Shiga toxins. Toxins
2017, 9, E44. [CrossRef] [PubMed]

Bitzan, M.; Richardson, S.; Huang, C.; Boyd, B.; Petric, M.; Karmali, M. Evidence that verotoxins (Shiga-like
toxins) from Escherichia coli bind to P blood group antigens of human erythrocytes in vitro. Infect. Immun.
1994, 62, 3337-3347. [CrossRef] [PubMed]

Cooling, L.L.; Kelly, K. Inverse expression of PX and Luke blood group antigens on human RBCs. Transfusion
2001, 41, 898-907. [CrossRef] [PubMed]

Maloney, M.; Lingwood, C. Synergistic effect of verotoxin and interfern-« on erythropoiesis. Cell. Mol. Biol.
2003, 49, 1363-1369.

Betz, J.; Dorn, I.; Kouzel, LU.; Bauwens, A.; Meisen, I.; Kemper, B.; Bielaszewska, M.; Mormann, M.;
Weymann, L.; Sibrowski, W.; et al. Shiga toxin of enterohaemorrhagic Escherichia coli directly injures
developing human erythrocytes. Cell. Microbiol. 2016, 18, 1339-1348. [CrossRef]

Hakomori, S. Blood group ABH and Ii antigens of human erythrocytes: Chemistry, polymorphism, and their
developmental change. Semin. Hematol. 1981, 18, 39-62.

Fukuda, M. Cell surface glycoconjugates as onco-differentiation markers in hematopoietic cells.
Biochim. Biophys. Acta 1985, 780, 119-150. [CrossRef]

Levery, S.B. Glycosphingolipid structural analysis and glycosphingolipidomics. Methods Enzymol. 2005, 405,
300-369. [CrossRef]

Miithing, J.; Distler, U. Advances on the compositional analysis of glycosphingolipids combining thin-layer
chromatography wit mass spectrometry. Mass Spectrom. Rev. 2010, 29, 425-479. [CrossRef]

Meisen, I.; Mormann, M.; Miithing, J. Thin-layer chromatography, overlay technique and mass spectrometry:
A versatile triad advancing glycosphingolipidomics. Biochim. Biophys. Acta 2011, 1811, 875-896. [CrossRef]
Merrill, A.H., Jr. Sphingolipid and glycosphingolipid metabolic pathways in the era of sphingolipidomics.
Chem. Rev. 2011, 111, 6387-6422. [CrossRef] [PubMed]

Jennemann, R.; Grone, H.J. Cell-specific in vivo functions of glycosphingolipids: Lessons from genetic
deletions of enzymes involved in glycosphingolipid synthesis. Prog. Lipid Res. 2013, 52, 231-248. [CrossRef]
[PubMed]

Hakomori, S.I; Siddiqui, B.; Li, Y.T.; Li, S.C.; Hellerqvist, C.G. Anomeric structure of globoside and ceramide
trihexoside of human erythrocytes and hamster fibroblasts. . Biol. Chem. 1971, 246, 2271-2277. [PubMed]
Koscielak, J.; Miller-Podraza, H.; Krauze, R.; Cedergren, B. Glycolipid composition of blood group P
erythrocytes. FEBS Lett. 1976, 66, 250-253. [CrossRef]

Hanfland, P; Egge, H. Mass spectrometric analysis of permethylated glycosphingolipids II. Comparative studies
on different blood-group active and related erythrocyte membrane glycosphingolipids. Chem. Phys. Lipids 1978,
16,201-214. [CrossRef]

Yamakawa, T. A reflection on the early history of glycosphingolipids. GlycoconjJ. 1996, 13,123-126. [CrossRef]
Klenk, E.; Lauenstein, K. Carbohydrate containing lipids of the formed elements of the human blood.
Hoppe Seylers Z. Physiol. Chem. 1951, 288, 220-228.

Yamakawa, T.; Iida, T. Inmunochemical study on the red blood cells. I. Globoside, as the agglutinogen of the
ABO system on erythrocytes. Jpn. J. Exp. Med. 1953, 23, 327-331.

Yamakawa, T.; Yokoyama, S.; Kiso, N. Structure of main globoside of human erythrocytes. J. Biochem. 1962,
52,228-229. [CrossRef]

Yamakawa, T.; Yokoyama, S.; Handa, N. Chemistry of lipids of posthemolytic residue or stroma of erythrocytes.
XI. Structure of globoside, the main mucolipid of human erythrocytes. J. Biochem. 1963, 53, 28-36. [CrossRef]
Yamakawa, T.; Suzuki, S. The chemistry of the lipids of posthemolytic residue or stroma of erythrocytes. III
Globoside, the sugar-containing lipid of human blood stroma. J. Biochem. 1952, 39, 393—402. [CrossRef]
Naiki, M.; Marcus, D.M. An immunochemical study of the human blood group Py, P, and P¥ glycosphingolipid
antigens. Biochemistry 1975, 14, 4837-4841. [CrossRef] [PubMed]

Marcus, D.M.; Naiki, M.; Kundu, S.K. Abnormalities in the glycosphingolipid content of human Pk and P
erythrocytes. Proc. Natl. Acad. Sci. USA 1976, 73, 3263-3267. [CrossRef] [PubMed]

D’Angelo, G.; Capasso, S.; Sticco, L.; Russo, D. Glycosphingolipids: Synthesis and functions. FEBS ]. 2013,
280, 6338-6353. [CrossRef]

Stults, C.L.; Larsen, R.D.; Macher, B.A. «1,4Galactosyltransferase activity and GbsCer expression in human
leukaemia/lymphoma cell lines. Glycoconj. J. 1995, 12, 680-689. [CrossRef]


http://dx.doi.org/10.3390/toxins9020044
http://www.ncbi.nlm.nih.gov/pubmed/28165371
http://dx.doi.org/10.1128/IAI.62.8.3337-3347.1994
http://www.ncbi.nlm.nih.gov/pubmed/8039905
http://dx.doi.org/10.1046/j.1537-2995.2001.41070898.x
http://www.ncbi.nlm.nih.gov/pubmed/11452158
http://dx.doi.org/10.1111/cmi.12592
http://dx.doi.org/10.1016/0304-419X(84)90002-7
http://dx.doi.org/10.1016/S0076-6879(05)05012-3
http://dx.doi.org/10.1002/mas.20253
http://dx.doi.org/10.1016/j.bbalip.2011.04.006
http://dx.doi.org/10.1021/cr2002917
http://www.ncbi.nlm.nih.gov/pubmed/21942574
http://dx.doi.org/10.1016/j.plipres.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23473748
http://www.ncbi.nlm.nih.gov/pubmed/5103071
http://dx.doi.org/10.1016/0014-5793(76)80515-7
http://dx.doi.org/10.1016/0009-3084(76)90027-X
http://dx.doi.org/10.1007/BF00731485
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a127603
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a127654
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a126309
http://dx.doi.org/10.1021/bi00693a010
http://www.ncbi.nlm.nih.gov/pubmed/1182122
http://dx.doi.org/10.1073/pnas.73.9.3263
http://www.ncbi.nlm.nih.gov/pubmed/1067617
http://dx.doi.org/10.1111/febs.12559
http://dx.doi.org/10.1007/BF00731265

Toxins 2020, 12, 373 38 of 53

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Furukawa, J.I.; Okada, K.; Shinohara, Y. Glycomics of human embryonic stem cells and human induced
pluripotent stem cells. Glycoconj. J. 2017, 34, 807-815. [CrossRef]

Russo, D.; Capolupo, L.; Loomba, ].S.; Sticco, L.; D’Angelo, G. Glycosphingolipid metabolism in cell fate
specification. J. Cell Sci. 2018, 131. [CrossRef]

Aerts, ] M.EG.; Artola, M.; van Eijk, M.; Ferraz, M.].; Boot, R.G. Glycosphingolipids and infection. Potential
new therapeutic avenues. Front. Cell Dev. Biol. 2019, 7, 324. [CrossRef]

Zhang, T.; de Waard, A.A.; Wuhrer, M.; Spaapen, R M. The role of glycosphingolipids in immune cell
functions. Front. Immunol. 2019, 10, 90. [CrossRef]

Macher, B.A.; Klock, J.C. Isolation and chemical characterization neutral glycosphingolipids of human
neutrophils. J. Biol. Chem. 1980, 255, 2092-2096.

Fukuda, M.N.; Dell, A.; Oates, J.E.; Wu, P; Klock, J.C.; Fukuda, M. Structures of glycosphingolipids isolated
from human granulocytes. The presence of a series of poly-N-acetyllactosaminylceramide and its significance
in glycolipids of whole blood cells. J. Biol. Chem. 1985, 260, 1067-1082. [PubMed]

Stein, K.E.; Marcus, D.M. Glycosphingolipids of purified human lymphocytes. Biochemistry 1977, 16,
5285-5291. [CrossRef] [PubMed]

Schwarting, G.K.; Marcus, D.M. Cell surface glycosphingolipids of normal and leukemic human lymphocytes.
Clin. Immunol. Immunopathol. 1979, 14, 121-129. [CrossRef]

Lee, WM.; Klock, J.C.; Macher, B.A. Isolation and structural characterization of human lymphocyte neutral
glycosphingolipids. Biochemistry 1981, 20, 3810-3814. [CrossRef]

Macher, B.A.; Lee, W.M.; Westrick, M.A. Glycosphingolipids of normal and leukemic human leukocytes.
Mol. Cell. Biochem. 1982, 47, 81-95. [CrossRef]

Kiguchi, K.; Henning-Chubb, C.B.; Huberman, E. Glycosphingolipid patterns of peripheral blood
lymphocytes, monocytes, and granulocytes are cell specific. . Biochern. 1990, 107, 8-14. [CrossRef]

Taga, S.; Tétaud, C.; Mangeney, M.; Tursz, T.; Wiels, J. Sequential changes in glycolipid expression during
human B cell differentiation: Enzymatic bases. Biochim. Biophys. Acta 1995, 1254, 56—65. [CrossRef]
Delannoy, C.P.; Rombouts, Y.; Groux-Degroote, S.; Holst, S.; Coddeville, B.; Harduin-Lepers, A.; Wuhrer, M.;
Elass-Rochard, E.; Guérardel, Y. Glycosylation changes triggered by the differentiation of monocytic THP-1
cell line into macrophages. J. Proteome Res. 2017, 16, 156-169. [CrossRef]

Kniep, B.; Monner, D.A_; Schwuléra, U.; Miihlradt, P.F. Glycosphingolipids of the globo-series are associated
with the monocytic lineage of human myeloid cells. Eur. J. Biochem. 1985, 149, 187-191. [CrossRef]
Hoffmann, P,; Hiilsewig, M.; Duvar, S.; Ziehr, H.; Mormann, M.; Peter-Katalini¢, J.; Friedrich, A.W.; Karch, H.;
Miithing, J. On the structural diversity of Shiga toxin glycosphingolipid receptors in lymphoid and myeloid
cells determined by nanoelectrospray ionization tandem mass spectrometry. Rapid Commun. Mass Spectrom.
2010, 24, 2295-2304. [CrossRef]

Kouzel, 1.U.; Pohlentz, G.; Storck, W.; Radamm, L.; Hoffmann, P.; Bielaszewska, M.; Bauwens, A.; Cichon, C.;
Schmidt, M.A.; Mormann, M.; et al. Association of Shiga toxin glycosphingolipid receptors with membrane
microdomains of toxin-sensitive lymphoid and myeloid cells. J. Lipid Res. 2013, 54, 692-710. [CrossRef]
Ramegowda, B.; Tesh, V.L. Differentiation-associated toxin receptor modulation, cytokine production, and
sensitivity to Shiga-like toxins in human monocytes and monocytic cell lines. Infect. Immun. 1996, 64,
1173-1180. [CrossRef]

Lozzio, C.B.; Lozzio, B.B. Human chronic myelogenous leukemia cell-line with positive Philadelphia
chromosome. Blood 1975, 45, 321-334. [CrossRef] [PubMed]

Gahmberg, C.G.; Jokinen, M.; Andersson, L.C. Expression of the major red cell sialoglycoprotein, glycophorin
A, in the human leukemic cell line K562. |. Biol. Chem. 1979, 254, 7442-7448. [PubMed]

Jokinen, M.; Gahmberg, C.G.; Andersson, L.C. Biosynthesis oft he major human red cell sialoglycoprotein,
glycophorin A, in a continuous cell line. Nature 1979, 279, 604-607. [CrossRef] [PubMed]

DuPont, B.R.; Grant, S.G.; Oto, S.H.; Bigbee, W.L.; Jensen, R.H.; Langlois, R.G. Molecular characterization of
glycophorin A transcripts in human erythroid cells using RT-PCR, allele-specific restriction, and sequencing.
Vox Sang. 1995, 68, 121-129. [CrossRef]

Gahmberg, C.G.; Jokinen, M.; Andersson, L.C. Expression of the major sialoglycoprotein (glycophorin) on
erythroid cells in human bone marrow. Blood 1978, 53, 379-387. [CrossRef]

Andersson, L.C.; Jokinen, M.; Gahmberg, C.G. Induction of erythroid differentiation in the human leukaemia
cell line K562. Nature 1979, 278, 364-365. [CrossRef]


http://dx.doi.org/10.1007/s10719-017-9800-9
http://dx.doi.org/10.1242/jcs.219204
http://dx.doi.org/10.3389/fcell.2019.00324
http://dx.doi.org/10.3389/fimmu.2019.00090
http://www.ncbi.nlm.nih.gov/pubmed/3881421
http://dx.doi.org/10.1021/bi00643a019
http://www.ncbi.nlm.nih.gov/pubmed/303523
http://dx.doi.org/10.1016/0090-1229(79)90132-6
http://dx.doi.org/10.1021/bi00516a022
http://dx.doi.org/10.1007/BF00234409
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a123016
http://dx.doi.org/10.1016/0005-2760(94)00167-W
http://dx.doi.org/10.1021/acs.jproteome.6b00161
http://dx.doi.org/10.1111/j.1432-1033.1985.tb08910.x
http://dx.doi.org/10.1002/rcm.4636
http://dx.doi.org/10.1194/jlr.M031781
http://dx.doi.org/10.1128/IAI.64.4.1173-1180.1996
http://dx.doi.org/10.1182/blood.V45.3.321.321
http://www.ncbi.nlm.nih.gov/pubmed/163658
http://www.ncbi.nlm.nih.gov/pubmed/379005
http://dx.doi.org/10.1038/279604a0
http://www.ncbi.nlm.nih.gov/pubmed/571965
http://dx.doi.org/10.1111/j.1423-0410.1995.tb02563.x
http://dx.doi.org/10.1182/blood.V52.2.379.379
http://dx.doi.org/10.1038/278364a0

Toxins 2020, 12, 373 39 of 53

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

Suzuki, A.; Karol, R.A.; Kundu, S.K.; Marcus, D.M. Glycosphingolipids of K562 cells: A chemical and
immunological analysis. Int. ]. Cancer 1981, 28, 271-276. [CrossRef]

Kannagi, R.; Papayannopoulou, T.; Nakamoto, B.; Cochran, N.A.; Yokochi, T.; Stamatoyannopoulos, G.;
Hakomori, S. Carbohydrate antigen profiles of human erythroleukemia cell lines HEL and K562. Blood 1983,
62,1230-1241. [CrossRef]

Tringali, C.; Anastasia, L.; Papini, N.; Bianchi, A.; Ronzoni, L.; Cappellini, M.D.; Monti, E.; Tettamanti, G.;
Venerando, B. Modification of sialidase levels and siaolglycoconjugate pattern during erythroid and
erythroleukemic cell differentiation. Glycoconj. J. 2007, 24, 67-79. [CrossRef] [PubMed]

Martin, P.; Papayannopoulou, T. HEL cells: A new human erythroleukemia cell line with spontaneous and
induced globin expression. Science 1982, 216, 1233-1235. [CrossRef] [PubMed]

Papayannopoulou, T.; Nakamoto, B.; Kurachi, S.; Nelson, R. Analysis of the erythroid phenotype of HEL
cells: Clonal variation and the effect of inducers. Blood 1987, 70, 1764-1772. [CrossRef] [PubMed]

Hooper, W.C.; Pruckler, J.; Jackson, D.; Evatt, B.L. Transforming growth factor-beta induces hemoglobin
synthesis in a human erythroleukemia cell line. Biochem. Biophys. Res. Commun. 1989, 165, 145-150.
[CrossRef]

Hong, Y.; Martin, J.F.; Vainchenker, W.; Erusalimsky, J.D. Inhibition of protein kinase C suppresses
megakaryocytic differentiation and stimulates erythroid differentiation in HEL cells. Blood 1996, 87,
123-131. [CrossRef]

Papayannopoulou, T.; Nakamoto, B.; Yokochi, T.; Chait, A.; Kannagi, R. Human erythroleukemia cell line
(HEL) undergoes a drastic macrophage-like shift with TPA. Blood 1983, 62, 832-845. [CrossRef]

Horton, M.A; Cedar, S.H.; Edwards, P.A. Expression of red cell specific determinants during differentiation
in the K562 erythroleukaemia cell line. Scand. J. Haematol. 1981, 27, 231-240. [CrossRef]

Gahmberg, C.G.; Ekblom, M.; Andersson, L.C. Differentiation of human erythroid cells is associated with
increased O-glycosylation of the major sialoglycoprotein, glycophorin A. Proc. Natl. Acad. Sci. USA 1984, 81,
6752-6756. [CrossRef]

Bettaieb, A.; Farace, F.; Mitjavila, M.T.; Mishal, Z.; Dokhelar, M.C.; Tursz, T.; Breton-Gorius, J.; Vainchenker, W.;
Kieffer, N. Use of a monoclonal antibody (GA3) to demonstrate lineage restricted O-glycosylation on
leukosialin during terminal erythroid differentiation. Blood 1988, 71, 1226-1233. [CrossRef]

Murate, T.; Saga, S.; Hotta, T.; Asano, H.; Ito, T.; Kato, K.; Tsushita, K.; Kinoshita, T.; Ichikawa, A.; Yoshida, S.;
et al. The close relationship between DNA replication and the selection of differentiation lineages of human
erythroleukemia cell lines K562, HEL, and TF; into either erythroid or megakaryocytic lineages. Exp. Cell Res.
1993, 208, 3543. [CrossRef]

Lutomski, D.; Fouillit, M.; Bourin, P.; Mellottée, D.; Denize, N.; Pontet, M.; Bladier, D.; Caron, M.;
Joubert-Caron, R. Externalization and binding of galectin-1 on cell surface of K562 cells upon erythroid
differentiation. Glycobiology 1997, 7, 1193-1199. [CrossRef] [PubMed]

Chu, J.; Gui, C.Y;; Fan, ].; Tang, X.D.; Qiao, R.L. STAT1 is involved in signal transduction in the EPO induced
HEL cells. Cell Res. 1998, 8, 105-117. [CrossRef] [PubMed]

McGuckin, C.P; Forraz, N.; Liu, W.M. Diaminofluorene stain detects erythroid differentiation in immature
haematopoietic cells treated with EPO, IL-3, SCF, TGFf31, MIP-1x and IFNy. Eur. ]. Haematol. 2003, 70,
106-114. [CrossRef] [PubMed]

Patterson, S.T; Li, J.; Kang, ].A.; Wickrema, A.; Williams, D.B.; Reithmeier, R.A. Loss of specific chaperones
involved in membrane glycoprotein biosynthesis during maturation of human erythroid progenitor cells.
J. Biol. Chem. 2009, 284, 14547-14557. [CrossRef]

Martinez, J.L. Bacterial pathogens: From natural ecosystems to human hosts. Environ. Microbiol. 2013, 14,
325-333. [CrossRef]

Lainhart, W,; Stolfa, G.; Koudelka, G.B. Shiga toxin as a bacterial defense against a eukaryotic predator,
Tetrahymena thermophila. ]. Bacteriol. 2009, 191, 5116-5122. [CrossRef]

Koudelka, G.B.; Arnold, J.W.; Chakraborty, D. Evolution of STEC virulence: Insights from the antipredator
activities of Shiga toxin producing E. coli. Int. . Med. Microbiol. 2018, 308, 956-961. [CrossRef]

Mauro, S.A.; Koudelka, G.B. Shiga toxin: Expression, distribution, and its role in the environment. Toxins
2011, 3, 608-625. [CrossRef]

Stolfa, G.; Koudelka, G.B. Entry and killing of Tetrahymena thermophila by bacterially produced Shiga toxin.
mBio 2012, 4. [CrossRef]


http://dx.doi.org/10.1002/ijc.2910280304
http://dx.doi.org/10.1182/blood.V62.6.1230.1230
http://dx.doi.org/10.1007/s10719-006-9013-0
http://www.ncbi.nlm.nih.gov/pubmed/17139558
http://dx.doi.org/10.1126/science.6177045
http://www.ncbi.nlm.nih.gov/pubmed/6177045
http://dx.doi.org/10.1182/blood.V70.6.1764.1764
http://www.ncbi.nlm.nih.gov/pubmed/3676512
http://dx.doi.org/10.1016/0006-291X(89)91046-2
http://dx.doi.org/10.1182/blood.V87.1.123.123
http://dx.doi.org/10.1182/blood.V62.4.832.832
http://dx.doi.org/10.1111/j.1600-0609.1981.tb00478.x
http://dx.doi.org/10.1073/pnas.81.21.6752
http://dx.doi.org/10.1182/blood.V71.5.1226.1226
http://dx.doi.org/10.1006/excr.1993.1219
http://dx.doi.org/10.1093/glycob/7.8.1193
http://www.ncbi.nlm.nih.gov/pubmed/9455920
http://dx.doi.org/10.1038/cr.1998.11
http://www.ncbi.nlm.nih.gov/pubmed/9669026
http://dx.doi.org/10.1034/j.1600-0609.2003.00009.x
http://www.ncbi.nlm.nih.gov/pubmed/12581192
http://dx.doi.org/10.1074/jbc.M809076200
http://dx.doi.org/10.1111/j.1462-2920.2012.02837.x
http://dx.doi.org/10.1128/JB.00508-09
http://dx.doi.org/10.1016/j.ijmm.2018.07.001
http://dx.doi.org/10.3390/toxins3060608
http://dx.doi.org/10.1128/mBio.00416-12

Toxins 2020, 12, 373 40 of 53

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

Croxen, M.A.; Law, R].; Scholz, R.; Keeney, KM.; Wlodarska, M.; Finlay, B.B. Recent advances in
understanding enteric pathogenic Escherichia coli. Clin. Microbiol. Rev. 2013, 26, 822-880. [CrossRef]
Caprioli, A.; Morabito, S.; Brugere, H.; Oswald, E. Enterohaemorrhagic Escherichia coli: Emerging issues on
virulence and modes of transmission. Vet. Res. 2005, 36, 289-311. [CrossRef] [PubMed]

La Ragione, R.M.; Best, A.; Woodward, M.]J.; Wales, A.D. Escherichia coli O157:H7 colonization in small
domestic ruminants. FEMS Microbiol. Rev. 2009, 33, 394—410. [CrossRef] [PubMed]

Nguyen, Y.; Sperandio, V. Enterohemorrhagic E. coli (EHEC) pathogenesis. Front. Cell. Infect. Microbiol. 2012,
2,90. [CrossRef] [PubMed]

Etcheverria, A.I; Padola, N.L. Shiga toxin-producing Escherichia coli: Factors involved in virulence and cattle
colonization. Virulence 2013, 4, 366-372. [CrossRef]

Barth, S.A.; Menge, C.; Eichhorn, I.; Semmler, T.; Wieler, L.H.; Pickard, D.; Belka, A.; Berens, C.; Geue, L. The
accessory genome of Shiga toxin-producing Escherichia coli defines a persistent colonization type in cattle.
Appl. Environ. Microbiol. 2016, 82, 5455-5464. [CrossRef]

Stirling, J.; Griffith, M.; Dooley, ].S.; Goldsmith, C.E.; Loughrey, A.; Lowery, C.J.; McClurg, R.; McCorry, K.;
McDowell, D.; McMahon, A.; et al. Zoonoses associated with petting farms and zoos. Vector Borne Zoontotic
Dis. 2008, 8, 85-92. [CrossRef]

Piérard, D.; De Greve, H.; Haesebrouck, F.; Mainil, J. O157:H7 and O104:H4 vero/Shiga toxin-producing
Escherichia coli outbreaks: Respective role of cattle and humans. Vet. Res. 2012, 43, 13. [CrossRef]

Moxley, R.A.; Acuff, G.R. Peri- and postharvest factors in the control of Shiga toxin-producing Escherichia coli
in beef. Microbiol. Spectr. 2014, 2. [CrossRef]

Schlager, S.; Lepuschitz, S.; Ruppitsch, W.; Ableitner, O.; Pietzka, A.; Neubauer, S.; Stoger, A.; Lassnig, H.;
Mikula, C.; Springer, B.; et al. Petting zoos as sources of Shiga toxin-producing Escherichia coli (STEC)
infections. Int. J. Med. Microbiol. 2018, 308, 927-932. [CrossRef]

Schmidt, M.A. LEEways: Tales of EPEC, ATEC and EHEC. Cell. Microbiol. 2010, 12, 1544-1552. [CrossRef]
Schiiller, S. Shiga toxin interaction with human intestinal epithelium. Toxins 2011, 3, 626-639. [CrossRef]
[PubMed]

Melton-Celsa, A.; Mohawk, K.; Teel, L.; O’Brien, A. Pathogenesis of Shiga toxin-producing Escherichia coli.
Curr. Top. Microbiol. Immunol. 2012, 357, 67-103. [CrossRef]

Stevens, M.P; Frankel, G.M. The locus of enterocyte effacement and associated virulence factors of
enterohemorrhagic Escherichia coli. Microbiol. Spectr. 2014, 2. [CrossRef] [PubMed]

Connolly, ].P; Finlay, B.B.; Roe, A.J. From ingestion to colonization: The influence of the host environment
on the regulation of the LEE encoded type III secretion system in enterohaemorrhagic Escherichia coli.
Front. Microbiol. 2015, 6, 568. [CrossRef] [PubMed]

Josenhans, C.; Miithing, J.; Elling, L.; Bartfeld, S.; Schmidt, H. Host bacterial pathogens of the gastrointestinal
tract use the mucosal glyco-code to harness mucus and microbiota: New ways to study an ancient bag of
tricks. Int. J. Med. Microbiol. 2020, 310, 151392. [CrossRef]

Repetto, H.A. Long-term course and mechanisms of progression of renal disease in hemolytic uremic
syndrome. Kidney Int. 2005, 68, S102-5106. [CrossRef]

Tarr, P1.; Gordon, C.A.; Chandler, W.L. Shiga-toxin-producing Escherichia coli and haemolytic urameic
syndrome. Lancet 2005, 365, 1073-1086. [CrossRef]

Amirlak, I.; Amirlak, B. Haemolytic uraemic syndrome: An overview. Nephrology 2006, 11, 213-218.
[CrossRef]

Karch, H.; Friedrich, A.W.; Gerber, A.; Zimmerhackl, L.B.; Schmidt, M.A.; Bielaszewska, M. New aspects in
the pathogenesis of enteropathic hemolytic uremic syndrome. Semin. Thromb. Hemost. 2006, 32, 105-112.
[CrossRef]

Karmali, M.A. Host and pathogen determinants of verocytotoxin-producing Escherichia coli-associated
hemolytic uremic syndrome. Kidney Int. 2009, 75, S4-S7. [CrossRef]

Zoja, C.; Buelli, S.; Morigi, M. Shiga toxin-associated hemolytic uremic syndrome: Pathophysiology of
endothelial dysfunction. Pediatr. Nephrol. 2010, 25, 2231-2240. [CrossRef] [PubMed]

Obrig, T.G.; Karpman, D. Shiga toxin pathogenesis: Kidney complications and renal failure. Curr. Top.
Microbiol. Immunol. 2012, 357, 105-136. [CrossRef] [PubMed]

Trachtman, H.; Austin, C.; Lewinski, M.; Stahl, R.A. Renal and neurological involvement in typical Shiga
toxin-associated HUS. Nat. Rev. Nephrol. 2012, 8, 658-669. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/CMR.00022-13
http://dx.doi.org/10.1051/vetres:2005002
http://www.ncbi.nlm.nih.gov/pubmed/15845227
http://dx.doi.org/10.1111/j.1574-6976.2008.00138.x
http://www.ncbi.nlm.nih.gov/pubmed/19207740
http://dx.doi.org/10.3389/fcimb.2012.00090
http://www.ncbi.nlm.nih.gov/pubmed/22919681
http://dx.doi.org/10.4161/viru.24642
http://dx.doi.org/10.1128/AEM.00909-16
http://dx.doi.org/10.1089/vbz.2006.0639
http://dx.doi.org/10.1186/1297-9716-43-13
http://dx.doi.org/10.1128/microbiolspec.EHEC-0017-2013
http://dx.doi.org/10.1016/j.ijmm.2018.06.008
http://dx.doi.org/10.1111/j.1462-5822.2010.01518.x
http://dx.doi.org/10.3390/toxins3060626
http://www.ncbi.nlm.nih.gov/pubmed/22069729
http://dx.doi.org/10.1007/82_2011_176
http://dx.doi.org/10.1128/microbiolspec.EHEC-0007-2013
http://www.ncbi.nlm.nih.gov/pubmed/26104209
http://dx.doi.org/10.3389/fmicb.2015.00568
http://www.ncbi.nlm.nih.gov/pubmed/26097473
http://dx.doi.org/10.1016/j.ijmm.2020.151392
http://dx.doi.org/10.1111/j.1523-1755.2005.09717.x
http://dx.doi.org/10.1016/S0140-6736(05)71144-2
http://dx.doi.org/10.1111/j.1440-1797.2006.00556.x
http://dx.doi.org/10.1055/s-2006-939766
http://dx.doi.org/10.1038/ki.2008.608
http://dx.doi.org/10.1007/s00467-010-1522-1
http://www.ncbi.nlm.nih.gov/pubmed/20424866
http://dx.doi.org/10.1007/82_2011_172
http://www.ncbi.nlm.nih.gov/pubmed/21983749
http://dx.doi.org/10.1038/nrneph.2012.196
http://www.ncbi.nlm.nih.gov/pubmed/22986362

Toxins 2020, 12, 373 41 of 53

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.
245.

246.
247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

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

Karpman, D.; Stahl, A.L. Enterohemorrhagic Escherichia coli pathogenesis and the host response.
Microbiol. Spectr. 2014, 2. [CrossRef]

Matthies, J.; Hiinseler, C.; Ehren, R.; Volland, R.; Korber, F.; Hoppe, B.; Weber, L.T.; Habbig, S. Extrarenal
manifestations in Shigatoxin-associated haemolytic uremic syndrome. Klin. Padiatr. 2016, 228, 181-188.
[CrossRef]

Khalid, M.; Andreoli, S. Extrarenal manifestations of the hemolytic uremic syndrome associated with Shiga
toxin-producing Escherichia coli (STEC HUS). Pediatr. Nephrol. 2019, 34, 2495-2507. [CrossRef]

Orth, D.; Wiirzner, R. Complement in typical hemolytic uremic syndrome. Semin. Thromb. Hemost. 2010, 36,
620-624. [CrossRef]

Scheiring, J.; Rosales, A.; Zimmerhackl, L.B. Clinical practice. Today’s understanding of the haemolytic
uraemic syndrome. Eur. ]. Pediatr. 2010, 169, 7-13. [CrossRef]

Bowen, E.E.; Coward, R.J. Advances in our understanding of the pathogenesis of hemolytic uremic syndrome.
Am. . Physiol. Renal Physiol. 2018, 314, F454-F461. [CrossRef]

Cody, E.M,; Dixon, B.P. Hemolytic uremic syndrome. Pediatr. Clin. N. Am. 2019, 66, 235-246. [CrossRef]
[PubMed]

Richards, A.; Kavanagh, D. Pathogenesis of thrombotic microangiopathy: Insights from animal models.
Nephron Exp. Nephrol. 2009, 113, e97-e103. [CrossRef] [PubMed]

Obata, F. Influence of Escherichia coli Shiga toxin on the mammalian central nervous system. Adv. Appl. Microbiol.
2010, 71, 1-19. [CrossRef] [PubMed]

Obata, F; Obrig, T. Role of Shiga/vero toxins in pathogenesis. Microbiol. Spectr. 2014, 2. [CrossRef]
Karpman, D.; Sartz, L.; Johnson, S. Pathophysiology of typical hemolytic uremic syndrome. Semin. Thromb.
Hemost. 2010, 36, 575-585. [CrossRef]

Tesh, V.L. Activation of cell stress response pathways by Shiga toxins. Cell. Microbiol. 2012, 14,1-9. [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, E77. [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 tioxin-associated hemolytic uremic syndrome (HUS).
Pediatr. Nephrol. 2018, 33, 2057-2071. [CrossRef]

Lee, M.S,; Tesh, V.L. Roles of Shiga toxin in immunopathology. Toxins 2019, 11, E212. [CrossRef]
Orth-Holler, D.; Riedl, M.; Wiirzner, R. Inhibition of terminal complement activation in severe Shiga
toxin-associated HUS—Perfect example for a fast track from bench to bedside. EMBO Mol. Med. 2011, 3,
617-619. [CrossRef]

Orth-Holler, D.; Wiirzner, R. Role of complement in enterohemorrhagic Escherichia coli-induced hemolytic
uremic syndrome. Semin. Thromb. Hemost. 2014, 40, 503-507. [CrossRef] [PubMed]

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] [PubMed]

Tarr, PI. Shiga toxin-associated hemolytic uremic syndrome and thrombotic thrombocytopenic purpura:
Distinct mechanisms of pathogenesis. Kidney Int. 2009, 75, S29-S32. [CrossRef] [PubMed]

Karpman, D.; Loos, S.; Tati, R.; Arvidsson, I. Haemolytic uraemic syndrome. J. Intern. Med. 2017, 281,
123-148. [CrossRef]

Serna, A., 4th; Boedeker, E.C. Pathogenesis and treatment of Shiga toxin-producing Escherichia coli infections.
Curr. Opin. Gastroenterol. 2008, 24, 38-47. [CrossRef]

Bielaszewska, M.; Idelevich, E.A.; Zhang, W.; Bauwens, A.; Schaumburg, F; Mellmann, A.; Peters, G.;
Karch, K. Effects of antibiotics on Shiga toxin 2 production and bacteriophage induction by epidemic
Escherichia coli O104:H4 strain. Antimicrob. Agents Chemother. 2012, 56, 3277-3282. [CrossRef]

Muniesa, M.; Hammerl, J.A.; Hertwig, S.; Appel, B.; Briissow, H. Shiga toxin-producing Escherichia coli
0104:H4: A new challenge for microbiology. Appl. Environ. Microbiol. 2012, 78, 4065-4073. [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]


http://dx.doi.org/10.1007/s00467-012-2383-6
http://www.ncbi.nlm.nih.gov/pubmed/23288350
http://dx.doi.org/10.1128/microbiolspec.EHEC-0009-2013
http://dx.doi.org/10.1055/s-0042-108444
http://dx.doi.org/10.1007/s00467-018-4105-1
http://dx.doi.org/10.1055/s-0030-1262883
http://dx.doi.org/10.1007/s00431-009-1039-4
http://dx.doi.org/10.1152/ajprenal.00376.2017
http://dx.doi.org/10.1016/j.pcl.2018.09.011
http://www.ncbi.nlm.nih.gov/pubmed/30454746
http://dx.doi.org/10.1159/000235253
http://www.ncbi.nlm.nih.gov/pubmed/19684414
http://dx.doi.org/10.1016/S0065-2164(10)71001-7
http://www.ncbi.nlm.nih.gov/pubmed/20378049
http://dx.doi.org/10.1128/microbiolspec.EHEC-0005-2013
http://dx.doi.org/10.1055/s-0030-1262879
http://dx.doi.org/10.1111/j.1462-5822.2011.01684.x
http://dx.doi.org/10.3390/toxins8030077
http://dx.doi.org/10.1007/s00467-017-3876-0
http://dx.doi.org/10.3390/toxins11040212
http://dx.doi.org/10.1002/emmm.201100169
http://dx.doi.org/10.1055/s-0034-1375295
http://www.ncbi.nlm.nih.gov/pubmed/24799304
http://dx.doi.org/10.1007/s00467-017-3850-x
http://www.ncbi.nlm.nih.gov/pubmed/29214442
http://dx.doi.org/10.1038/ki.2008.615
http://www.ncbi.nlm.nih.gov/pubmed/19180128
http://dx.doi.org/10.1111/joim.12546
http://dx.doi.org/10.1097/MOG.0b013e3282f2dfb8
http://dx.doi.org/10.1128/AAC.06315-11
http://dx.doi.org/10.1128/AEM.00217-12
http://dx.doi.org/10.1093/cid/cis299

Toxins 2020, 12, 373 42 of 53

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

Rahal, E.A ; Fadlallah, S.M.; Nassar, FJ.; Kazzi, N.; Matar, G.M. Approaches to treatment of emerging Shiga
toxin-producing Escherichia coli infections highlighting the O104:H4 serotype. Front. Cell. Infect. Microbiol.
2015, 5, 24. [CrossRef]

Freedman, S.B.; Xie, J.; Neufeld, M.S.; Hamilton, W.L.; Hartling, L.; Tarr, PI.; Nettel-Aguirre, A.; Chuck, A;
Lee, B.; Johnson, D.; et al. Shiga toxin-producing Escherichia coli infections, antibiotics, and risk of developing
hemolytic uremic syndrome: A meta-analysis. Clin. Infect. Dis. 2016, 62, 1251-1258. [CrossRef]

Bauwens, A.; Kunsmann, L.; Karch, H.; Mellmann, A.; Bielaszewska, M. Antibiotic-mediated modulations of
outer membrane vesicles in enterohemorrhagic Escherichia coli O104:H4 and O157:H7. Antimicrob. Agents
Chemother. 2017, 61. [CrossRef] [PubMed]

Newburg, D.S.; Chaturvedi, P; Lopez, E.L.; Devoto, S.; Fayad, A.; Cleary, T.G. Susceptibility to
hemolytic-uremic syndrome relates to erythrocyte glycosphingolipid patterns. J. Infect. Dis. 1993, 168,
476-479. [CrossRef] [PubMed]

Karch, H.; Tarr, P1.; Bielaszewska, M. Enterohaemorrhagic Escherichia coli in human medicine. Int. ].
Med. Microbiol. 2005, 295, 405-418. [CrossRef] [PubMed]

Davis, TK.; Van De Kar, N.C.; Tarr, PI. Shiga toxin/verocytotoxin-producing Escherichia coli infections:
Practical clinical perspectives. Microbiol. Spectr. 2014, 2. [CrossRef] [PubMed]

Friedrich, A.W.; Bielaszewska, M.; Zhang, W.L.; Pulz, M.; Kuczius, T.; Ammon, A.; Karch, H. Escherichia coli
harboring Shiga toxin 2 gene variants: Frequency and association with clinical symptoms. J. Infect. Dis. 2002,
185, 74-84. [CrossRef]

Sonntag, A.K,; Bielaszewska, M.; Mellmann, A.; Dierksen, N.; Schierack, P.; Wieler, L.H.; Schmidt, M.A.;
Karch, H. Shiga toxin 2e-producing Escherichia coli isolates from humans and pigs differ in their virulence
profiles and interactions with intestinal epithelial cells. Appl. Environ. Microbiol. 2005, 71, 8855-8863.
[CrossRef]

Fuller, C.A,; Pellino, C.A.; Flagler, M.].; Strasser, ].E.; Weiss, A.A. Shiga toxin subtypes display dramatic
differences in potency. Infect. Immun. 2011, 79, 1329-1337. [CrossRef]

Fruth, A.; Prager, R.; Tietze, E.; Rabsch, W.; Flieger, A. Molecular epidemiological view on Shiga
toxin-producing Escherichia coli causing human disease in Germany: Diversity, prevalence, and outbreaks.
Int. ]J. Med. Microbiol. 2015, 305, 697-704. [CrossRef]

Berry, E.D.; Wells, ].E. Escherichia coli O157:H7: Recent advances in research on occurrence, transmission, and
control in cattle and the production environment. Adv. Food Nutr. Res. 2010, 60, 67-117. [CrossRef]
Karmali, M.A. Factors in the emergence of serious human infections associated with highly pathogenic
strains of Shiga toxin-producing Escherichia coli. Int. ]. Med. Microbiol. 2018, 308, 1067-1072. [CrossRef]
Omer, M.K.; Alvarez-Ordofiez, A.; Prieto, M.; Skjerve, E.; Asehun, T.; Alvseike, O.A. A systematic review
of bacterial foodborne outbreaks related to red meat and meat products. Foodborne Pathog. Dis. 2018, 15,
598-611. [CrossRef] [PubMed]

Brooks, J.T.; Sowers, E.G.; Wells, ].G.; Greene, K.D.; Griffin, PM.; Hoekstra, R.M.; Strockbine, N.A. Non-O157
Shiga toxin-producing Escherichia coli infections in the United States, 1983-2002. |. Infect. Dis. 2005, 192,
1422-1429. [CrossRef] [PubMed]

Johnson, K.E.; Thorpe, C.M.; Sears, C.L. The emerging clinical importance of non-O157 Shiga toxin-producing
Escherichia coli. Clin. Infect. Dis. 2006, 43, 1587-1595. [CrossRef] [PubMed]

Hussein, H.S. Prevalence and pathogenicity of Shiga toxin-producing Escherichia coli in beef cattle and their
products. J. Anim. Sci. 2007, 85, E63—E72. [CrossRef] [PubMed]

Delannoy, S.; Beutin, L.; Fach, P. Discrimination of enterohemorrhagic Escherichia coli (EHEC) from non-EHEC
strains based on detection of various combinations of type III effector genes. J. Clin. Microbiol. 2013, 51,
3257-3262. [CrossRef] [PubMed]

Bielaszewska, M.; Mellmann, A.; Zhang, W.; Kock, R.; Fruth, A.; Bauwens, A.; Peters, G.; Karch, H.
Characterisation of the Escherichia coli strain associated with an outbreak of haemolytic uraemic syndrome in
Germany, 2011: A microbiological study. Lancet Infect. 2011, 11, 671-676. [CrossRef]

Mellmann, A.; Harmsen, D.; Cummings, C.A.; Zentz, E.B.; Leopold, S.R.; Rico, A.; Prior, K.; Szczepanowski, R.;
Ji, Y.; Zhang, W.; et al. Prospective genome characterization of the German enterohemorrhagic Escherichia coli
0104:H4 outbreak by rapid next generation sequencing technology. PLoS ONE 2011, 6, e22751. [CrossRef]


http://dx.doi.org/10.3389/fcimb.2015.00024
http://dx.doi.org/10.1093/cid/ciw099
http://dx.doi.org/10.1128/AAC.00937-17
http://www.ncbi.nlm.nih.gov/pubmed/28607018
http://dx.doi.org/10.1093/infdis/168.2.476
http://www.ncbi.nlm.nih.gov/pubmed/8335990
http://dx.doi.org/10.1016/j.ijmm.2005.06.009
http://www.ncbi.nlm.nih.gov/pubmed/16238016
http://dx.doi.org/10.1128/microbiolspec.EHEC-0025-2014
http://www.ncbi.nlm.nih.gov/pubmed/26104210
http://dx.doi.org/10.1086/338115
http://dx.doi.org/10.1128/AEM.71.12.8855-8863.2005
http://dx.doi.org/10.1128/IAI.01182-10
http://dx.doi.org/10.1016/j.ijmm.2015.08.020
http://dx.doi.org/10.1016/S1043-4526(10)60004-6
http://dx.doi.org/10.1016/j.ijmm.2018.08.005
http://dx.doi.org/10.1089/fpd.2017.2393
http://www.ncbi.nlm.nih.gov/pubmed/29957085
http://dx.doi.org/10.1086/466536
http://www.ncbi.nlm.nih.gov/pubmed/16170761
http://dx.doi.org/10.1086/509573
http://www.ncbi.nlm.nih.gov/pubmed/17109294
http://dx.doi.org/10.2527/jas.2006-421
http://www.ncbi.nlm.nih.gov/pubmed/17060419
http://dx.doi.org/10.1128/JCM.01471-13
http://www.ncbi.nlm.nih.gov/pubmed/23884997
http://dx.doi.org/10.1016/S1473-3099(11)70165-7
http://dx.doi.org/10.1371/journal.pone.0022751

Toxins 2020, 12, 373 43 of 53

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

Karch, H.; Denamur, E.; Dobrindt, U.; Finlay, B.B.; Hengge, R.; Johannes, L.; Ron, E.Z.; Tonjum, T,;
Sansonetti, PJ.; Vicente, M. The enemy within us: Lessons from the 2011 European Escherichia coli O104:H4
outbreak. EMBO Mol. Med. 2012, 4, 841-848. [CrossRef]

Kampmeier, S.; Berger, M.; Mellmann, A.; Karch, H.; Berger, P. The 2011 German enterohemorrhagic
Escherichia coli O104:H4 outbreak-The danger is still out there. Curr. Top. Microbiol. Immunol. 2018, 416,
117-148. [CrossRef]

Hamm, K ; Barth, S.A; Stalb, S.; Geue, L.; Liebler-Tenorio, E.; Teifke, ].P.,; Lange, E.; Tauscher, K.; Kotterba, G.;
Bielaszewska, M.; et al. Experimental infection of calves with Escherichia coli O104:H4 outbreak strain. Sci.
Rep. 2016, 6, 32812. [CrossRef]

Merritt, E.A.; Hol, W.G. AB5 toxins. Curr. Opin. Struct. Biol. 1995, 5, 165-171. [CrossRef]

Beddoe, T.; Paton, A.W.; Le Nours, ].; Rossjohn, J.; Paton, ].C. Structure, biological functions and applications
of the ABs toxins. Trends Biochem. Sci. 2010, 35, 411-418. [CrossRef] [PubMed]

Mukhopadhyay, S.; Linstedt, A.D. Retrograde trafficking of ABs5 toxins: Mechanisms to therapeutics.
J. Mol. Med. 2013, 91, 1131-1141. [CrossRef] [PubMed]

Legros, N.; Pohlentz, G.; Steil, D.; Miithing, J. Shiga toxin-glycosphingolipid interaction: Status quo of
research with focus on primary human brain and kidney endothelial cells. Int. J. Med. Microbiol. 2018, 308,
1073-1084. [CrossRef]

Paton, A.W.; Srimanote, P.; Talbot, UM.; Wang, H.; Paton, ].C. A new family of potent ABs cytotoxins
produced by Shiga toxigenic Escherichia coli. J. Exp. Med. 2004, 200, 35-46. [CrossRef]

Paton, A.W.; Beddoe, T.; Thorpe, C.M.; Whisstock, J.C.; Wilce, M.C.; Rossjohn, J.; Talbot, U.M.; Paton, J.C.
AB;5 subtilase cytotoxin inactivates the endoplasmic reticulum chaperone BiP. Nature 2006, 443, 548-552.
[CrossRef]

Day, C.J.; Paton, A.W.; Higgins, M.A.; Shewell, LK; Jen, FE.; Schulz, B.L.; Herdman, B.P.; Paton, J.C.;
Jennings, M.P. Structure aided design of a Neu5Gc specific lectin. Sci. Rep. 2017, 7, 1495. [CrossRef]
Krause, M.; Barth, H.; Schmidt, H. Toxins of locus of enterocyte effacement-negative Shiga toxin-producing
Escherichia coli. Toxins 2018, 10, E241. [CrossRef]

Fraser, M.LE.; Chernaia, M.M.; Kozlov, Y.V.; James, M.N. Crystal structure of the holotoxin from
Shigella dysenteriae at 2.5 A resolution. Nat. Struct. Biol. 1994, 1, 59-64. [CrossRef]

Fraser, M.E.; Fujinaga, M.; Cherney, M.M.; Melton-Celsa, A.R.; Twiddy, E.M.; O’'Brien, A.D.; James, M.N.
Structure of Shiga toxin type 2 (Stx2) from Escherichia coli O157:H7. ]. Biol. Chem. 2004, 279, 27511-27517.
[CrossRef]

Fraser, M.E.; Cherney, M.M.; Marcato, P.; Mulvey, G.L.; Armstrong, G.D.; James, M.N. Binding of adenine to
5tx2, the protein toxin from Escherichia coli O157:H7. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun.
2006, 62, 627-630. [CrossRef] [PubMed]

Ng, T.B.; Wong, ].H.; Wang, H. Recent progress in research on ribosome inactivating proteins. Curr. Protein
Pept. Sci. 2010, 11, 37-53. [CrossRef] [PubMed]

Turner, N.E,; Li, X.P. Interaction of ricin and Shiga toxins with ribosomes. Curr. Top. Microbiol. Immunol.
2012, 357, 1-18. [CrossRef]

Walsh, M.].; Dodd, ].E.; Hautbergue, G.M. Ribosome-inactivating proteins: Potent poisons and molecular
tools. Virulence 2013, 4, 774-784. [CrossRef] [PubMed]

Shi, WW.; Mak, A.N.; Wong, K.B.; Shaw, P.C. Structures and ribosomal interaction of ribosome-inactivating
proteins. Molecules 2016, 21, E1588. [CrossRef] [PubMed]

Barbieri, L.; Valbonesi, P.; Brigotti, M.; Montanaro, L.; Stirpe, F.; Sperti, S. Shiga-like toxin I is a polynucleotide:
Adenosine glycosidase. Mol. Microbiol. 1998, 29, 661-669. [CrossRef] [PubMed]

Brigotti, M.; Accorsi, P,; Carnicelli, D.; Rizzi, S.; Gonzdlez Vara, A.; Montanaro, L.; Sperti, S. Shiga toxin 1:
Damage to DNA in vitro. Toxicon 2001, 39, 341-348. [CrossRef]

Brigotti, M.; Alfieri, R.; Sestili, P.; Bonelli, M.; Petronini, P.G.; Guidarelli, A.; Barbieri, L.; Stirpe, E; Sperti, S.
Damage to nuclear DNA induced by Shiga toxin 1 and ricin in human endothelial cells. FASEB J. 2002, 16,
365-372. [CrossRef] [PubMed]

Brigotti, M.; Carnicelli, D.; Vara, A.G. Shiga toxin 1 acting on DNA in vitro is a heat-stable enzyme not
requiring proteolytic activation. Biochimie 2004, 86, 305-309. [CrossRef]

Reyes, A.G.; Anné, J.; Mejia, A. Ribosome-inactivating proteins with an emphasis on bacterial RIPs and their
potential medical applications. Future Mircobiol. 2012, 7, 705-717. [CrossRef]


http://dx.doi.org/10.1002/emmm.201201662
http://dx.doi.org/10.1007/82_2018_107
http://dx.doi.org/10.1038/srep32812
http://dx.doi.org/10.1016/0959-440X(95)80071-9
http://dx.doi.org/10.1016/j.tibs.2010.02.003
http://www.ncbi.nlm.nih.gov/pubmed/20202851
http://dx.doi.org/10.1007/s00109-013-1048-7
http://www.ncbi.nlm.nih.gov/pubmed/23665994
http://dx.doi.org/10.1016/j.ijmm.2018.09.003
http://dx.doi.org/10.1084/jem.20040392
http://dx.doi.org/10.1038/nature05124
http://dx.doi.org/10.1038/s41598-017-01522-9
http://dx.doi.org/10.3390/toxins10060241
http://dx.doi.org/10.1038/nsb0194-59
http://dx.doi.org/10.1074/jbc.M401939200
http://dx.doi.org/10.1107/S1744309106021968
http://www.ncbi.nlm.nih.gov/pubmed/16820678
http://dx.doi.org/10.2174/138920310790274662
http://www.ncbi.nlm.nih.gov/pubmed/20201806
http://dx.doi.org/10.1007/82_2011_17
http://dx.doi.org/10.4161/viru.26399
http://www.ncbi.nlm.nih.gov/pubmed/24071927
http://dx.doi.org/10.3390/molecules21111588
http://www.ncbi.nlm.nih.gov/pubmed/27879643
http://dx.doi.org/10.1046/j.1365-2958.1998.00911.x
http://www.ncbi.nlm.nih.gov/pubmed/9720881
http://dx.doi.org/10.1016/S0041-0101(00)00135-5
http://dx.doi.org/10.1096/fj.01-0521com
http://www.ncbi.nlm.nih.gov/pubmed/11874985
http://dx.doi.org/10.1016/j.biochi.2004.03.009
http://dx.doi.org/10.2217/fmb.12.39

Toxins 2020, 12, 373 44 of 53

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.
311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

Sandvig, K; Bergan, J.; Dyve, A.B.; Skotland, T.; Torgersen, M.L. Endocytosis and retrograde transport of
Shiga toxin. Toxicon 2010, 56, 1181-1185. [CrossRef] [PubMed]

Obrig, T.G. Escherichia coli Shiga toxin mechanisms of action in renal disease. Toxins 2010, 2, 2769-2794.
[CrossRef] [PubMed]

Tesh, V.L. The induction of apoptosis by Shiga toxins and ricin. Curr. Top. Microbiol. Immunol. 2012, 357,
137-178. [CrossRef] [PubMed]

Jandhyala, D.M.; Thorpe, C.M.; Magun, B. Ricin and Shiga toxins: Effects on host cell signal transduction.
Curr. Top. Microbiol. Immunol. 2012, 357, 41-65. [CrossRef] [PubMed]

Hall, G.; Kurosawa, S.; Stearns-Kurosawa, D.]. Shiga toxin therapeutics: Beyond neutralization. Toxins 2017,
9, E291. [CrossRef] [PubMed]

Hartley, M.R.; Lord, J.M. Cytotoxic ribosome-inactivating lectins from plants. Biochim. Biophys. Acta 2004,
1701, 1-14. [CrossRef]

Sandvig, K.; Bergan, J.; Kavaliauskiene, S.; Skotland, T. Lipid requirements for entry of protein toxins into
cells. Prog. Lipid Res. 2014, 54, 1-13. [CrossRef]

Miithing, J.; Burg, M.; Mockel, B.; Langer, M.; Metelmann-Strupat, W.; Werner, A.; Neumann, U.;
Peter-Katalini¢, J.; Eck, J. Preferential binding of the anticancer drug rViscumin (recombinant mistletoe lectin)
to terminally «2-6-sialylated neolacto-series gangliosides. Glycobiology 2002, 12, 485-497. [CrossRef]
Smith, D.C.; Lord, ].M.; Roberts, L.M.; Johannes, L. Glycosphingolipids as toxin receptors. Semin. Cell
Dev. Biol. 2004, 15, 397-408. [CrossRef]

Lingwood, C.A. Role of verotoxin receptors in pathogenesis. Trends Microbiol. 1996, 4, 147-153. [CrossRef]
Karmali, M. A. Infection by Shiga-toxin-producing Escherichia coli: An overview. Mol. Biotechnol. 2004, 26,
117-122. [CrossRef]

Engedal, N.; Skotland, T.; Torgersen, M.L.; Sandvig, K. Shiga toxin and its use in targeted cancer therapy and
imaging. Microb. Biotechnol. 2011, 4, 32-46. [CrossRef] [PubMed]

Bauwens, A.; Betz, ].; Meisen, I.; Kemper, B.; Karch, H.; Miithing, ]. Facing glycosphingolipid-Shiga toxin
interaction: Dire straits for endothelial cells of the human vasculature. Cell. Mol. Life Sci. 2013, 70, 425-457.
[CrossRef] [PubMed]

Nakajima, H.; Kiyokawa, N.; Katagiri, Y.U.; Taguchi, T.; Suzuki, T.; Sekino, T.; Mimori, K.; Ebata, T.; Saito, M.;
Nakao, H.; et al. Kinetic analysis of binding between Shiga toxin and receptor glycolipid Gb3Cer by surface
plasmon resonance. J. Biol. Chem. 2001, 276, 42915-42922. [CrossRef] [PubMed]

Gallegos, K M.; Conrady, D.G.; Karve, S.S.; Gunasekera, T.S.; Herr, A.B.; Weiss, A.A. Shiga toxin binding to
glycolipids and glycans. PLoS ONE 2012, 7, e30368. [CrossRef]

Miithing, J.; Meisen, I.; Zhang, W.; Bielaszewska, M.; Mormann, M.; Bauerfeind, R.; Schmidt, M.A;
Friedrich, A.W.; Karch, H. Promiscuous Shiga toxin 2e and its intimate relationship to Forssman. Glycobiology
2012, 22, 849-862. [CrossRef]

Karve, S.S.; Weiss, A.A. Glycolipid binding preferences of Shiga toxin variants. PLoS ONE 2014, 9, e101173.
[CrossRef]

DeGrandis, S.; Law, H.; Brunton, J.; Gyles, C.; Lingwood, C.A. Globotetraosylceramide is recognized by the
pig edema disease toxin. J. Biol. Chem. 1989, 264, 12520-12525.

Keusch, G.T.; Jacewicz, M.; Acheson, D.W., Donohue-Rolfe, A.; Kane, A.V., McCluer, R.H.
Globotriaosylceramide, Gb3, is an alternative functional receptor for Shiga-like toxin 2e. Infect. Immun. 1995,
63,1138-1141. [CrossRef]

Steil, D.; Schepers, C.L.; Pohlentz, G.; Legros, N.; Runde, J.; Humpf, H.U.; Karch, H.; Miithing, J. Shiga
toxin glycosphingolipid receptors of Vero-B4 kidney epithelial cells and their membrane microdomain lipid
environment. |. Lipid Res. 2015, 56, 2322-2336. [CrossRef]

Legros, N.; Pohlentz, G.; Steil, D.; Kouzel, I.U.; Liashkovich, I.; Mellmann, A.; Karch, H.; Miithing, J.
Membrane assembly of Shiga toxin glycosphingolipid receptors and toxin refractiveness of MDCK II
epithelial cells. J. Lipid Res. 2018, 59, 1383-1401. [CrossRef] [PubMed]

Ling, H.; Boodhoo, A.; Hazes, B.; Cummings, M.D.; Armstrong, G.D.; Brunton, J.L.; Read, R.J. Structure of
the Shiga-like toxin I B-pentamer complexed with an analogue of its receptor Gb3. Biochemistry 1998, 37,
1777-1788. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.toxicon.2009.11.021
http://www.ncbi.nlm.nih.gov/pubmed/19951719
http://dx.doi.org/10.3390/toxins2122769
http://www.ncbi.nlm.nih.gov/pubmed/21297888
http://dx.doi.org/10.1007/82_2011_155
http://www.ncbi.nlm.nih.gov/pubmed/22130961
http://dx.doi.org/10.1007/82_2011_181
http://www.ncbi.nlm.nih.gov/pubmed/22057792
http://dx.doi.org/10.3390/toxins9090291
http://www.ncbi.nlm.nih.gov/pubmed/28925976
http://dx.doi.org/10.1016/j.bbapap.2004.06.004
http://dx.doi.org/10.1016/j.plipres.2014.01.001
http://dx.doi.org/10.1093/glycob/cwf062
http://dx.doi.org/10.1016/j.semcdb.2004.03.005
http://dx.doi.org/10.1016/0966-842X(96)10017-2
http://dx.doi.org/10.1385/MB:26:2:117
http://dx.doi.org/10.1111/j.1751-7915.2010.00180.x
http://www.ncbi.nlm.nih.gov/pubmed/21255370
http://dx.doi.org/10.1007/s00018-012-1060-z
http://www.ncbi.nlm.nih.gov/pubmed/22766973
http://dx.doi.org/10.1074/jbc.M106015200
http://www.ncbi.nlm.nih.gov/pubmed/11557760
http://dx.doi.org/10.1371/journal.pone.0030368
http://dx.doi.org/10.1093/glycob/cws009
http://dx.doi.org/10.1371/journal.pone.0101173
http://dx.doi.org/10.1128/IAI.63.3.1138-1141.1995
http://dx.doi.org/10.1194/jlr.M063040
http://dx.doi.org/10.1194/jlr.M083048
http://www.ncbi.nlm.nih.gov/pubmed/29866658
http://dx.doi.org/10.1021/bi971806n
http://www.ncbi.nlm.nih.gov/pubmed/9485303

Toxins 2020, 12, 373 45 of 53

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

Soltyk, A.M.; MacKenzie, C.R.; Wolski, V.M.; Hirama, T.; Kitov, PI1.; Bundle, D.R.; Brunton, ].L. A mutational
analysis of the globotriaosylceramide-binding sites of verotoxin VT1. |. Biol. Chem. 2002, 277, 5351-5359.
[CrossRef] [PubMed]

Jacobson, ].M.; Yin, Y.; Kitov, PI.; Mulvey, G.; Griener, T.P,; James, M.N.; Armstrong, G.; Bundle, D.R. The
crystal structure of Shiga toxin type 2 with bound disaccharide guides the design of a heterobifunctional
toxin inhibitor. J. Biol. Chem. 2014, 289, 885-894. [CrossRef]

Te Loo, D.M.; Monnens, L.A,; van Der Velden, TJ.; Vermeer, M.A,; Preyers, F; Demacker, PN.;
van Den Heuvel, L.P.; van Hinsbergh, V.W. Binding and transfer of verocytotoxin by polymorphonuclear
leukocytes in hemolytic uremic syndrome. Blood 2000, 95, 3396-3402. [CrossRef]

Te Loo, D.M.; van Hinsbergh, V.W.; van den Heuvel, L.P.; Monnens, L.A. Detection of verocytotoxin bound to
circulating polymorphonuclear leukocytes of patients with hemolytic uremic syndrome. J. Am. Soc. Nephrol.
2001, 12, 800-806.

Te Loo, D.M.; Heuvelink, A.E.; de Boer, E.; Nauta, J.; van der Walle, J.; Schroder, C.; van Hinsbergh, V.W.;
Chart, H.; van de Kar, N.C.; van den Heuvel, L.P. Vero cytotoxin binding to polymorphonuclear leukocytes
among households with children with hemolytic uremic syndrome. J. Infect. Dis. 2001, 184, 446-450.
[CrossRef]

Brigotti, M.; Caprioli, A.; Tozzi, A.E.; Tazzari, P.L.; Ricci, F; Conte, R.; Carnicelli, D.; Procaccino, M.A.;
Minelli, E; Ferretti, A.V.; et al. Shiga toxins present in the gut and in the polymorphonuclear leukocytes
circulating in the blood of children with hemolytic-uremic syndrome. J. Clin. Microbiol. 2006, 44, 313-317.
[CrossRef]

Brigotti, M.; Carnicelli, D.; Ravanelli, E.; Barbieri, S.; Ricci, E; Bontadini, A.; Tozzi, A.E.; Scavia, G.;
Caprioloi, A.; Tazzari, P.L. Interactions between Shiga toxins and human polymorphonuclear leukocytes.
J. Leukoc. Biol. 2008, 84, 1019-1027. [CrossRef]

Arfilli, V.; Carnicelli, D.; Rocchi, L.; Ricci, F,; Pagliaro, P.; Tazzari, P.L.; Brigotti, M. Shiga toxin 1 and ricin
A chain bind to human polymorphonuclear leucocytes through a common receptor. Biochem. |. 2010, 432,
173-180. [CrossRef]

Brigotti, M.; Carnicelli, D.; Arfilli, V.; Tamassia, N.; Borsetti, F; Fabbri, E.; Tazzari, P.L.; Ricci, F,; Pagliaro, P.;
Spisni, E.; et al. Identification of TLR4 as the receptor that recognizes Shiga toxins in human neutrophils.
J. Immunol. 2013, 191, 4748-4758. [CrossRef]

Brigotti, M.; Carnicelli, D.; Arfilli, V.; Porcellini, E.; Galassi, E.; Valerii, M.C.; Spisni, E. Human monocytes
stimulated by Shiga toxin 1la via globotriaosylceramide release proinflammatory molecules associated with
hemolytic uremic syndrome. Int. . Med. Microbiol. 2018, 308, 940-946. [CrossRef]

Carnicelli, D.; Arfilli, V.; Ricci, F,; Velati, C.; Tazzari, P.L.; Brigotti, M. The antibiotic polymyxin B impairs the
interactions between Shiga toxins and human neutrophils. J. Immunol. 2016, 196, 1177-1185. [CrossRef]
[PubMed]

Brigotti, M.; Arfilli, V.; Carnicelli, D.; Ricci, F.; Tazzari, P.L.; Ardissino, G.; Scavia, G.; Morabito, S.; He, X.
Soluble toll-like receptor 4 impairs the interaction of Shiga toxin 2a with human serum amyloid P component.
Toxins 2018, 10, E379. [CrossRef] [PubMed]

Warnier, M.; Romer, W.; Geelen, J.; Lesieur, ].; Amessou, M.; van den Heuvel, L.; Monnens, L.; Johannes, L.
Trafficking of Shiga toxin/Shiga-like toxin-1 in human glomerular microvascular endothelial cells and human
mesangial cells. Kidney Int. 2006, 70, 2085-2091. [CrossRef] [PubMed]

Lee, M.S; Cherla, R.P; Tesh, V.L. Shiga toxins: Intracellular trafficking to the ER leading to activation of host
cell stress responses. Toxins 2010, 2, 1515-1535. [CrossRef]

Pike, L.J. Lipid rafts: Bringing order to chaos. J. Lipid Res. 2003, 44, 655-667. [CrossRef]

Quinn, PJ. A lipid matrix model of membrane raft structure. Prog. Lipid Res. 2010, 49, 390-406. [CrossRef]
Sych, T.; Mély, Y.; Romer, W. Lipid self-assembly and lectin-induced reorganization of the plasma membrane.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 2018, 373,20170117. [CrossRef]

Takenouchi, H.; Kiyokawa, N.; Taguchi, T.; Matsui, ].; Katagiri, Y.U.; Okita, H.; Okuda, K.; Fujimoto, J. Shiga
toxin binding to globotriaosyl ceramide induces intracellular signals that mediate cytoskeleton remodeling
in human renal carcinoma-derived cells. J. Cell Sci. 2004, 117, 3911-3922. [CrossRef]

Kvalvaag, A.S.; Pust, S.; Sundet, K.I.; Engedal, N.; Simm, R.; Sandvig, K. The ERM proteins ezrin and moesin
regulate retrograde Shiga toxin transport. Traffic 2013, 14, 839-852. [CrossRef] [PubMed]


http://dx.doi.org/10.1074/jbc.M107472200
http://www.ncbi.nlm.nih.gov/pubmed/11723119
http://dx.doi.org/10.1074/jbc.M113.518886
http://dx.doi.org/10.1182/blood.V95.11.3396
http://dx.doi.org/10.1086/322782
http://dx.doi.org/10.1128/JCM.44.2.313-317.2006
http://dx.doi.org/10.1189/jlb.0308157
http://dx.doi.org/10.1042/BJ20100455
http://dx.doi.org/10.4049/jimmunol.1300122
http://dx.doi.org/10.1016/j.ijmm.2018.06.013
http://dx.doi.org/10.4049/jimmunol.1500671
http://www.ncbi.nlm.nih.gov/pubmed/26695372
http://dx.doi.org/10.3390/toxins10090379
http://www.ncbi.nlm.nih.gov/pubmed/30231570
http://dx.doi.org/10.1038/sj.ki.5001989
http://www.ncbi.nlm.nih.gov/pubmed/17063173
http://dx.doi.org/10.3390/toxins2061515
http://dx.doi.org/10.1194/jlr.R200021-JLR200
http://dx.doi.org/10.1016/j.plipres.2010.05.002
http://dx.doi.org/10.1098/rstb.2017.0117
http://dx.doi.org/10.1242/jcs.01246
http://dx.doi.org/10.1111/tra.12077
http://www.ncbi.nlm.nih.gov/pubmed/23593995

Toxins 2020, 12, 373 46 of 53

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

Head, B.P; Patel, H.H.; Insel, P.A. Interaction of membrane/lipid rafts with the cytoskeleton: Impact on
signaling and function: Membrane/lipid rafts, mediators of cytoskeletal arrangement and cell signaling.
Biochim. Biophys. Acta 2014, 1838, 532-545. [CrossRef] [PubMed]

Rég, T.; Orlowski, A.; Llorente, A.; Skotland, T.; Sylvanne, T.; Kauhanen, D.; Ekroos, K.; Sandvig, K.;
Vattulainen, I. Interdigitation of long-chain sphingomyelin induces coupling of membrane leaflets in a
cholesterol dependent manner. Biochim. Biophys. Acta 2016, 1858, 281-288. [CrossRef] [PubMed]

Skotland, T.; Sandvig, K.; Llorente, A. Lipids in exosomes: Current knowledge and the way forward.
Prog. Lipid Res. 2017, 66, 30-41. [CrossRef]

Skotland, T.; Sandvig, K. The role of PS 18:0/18:1 in membrane function. Nat. Commun. 2019, 10, 2752.
[CrossRef]

Degroote, S.; Wolthoorn, J.; van Meer, G. The cell biology of glycosphingolipids. Semin. Cell Dev. Biol. 2004,
15,375-387. [CrossRef]

Gupta, G.; Surolia, A. Glycosphingolipids in microdomain formation and their spatial organization. FEBS Lett.
2010, 584, 1634-1641. [CrossRef]

Roég, T.; Vattulainen, I. Cholesterol, sphingolipids, and glycolipids: What do we know about their role in
raft-like membranes? Chem. Phys. Lipids 2014, 184, 82-104. [CrossRef]

Kinoshita, M.; Suzuki, K.G.N.; Murata, M.; Matsumori, N. Evidence of lipid rafts based on the partition and
dynamic behavior of sphingomyelins. Chem. Phys. Lipids 2018, 215, 84-95. [CrossRef]

Kovbasnjuk, O.; Edidin, M.; Donowitz, M. Role of lipid rafts in Shiga toxin 1 interaction with the apical
surface of Caco-2 cells. J. Cell Sci. 2001, 114, 4025-4031.

Lencer, W.L; Saslowsky, D. Raft trafficking of AB5 subunit bacterial toxins. Biochim. Biophys. Acta 2005, 1746,
314-321. [CrossRef] [PubMed]

Smith, D.C.; Sillence, D.J.; Falguieres, T.; Jarvis, RM.; Johannes, L.; Lord, ] M.; Platt, EM.; Roberts, L.M.
The association of Shiga-like toxin with detergent-resistant membranes is modulated by glucosylceramide
and is an essential requirement in the endoplasmic reticulum for a cytotoxic effect. Mol. Biol. Cell 2006, 17,
1375-1387. [CrossRef] [PubMed]

Ewers, H.; Helenius, A. Lipid-mediated endocytosis. Cold Spring Harb. Perspect. Biol. 2011, 3, a004721.
[CrossRef] [PubMed]

Detzner, J.; Steil, D.; Pohlentz, G.; Legros, N.; Humpf, H.U.; Mellmann, A.; Karch, H.; Miithing, ]. Real-time
interaction analysis of Shiga toxins and membrane microdomains of primary human brain microvascular
endothelial cells. Glycobiology 2020, 30, 174-185. [CrossRef] [PubMed]

Nichols, B.J.; Kenworthy, A.K.; Polishchuk, R.S.; Lodge, R.; Roberts, T.H.; Hirschberg, K.; Phair, R.D.;
Lippincott-Schwartz, J. Rapid cycling of lipid raft markers between the cell surface and Golgi complex.
J. Cell Biol. 2001, 153, 529-541. [CrossRef] [PubMed]

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

Ray, P.E. Shiga-like toxins and HIV-1 ‘go through” glycosphingolipids and lipid rafts in renal cells. Kidney Int.
2009, 75, 1135-1137. [CrossRef]

Lingwood, C.A.; Binnington, B.; Manis, A.; Branch, D.R. Globotriaosyl ceramide receptor function—Where
membrane structure and pathology intersect. FEBS Lett. 2010, 584, 1879-1886. [CrossRef]

Romer, W.; Berland, L.; Chambon, V.; Gaus, K.; Windschiegl, B.; Tenza, D.; Aly, M.R,; Fraisier, V.; Florent, J.C.;
Perrais, D.; et al. Shiga toxin induces tubular membrane invaginations for its uptake into cells. Nature 2007,
450, 670-675. [CrossRef]

Johannes, L.; Romer, W. Shiga toxins—From cell biology to biomedical applications. Nat. Rev. Microbiol.
2010, 8, 105-116. [CrossRef]

Johannes, L.; Wunder, C.; Shafag-Zadah, M. Glycolipids and lectins in endocytic uptake processes. J. Mol. Biol.
2016. [CrossRef] [PubMed]

Johannes, L. Shiga toxin—A model for glycolipid-dependent and lectin-driven endocytosis. Toxins 2017, 9,
E340. [CrossRef] [PubMed]

Hanashima, T.; Miyake, M.; Yahiro, K.; Iwamaru, Y.; Ando, A.; Morinaga, N.; Noda, M. Effect of Gb3 in lipid
rafts in resistance to Shiga-like toxin of mutant Vero cells. Microb. Pathog. 2008, 45, 124-133. [CrossRef]


http://dx.doi.org/10.1016/j.bbamem.2013.07.018
http://www.ncbi.nlm.nih.gov/pubmed/23899502
http://dx.doi.org/10.1016/j.bbamem.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26654782
http://dx.doi.org/10.1016/j.plipres.2017.03.001
http://dx.doi.org/10.1038/s41467-019-10711-1
http://dx.doi.org/10.1016/j.semcdb.2004.03.007
http://dx.doi.org/10.1016/j.febslet.2009.11.070
http://dx.doi.org/10.1016/j.chemphyslip.2014.10.004
http://dx.doi.org/10.1016/j.chemphyslip.2018.07.002
http://dx.doi.org/10.1016/j.bbamcr.2005.07.007
http://www.ncbi.nlm.nih.gov/pubmed/16153723
http://dx.doi.org/10.1091/mbc.e05-11-1035
http://www.ncbi.nlm.nih.gov/pubmed/16381816
http://dx.doi.org/10.1101/cshperspect.a004721
http://www.ncbi.nlm.nih.gov/pubmed/21576253
http://dx.doi.org/10.1093/glycob/cwz091
http://www.ncbi.nlm.nih.gov/pubmed/31691795
http://dx.doi.org/10.1083/jcb.153.3.529
http://www.ncbi.nlm.nih.gov/pubmed/11331304
http://dx.doi.org/10.1038/ki.2009.7
http://dx.doi.org/10.1038/ki.2009.72
http://dx.doi.org/10.1016/j.febslet.2009.11.089
http://dx.doi.org/10.1038/nature05996
http://dx.doi.org/10.1038/nrmicro2279
http://dx.doi.org/10.1016/j.jmb.2016.10.027
http://www.ncbi.nlm.nih.gov/pubmed/27984039
http://dx.doi.org/10.3390/toxins9110340
http://www.ncbi.nlm.nih.gov/pubmed/29068384
http://dx.doi.org/10.1016/j.micpath.2008.04.004

Toxins 2020, 12, 373 47 of 53

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

Acheson, D.W.; Moore, R.; De Breucker, S.; Lincicome, L.; Jacewicz, M.; Skutelsky, E.; Keusch, G.T.
Translocation of Shiga toxin across polarized intestinal cells in tissue culture. Infect. Immun. 1996, 64,
3294-3300. [CrossRef] [PubMed]

Lukyanenko, V.; Malyukova, I.; Hubbard, A.; Delannoy, M.; Boedeker, E.; Zhu, C.; Cebotaru, L.; Kovbasnjuk, O.
Enterohemorrhagic Escherichia coli infection stimulates Shiga toxin 1 macropinocytosis and transcytosis
across intestinal epithelial cells. Am. . Physiol. Cell Physiol. 2011, 301, C1140-C1149. [CrossRef] [PubMed]
Schiiller, S.; Frankel, G.; Phillips, A.D. Interaction of Shiga toxin from Escherichia coli with human intestinal
epithelial cell lines and explants: Stx2 induces epithelial damage in organ culture. Cell. Microbiol. 2004, 6,
289-301. [CrossRef] [PubMed]

Jacewicz, M.S.; Acheson, D.A.; Mobassaleh, M.; Donohue-Rolfe, A.; Balasubramanian, K.A.; Keusch, G.T.
Maturational regulation of globotriaosylceramide, the Shiga-like toxin 1 receptor, in cultured gut epithelial
cells. |. Clin. Investig. 1995, 96, 1328-1335. [CrossRef]

Kouzel, I.U.; Pohlentz, G.; Schmitz, J.S.; Steil, D.; Humpf, H.U.; Karch, H.; Miithing, J. Shiga toxin
glycosphingolipid receptors in human Cac-2 and HCT-8 colon epithelial cell lines. Toxins 2017, 9, E338.
[CrossRef]

Bjork, S.; Breimer, M.E; Hansson, G.C.; Karlsson, K.A.; Leffler, H. Structures of blood group
glycosphingolipids of human small intestine. A relation between the expression of fucolipids of epithelial
cells and the ABO, Le? and Se phenotype of the donor. |. Biol. Chem. 1987, 262, 6758-6765.

Holgersson, J.; Jovall, P.A.; Breimer, M.E. Glycosphingolipids of human large intestine: Detailed structural
characterization with special reference to blood group compounds and bacterial receptor structures. J. Biochem.
1991, 110, 120-131. [CrossRef]

Kovbasnjuk, O.; Mourtazina, R.; Baibakov, B.; Wang, T.; Elowsky, C.; Choti, M.A.; Kane, A.; Donowitz, M.
The glycosphingolipid globotriaosylceramide in the metastatic transformation of colon cancer. Proc. Natl.
Acad. Sci. USA 2005, 102, 19087-19092. [CrossRef] [PubMed]

Zumbrun, S.D.; Hanson, L.; Sinclair, J.E,; Freedy, J.; Melton-Celsa, A.R.; Rodriguez-Canales, J.; Hanson, J.C.;
O’Brien, A.D. Human intestinal tissue and cultured colonic cells contain globotriaosylceramide synthase
mRNA and the alternate Shiga toxin receptor globotetraosylceramide. Infect. Immun. 2010, 78, 4488-4499.
[CrossRef] [PubMed]

Tran, S.L.; Billoud, L.; Lewis, S.B.; Phillips, A.D.; Schiiller, S. Shiga toxin production and translocation
during microaerobic human colonic infection with Shiga toxin-producing E. coli O157:H7 and O104:H4.
Cell. Microbiol. 2014, 16, 1255-1266. [CrossRef] [PubMed]

Tran, S.L.; Jenkins, C.; Livrelli, V.; Schiiller, S. Shiga toxin 2 translocation across intestinal epithelium is linked
to virulence of Shiga toxin-producing Escherichia coli in humans. Microbiology 2018, 164, 509-516. [CrossRef]
Jandhyala, D.M.; Ahluwalia, A.; Schimmel, J.].; Rogers, A.B.; Leong, ].M.; Thorpe, C.M. Activation of the
classical mitogen-activated protein kinases is part of the Shiga toxin-induced ribotoxic stress response and
may contribute to Shiga toxin-induced inflammation. Infect. Immun. 2015, 84, 138-148. [CrossRef]
Cornick, N.A ; Helgerson, A.F.; Mai, V.; Ritchie, ].M.; Acheson, D.W. In vivo transduction of an Stx-encoding
phage in ruminants. Appl. Environ. Microbiol. 2006, 72, 5086-5088. [CrossRef]

Bielaszewska, M.; Prager, R.; Kock, R.; Mellmann, A.; Zhang, W.; Tschédpe, H.; Tarr, PI.; Karch, H. Shiga
toxin gene loss and transfer in vitro and in vivo during enterohemorrhagic Escherichia coli O26 infection in
humans. Appl. Environ. Microbiol. 2007, 73, 3144-3150. [CrossRef]

Khalil, R.K,; Skinner, C.; Patfield, S.; He, X. Phage-mediated Shiga toxin (Stx) horizontal gene tranbsfer and
expression in non-Shiga toxigenic Enterobacter and Escherichia coli strains. Pathog. Dis. 2016, 74, ftw037.
[CrossRef]

Aijaz, I.; Koudelka, G.B. Cheating, facilitation and cooperation regulate the effectiveness of phage-encoded
exotoxins as antipredator molecules. Microbiologyopen 2019, 8, e00636. [CrossRef]

Herold, S.; Karch, H.; Schmidt, H. Shiga toxin-encoding bacteriophages—Genomes in motion. Int. ].
Med. Microbiol. 2004, 294, 115-121. [CrossRef]

Hodges, K.; Hecht, G. Interspecies communication in the gut, from bacterial delivery to host-cell response.
J. Physiol. 2012, 590, 433—440. [CrossRef] [PubMed]

Berleman, J.; Auer, M. The role of bacterial outer membrane vesicles for intra- and interspecies delivery.
Environ. Microbiol. 2013, 15, 347-354. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/IAI.64.8.3294-3300.1996
http://www.ncbi.nlm.nih.gov/pubmed/8757867
http://dx.doi.org/10.1152/ajpcell.00036.2011
http://www.ncbi.nlm.nih.gov/pubmed/21832249
http://dx.doi.org/10.1046/j.1462-5822.2004.00370.x
http://www.ncbi.nlm.nih.gov/pubmed/14764112
http://dx.doi.org/10.1172/JCI118168
http://dx.doi.org/10.3390/toxins9110338
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a123530
http://dx.doi.org/10.1073/pnas.0506474102
http://www.ncbi.nlm.nih.gov/pubmed/16365318
http://dx.doi.org/10.1128/IAI.00620-10
http://www.ncbi.nlm.nih.gov/pubmed/20732996
http://dx.doi.org/10.1111/cmi.12281
http://www.ncbi.nlm.nih.gov/pubmed/24612002
http://dx.doi.org/10.1099/mic.0.000645
http://dx.doi.org/10.1128/IAI.00977-15
http://dx.doi.org/10.1128/AEM.00157-06
http://dx.doi.org/10.1128/AEM.02937-06
http://dx.doi.org/10.1093/femspd/ftw037
http://dx.doi.org/10.1002/mbo3.636
http://dx.doi.org/10.1016/j.ijmm.2004.06.023
http://dx.doi.org/10.1113/jphysiol.2011.220822
http://www.ncbi.nlm.nih.gov/pubmed/22106176
http://dx.doi.org/10.1111/1462-2920.12048
http://www.ncbi.nlm.nih.gov/pubmed/23227894

Toxins 2020, 12, 373 48 of 53

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

Roier, S.; Zingl, E.G.; Cakar, F; Durakovic, S.; Kohl, P.; Eichmann, T.O.; Klug, L.; Gadermaier, B.; Weinzerl, K,;
Prassl, R; et al. A novel mechanism for the biogenesis of outer membrane vesicles in Gram-negative bacteria.
Nat. Commun. 2016, 7, 10515. [CrossRef]

Roier, S.; Zingl, F.G.; Cakar, E; Schild, S. Bacterial outer membrane vesicle biogenesis: A new mechanism
and its implications. Microb. Cell 2016, 3, 257-259. [CrossRef] [PubMed]

Yoon, H. Bacterial outer membrane vesicles as a delivery system for virulence regulation. ]. Microbiol.
Biotechnol. 2016, 26, 1343-1347. [CrossRef] [PubMed]

Jan, A.T. Outer membrane vesicles (OMVs) of Gram-negative bacteria: A perspective update. Front. Microbiol.
2017, 8, 1053. [CrossRef] [PubMed]

Riiter, C.; Lubos, M.L.; Norkowski, S.; Schmidt, M.A. All in multiple parallel strategies for intracellular
delivery by bacterial pathogens. Int. ]. Med. Microbiol. 2018, 308, 872-881. [CrossRef]

Kunsmann, L.; Riter, C.; Bauwens, A.; Greune, L.; Gliider, M.; Kemper, B.; Fruth, A.; Wai, S.N.; He, X,;
Lloubes, R.; et al. Virulence from vesicles: Novel mechanisms of host cell injury by Escherichia coli O104:H4
outbreak strain. Sci. Rep. 2015, 5, 13252. [CrossRef]

Bauwens, A.; Kunsmann, L.; Mareijkovd, M.; Zhang, W.; Karch, H.; Bielaszewska, M.; Mellmann, A. Intrahost
milieu modulates production of outer membrane vesicles, vesicle-associated Shiga toxin 2a and cytotoxicity
in Escherichia coli O157:H7 and O104:H4. Environ. Microbiol. 2017, 9, 626—634. [CrossRef]

Ray, PE.; Liu, X.H. Pathogenesis of Shiga toxin-induced hemolytic uremic syndrome. Pediatr. Nephrol. 2001,
16, 823-839. [CrossRef]

Karch, H. The role of virulence factors in enterohemorrhagic Escherichia coli (EHEC)-associated
hemolytic-uremic syndrome. Semin. Thromb. Hemost. 2001, 27, 207-213. [CrossRef] [PubMed]

Zheng, X.L.; Sadler, J.E. Pathogenesis of thrombotic microangiopathies. Annu. Rev. Pathol. 2008, 3, 249-277.
[CrossRef] [PubMed]

Richardson, S.E.; Karmali, M.A.; Becker, L.E.; Smith, C.R. The histopathology of the hemolytic uremic
syndrome associated with verocytotoxin-producing Escherichia coli infections. Hum. Pathol. 1988, 19,
1102-1108. [CrossRef]

Ruggenenti, P.; Noris, M.; Remuzzi, G. Thrombotic microangiopathy, hemolytic uremic syndrome, and
thrombotic thrombocytopenic purpura. Kidney Int. 2001, 60, 831-846. [CrossRef] [PubMed]

Tsai, H.M. The molecular biology of thrombotic microangiopathy. Kidney Int. 2006, 70, 16-23. [CrossRef]
[PubMed]

Kottke-Marchant, K. Diagnostic approach to microangiopathic hemolytic disorders. Int. |. Lab. Hematol.
2017, 39, 69-75. [CrossRef]

Bielaszewska, M.; Karch, H. Consequences of enterohaemohhagic Escherichia coli infection for the vascular
endothelium. Thromb. Haemost. 2005, 94, 312-318. [CrossRef]

Karpman, D.; Manea, M.; Vaziri-Sani, E; Stdhl, A L.; Kristoffersson, A.C. Platelet activation in hemolytic
uremic syndrome. Semin. Thromb. Hemost. 2006, 32, 128-145. [CrossRef]

Mayer, C.L.; Leibowitz, C.S.; Kurosawa, S.; Stearns-Kurosawa, D.J. Shiga toxins and the pathophysiology of
hemolytic uremic syndrome in humans and animals. Toxins 2012, 4, 1261-1287. [CrossRef]

Cooling, L.L.; Walker, K.E.; Gille, T.; Koerner, T.A. Shiga toxin binds human platelets via globotriaosylceramide
(P antigen) and a novel platelet glycosphingolipid. Infect. Immun. 1998, 66, 4355-4366. [CrossRef]

Ghosh, S.A.; Polanowska-Grabowska, R.K.; Fujii, J.; Obrig, T.; Gear, A.R. Shiga toxin binds to activated
platelets. J. Thromb. Haemost. 2004, 2, 499-506. [CrossRef] [PubMed]

Cheung, V.; Trachtman, H. Hemolytic uremic syndrome: Toxins, vessels, and inflammation. Front. Med.
2014, 1, 42. [CrossRef] [PubMed]

Brigotti, M.; Tazzari, P.L.; Ravanelli, E.; Carnicelli, D.; Barbieri, S.; Rocchi, L.; Arfilli, V.; Scavia, G.; Ricci, F;
Bontadini, A.; et al. Endothelial damage induced by Shiga toxins delivered by neutrophilis during
transmigration. J. Leukoc. Biol. 2010, 88, 201-210. [CrossRef] [PubMed]

Geelen, ] M.; van der Velden, T].; van den Heuvel, L.P.; Monnens, L.A. Interactions of Shiga-like toxin with
human peripheral blood monocytes. Pediatr. Nephrol. 2007, 22, 1181-1187. [CrossRef] [PubMed]

Lee, S.Y,; Lee, M.S.; Cherla, R.P,; Tesh, V.L. Shiga toxin 1 induces apoptosis through the endoplasmic reticulum
stress response in human monocytic cells. Cell. Microbiol. 2008, 10, 770-780. [CrossRef]


http://dx.doi.org/10.1038/ncomms10515
http://dx.doi.org/10.15698/mic2016.06.508
http://www.ncbi.nlm.nih.gov/pubmed/28357362
http://dx.doi.org/10.4014/jmb.1604.04080
http://www.ncbi.nlm.nih.gov/pubmed/27221110
http://dx.doi.org/10.3389/fmicb.2017.01053
http://www.ncbi.nlm.nih.gov/pubmed/28649237
http://dx.doi.org/10.1016/j.ijmm.2018.06.007
http://dx.doi.org/10.1038/srep13252
http://dx.doi.org/10.1111/1758-2229.12562
http://dx.doi.org/10.1007/s004670100660
http://dx.doi.org/10.1055/s-2001-15250
http://www.ncbi.nlm.nih.gov/pubmed/11446654
http://dx.doi.org/10.1146/annurev.pathmechdis.3.121806.154311
http://www.ncbi.nlm.nih.gov/pubmed/18215115
http://dx.doi.org/10.1016/S0046-8177(88)80093-5
http://dx.doi.org/10.1046/j.1523-1755.2001.060003831.x
http://www.ncbi.nlm.nih.gov/pubmed/11532079
http://dx.doi.org/10.1038/sj.ki.5001535
http://www.ncbi.nlm.nih.gov/pubmed/16760911
http://dx.doi.org/10.1111/ijlh.12671
http://dx.doi.org/10.1160/TH05-04-0265
http://dx.doi.org/10.1055/s-2006-939769
http://dx.doi.org/10.3390/toxins4111261
http://dx.doi.org/10.1128/IAI.66.9.4355-4366.1998
http://dx.doi.org/10.1111/j.1538-7933.2004.00638.x
http://www.ncbi.nlm.nih.gov/pubmed/15009469
http://dx.doi.org/10.3389/fmed.2014.00042
http://www.ncbi.nlm.nih.gov/pubmed/25593915
http://dx.doi.org/10.1189/jlb.0709475
http://www.ncbi.nlm.nih.gov/pubmed/20371598
http://dx.doi.org/10.1007/s00467-007-0512-4
http://www.ncbi.nlm.nih.gov/pubmed/17574480
http://dx.doi.org/10.1111/j.1462-5822.2007.01083.x

Toxins 2020, 12, 373 49 of 53

406.

407.

408.

409.

410.

411.

412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

422.

423.

424.

425.

426.

Yagi, H.; Narita, N.; Matsumoto, M.; Sakurai, Y.; Ikari, H.; Yoshioka, A.; Kita, E.; Ikeda, Y.; Titani, K,;
Fujimura, Y. Enhanced low shear stress induced platelet aggregation by Shiga-like toxin 1 purified from
Escherichia coli O157. Am. |. Hematol. 2001, 66, 105-115. [CrossRef]

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

Schweppe, C.H.; Hoffmann, P.; Nofer, ].R.; Pohlentz, G.; Mormann, M.; Karch, H.; Friedrich, A.W.; Miithing, J.
Neutral glycosphingolipids in human blood: A precise mass spectrometry analysis with special reference to
liporptein-associated Shiga toxin receptors. J. Lipid Res. 2010, 51, 2282-2294. [CrossRef]

Stéhl, A.L.; Arvidsson, I.; Johansson, K.E.; Chromek, M.; Rebetz, J.; Loos, S.; Kristoffersson, A.C.; Békassy, Z.D.;
Morgelin, M.; Karpman, D. A novel mechanism of bacterial toxin transfer within host blood cell-derived
microvesicles. PLoS Pathog. 2015, 11, €1004619. [CrossRef]

Karpman, D.; Stahl, A.L.; Arvidsson, I. Extracellular vesicles in renal disease. Nat. Rev. Nephrol. 2017, 13,
545-562. [CrossRef]

Stahl, A.L.; Johansson, K.; Mossberg, M.; Kahn, R.; Karpman, D. Exosomes and microvesicles in normal
physiology, pathophysiology, and renal disease. Pediatr. Nephrol. 2019, 34, 11-30. [CrossRef] [PubMed]
Villysson, A.; Tontanahal, A.; Karpman, D. Microvesicle involvement in Shiga toxin-associated infection.
Toxins 2017, 9, E376. [CrossRef] [PubMed]

Brigotti, M.; He, X.; Carnicelli, D.; Arfilli, V.; Porcellini, E.; Galassi, E.; Tazzari, P.L.; Ricci, F,; Patfield, S.A.;
Testa, S.; et al. Particulate Shiga toxin 2 in blood is associated to the development of hemolytic uremic
syndrome in children. Thromb. Haemost. 2020, 120, 107-120. [CrossRef] [PubMed]

Spangler, E.J.; Harvey, C.W.; Revalee, J.D.; Kumar, P.B; Laradji M. Computer simulation of
cytoskeleton-induced blebbing in lipid membranes. Phys. Rev. E Stat. Nonlin. Soft Matter Phys. 2011, 84,
051906. [CrossRef] [PubMed]

Li, H.; Lykotrafitis, G. Vesiculation of healthy and defective red blood cells. Phys. Res. E Stat. Nonlin. Soft
Matter Phys. 2015, 92, 012715. [CrossRef] [PubMed]

Bull, B.S.; Rubenberg, M.L.; Dacie, J.V.; Brain, M.C. Red-blood-cell fragmentation in microangiopathic
haemolytic anaemia: In-vitro studies. Lancet 1967, 2, 1123-1125. [CrossRef]

Andreoli, S.P. The pathophysiology of the hemolytic uremic syndrome. Curr. Opin. Nephrol. Hypertens. 1999,
8, 459—464. [CrossRef]

Shimizu, M. Pathogenic functions and diagnostic utility of cytokines/chemokines in EHEC-HUS. Pediatr. Int.
2019, 19. [CrossRef]

Chiang, C.K; Inagi, R. Glomerular disease: Genetic causes and future therapeutics. Nat. Rev. Nephrol. 2010,
6, 539-554. [CrossRef]

White, K.E. Research into the structure of the kidney glomerulus—Making it count. Micron 2012, 43,
1001-1009. [CrossRef]

Kiyokawa, N.; Taguchi, T.; Mori, T.; Uchida, H.; Sato, N.; Takeda, T.; Fujimoto, J. Induction of apoptosis in
normal human renal tubular epithelial cells by Escherichia coli Shiga toxins 1 and 2. J. Infect. Dis. 1998, 178,
178-184. [CrossRef] [PubMed]

Williams, ].M.; Boyd, B.; Nutikka, A.; Lingwood, C.A.; Barnett Foster, D.E.; Milford, D.V,; Taylor, CM. A
comparison of the effects of verocytotoxin-1 on primary human renal cell cultures. Toxicol. Lett. 1999, 105,
47-57. [CrossRef]

Hughes, A.K; Stricklett, PK.; Schmidt, D.; Kohan, D.E. Cytotoxic effect of Shiga toxin-1 on human glomeruzlar
epithelial cells. Kidney Int. 2000, 57, 2350-2359. [CrossRef] [PubMed]

Kaneko, K.; Kiyokawa, N.; Ohtomo, Y.; Nagaoka, R.; Yamashiro, Y.; Taguchi, T.; Mori, T.; Fujimoto, J.
Apoptosis of renal tubular cells in Shiga toxin-mediated hemolytic uremic syndrome. Nephron 2001, 87,
182-185. [CrossRef] [PubMed]

Sekino, T.; Kiyokawa, N.; Taguchi, T.; Ohmi, K.; Nakajima, H.; Suzuki, T.; Furukawa, S.; Nakao, H.;
Takeda, T.; Fujimoto, J. Inhibition of Shiga toxin cytotoxicity in human renal cortical epithelial cells by
nitrobenzylthioinosine. J. Infect. Dis. 2002, 185, 785-796. [CrossRef]

Silberstein, C.; Pistone Creydt, V.; Gerhardt, E.; Nuifiez, P; Ibara, C. Inhibition of water absorption in human
proximal tubular epithelial cells in response to Shiga toxin-2. Pediatr. Nephrol. 2008, 23, 1981-1990. [CrossRef]


http://dx.doi.org/10.1002/1096-8652(200102)66:2&lt;105::AID-AJH1025&gt;3.0.CO;2-1
http://dx.doi.org/10.3390/toxins4030157
http://dx.doi.org/10.1194/jlr.M006759
http://dx.doi.org/10.1371/journal.ppat.1004619
http://dx.doi.org/10.1038/nrneph.2017.98
http://dx.doi.org/10.1007/s00467-017-3816-z
http://www.ncbi.nlm.nih.gov/pubmed/29181712
http://dx.doi.org/10.3390/toxins9110376
http://www.ncbi.nlm.nih.gov/pubmed/29156596
http://dx.doi.org/10.1055/s-0039-3400301
http://www.ncbi.nlm.nih.gov/pubmed/31858520
http://dx.doi.org/10.1103/PhysRevE.84.051906
http://www.ncbi.nlm.nih.gov/pubmed/22181443
http://dx.doi.org/10.1103/PhysRevE.92.012715
http://www.ncbi.nlm.nih.gov/pubmed/26274210
http://dx.doi.org/10.1016/S0140-6736(67)90623-X
http://dx.doi.org/10.1097/00041552-199907000-00010
http://dx.doi.org/10.1111/ped.14053
http://dx.doi.org/10.1038/nrneph.2010.103
http://dx.doi.org/10.1016/j.micron.2012.04.013
http://dx.doi.org/10.1086/515592
http://www.ncbi.nlm.nih.gov/pubmed/9652438
http://dx.doi.org/10.1016/S0378-4274(98)00383-X
http://dx.doi.org/10.1046/j.1523-1755.2000.00095.x
http://www.ncbi.nlm.nih.gov/pubmed/10844605
http://dx.doi.org/10.1159/000045909
http://www.ncbi.nlm.nih.gov/pubmed/11244315
http://dx.doi.org/10.1086/339523
http://dx.doi.org/10.1007/s00467-008-0896-9

Toxins 2020, 12, 373 50 of 53

427.

428.

429.

430.

431.

432.

433.

434.

435.

436.

437.

438.

439.

440.

441.

442.

443.

444.

445.

446.

447.

448.

Marquez, L.B.; Velazquez, N.; Repetto, H.A.; Paton, A.W,; Paton, J.C.; Ibarra, C.; Silberstein, C. Effects of
Escherichia coli subtilase cytotoxin and Shiga toxin 2 on primary cultures of human renal tubular epithelial
cells. PLoS ONE 2014, 9, €87022. [CrossRef]

Girard, M.C,; Sacerdoti, F; Rivera, EP,; Repetto, H.A.; Ibarra, C.; Amaral, M.M. Prevention of renal damage
caused by Shiga toxin type 2: Action of Miglustat on human endothelial and epithelial cells. Toxicon 2015,
105, 27-33. [CrossRef]

Alvarez, R.S.; Sacerdoti, F; Jancic, C.; Paton, A.W.; Paton, J.C.; Ibarra, C.; Amaral, M.M. Comparative
characterization of Shiga toxin type 2 and subtilase cytotoxin effects on human renal epithelial and
endothelial cells grown in monolayer and bilayer conditions. PLoS ONE 2016, 11, e0158180. [CrossRef]
Marquez, L.B.; Araoz, A.; Repetto, H.A.; Ibarra, C.; Silberstein, C. Effects of Shiga toxin 2 on cellular
regeneration mechanisms in primary and three-dimensional cultures of human renal tubular epithelial cells.
Microb. Pathog. 2016, 99, 87-94. [CrossRef]

Simon, M.; Cleary, T.G.; Hernandez, ].D.; Abboud, H.E. Shiga toxin 1 elicits diverse biologic responses in
mesangial cells. Kidney Int. 1998, 54, 1117-1127. [CrossRef] [PubMed]

Te Loo, D.M.; Monnens, L.; van der Velden, T.; Karmali, M.; van den Heuvel, L.; van Hinsbergh, V. Shiga
toxin-1 affects nitric oxide production by human glomerular endothelial and mesangial cells. Pediatr. Nephrol.
2006, 21, 1815-1823. [CrossRef] [PubMed]

Porubsky, S.; Federico, G.; Miithing, J.; Jennemann, R.; Gretz, N.; Biittner, S.; Obermidiller, N.; Jung, O.;
Hauser, .A.; Grone, E.; et al. Direct acute tubular damage contributes to Shigatoxin-mediated kidney failure.
J. Pathol. 2014, 234, 120-133. [CrossRef] [PubMed]

Schmitt, K.R.; Miera, O.; Berger, F. Blood: A very special juice. The good and the evil. Eur. J. Cardiothorac.
Surg. 2014, 45, 1058-1059. [CrossRef]

Baskurt, O.K.; Meiselman, H.]. Blood rheology and hemodynamics. Semin. Thromb. Hemost. 2003, 29,
435-450. [CrossRef]

Li, X,; Li, H.; Chang, H.Y.; Lykotrafitis, G.; Em Karniadakis, G. Computational biomechanics of human red
blood cells in hematological disorders. J. Biomech. Eng. 2017, 139. [CrossRef]

McWhirter, J.L.; Noguchi, H.; Gompper, G. Flow-induced clustering and alignment of vesicles and red blood
cells in microcapillaries. Proc. Natl. Acad. Sci. USA 2009, 106, 6039-6043. [CrossRef]

Ye, T,; Li, H.; Lam, K.Y. Modeling and simulation of microfluidic effects on deformation behavior of a red
blood cell in a capillary. Microvasc. Res. 2010, 80, 453-463. [CrossRef]

Fedosov, D.A.; Peltomiki, M.; Gompper, G. Deformation and dynamics of red blood cells in flow through
cylindrical microchannels. Soft Matter 2014, 10, 4258-4267. [CrossRef]

Hashemi, Z.; Rahnama, M. Numerical simulation of transient dynamic behavior of healthy and hardened
red blood cells in microcapillary flow. Int. ]. Numer. Methods Biomed. Eng. 2016, 32. [CrossRef]

Cetin, A.; Sahin, M. A monolithic fluid-structure interaction framework applied to red blood cells. Int. J.
Numer. Methods Biomed. Eng. 2019, 35, e3171. [CrossRef] [PubMed]

Ruef, P.; Gehm, J.; Gehm, L.; Poschl, J. Shear stress and force required for tether formation of neonatal and
adult erythrocytes. Clin. Hemorheol. Microcirc. 2011, 48, 119-128. [CrossRef] [PubMed]

Wong, K.H.; Chan, ].M.; Kamm, R.D.; Tien, J. Microfluidic models of vascular functions. Anni. Rev. Biomed. Eng.
2012, 14, 205-230. [CrossRef] [PubMed]

Baskurt, O.K.; Meiselman, H.J. Red blood cell mechanical stability test. Clin. Hemorheol. Microcirc. 2013, 55,
55-62. [CrossRef] [PubMed]

Stoczynska, K.; Kézka, M.; Marona, H. Rheological properties of young and aged erythrocytes in chronic
venous disease patients with varicose veins. Clin. Hemorheol. Microcirc. 2015, 60, 171-178. [CrossRef]
[PubMed]

Salehyar, S.; Zhu, Q. Deformation and internal stress in a red blood cell as it is driven through a slit by an
incoming flow. Soft Matter 2016, 12, 3156-3164. [CrossRef] [PubMed]

Nemeth, N.; Sogor, V.; Kiss, F.; Ulker, P. Interspecies diversity of erythrocyte mechanical stability at various
combinations in magnitude and duration of shear stress, and osmolality. Clin. Hemorheol. Microcirc. 2016, 63,
381-398. [CrossRef]

Claveria, V.; Aouane, O.; Thiébaud, M.; Abkarian, M.; Coupier, G.; Misbah, C.; John, T.; Wagner, C. Clusters of
red blood cells in microcapillary flow: Hydrodynamic versus macromolecule induced interaction. Soft Matter
2016, 12, 8235-8245. [CrossRef]


http://dx.doi.org/10.1371/journal.pone.0087022
http://dx.doi.org/10.1016/j.toxicon.2015.08.021
http://dx.doi.org/10.1371/journal.pone.0158180
http://dx.doi.org/10.1016/j.micpath.2016.08.010
http://dx.doi.org/10.1046/j.1523-1755.1998.00085.x
http://www.ncbi.nlm.nih.gov/pubmed/9767527
http://dx.doi.org/10.1007/s00467-006-0232-1
http://www.ncbi.nlm.nih.gov/pubmed/16944213
http://dx.doi.org/10.1002/path.4388
http://www.ncbi.nlm.nih.gov/pubmed/24909663
http://dx.doi.org/10.1093/ejcts/ezt595
http://dx.doi.org/10.1055/s-2003-44551
http://dx.doi.org/10.1115/1.4035120
http://dx.doi.org/10.1073/pnas.0811484106
http://dx.doi.org/10.1016/j.mvr.2010.07.002
http://dx.doi.org/10.1039/C4SM00248B
http://dx.doi.org/10.1002/cnm.2763
http://dx.doi.org/10.1002/cnm.3171
http://www.ncbi.nlm.nih.gov/pubmed/30426712
http://dx.doi.org/10.3233/CH-2011-1390
http://www.ncbi.nlm.nih.gov/pubmed/21876240
http://dx.doi.org/10.1146/annurev-bioeng-071811-150052
http://www.ncbi.nlm.nih.gov/pubmed/22540941
http://dx.doi.org/10.3233/CH-131689
http://www.ncbi.nlm.nih.gov/pubmed/23445627
http://dx.doi.org/10.3233/CH-131715
http://www.ncbi.nlm.nih.gov/pubmed/23594503
http://dx.doi.org/10.1039/C5SM02933C
http://www.ncbi.nlm.nih.gov/pubmed/26865054
http://dx.doi.org/10.3233/CH-152031
http://dx.doi.org/10.1039/C6SM01165A

Toxins 2020, 12, 373 51 of 53

449.
450.
451.

452.

453.

454.

455.

456.

457.

458.

459.

460.
461.

462.

463.

464.

465.

466.

467.

468.

469.

470.

471.

472.

Motto, D. Endothelial cells and thrombotic microangiopathy. Semin. Nephrol. 2012, 32, 208-214. [CrossRef]
Jokiranta, T.S. HUS and atypical HUS. Blood 2017, 129, 2847-2856. [CrossRef]

LaCasse, E.C.; Bray, M.R,; Patterson, B.; Lim, W.M.; Perampalam, S.; Radvanyi, L.G.; Keating, A.; Stewart, A K.;
Buckstein, R.; Sandhu, ].S.; et al. Shiga-like toxin-1 receptor on human breast cancer, ymphoma, and myeloma
and absence from CD34" hematopoietic stem cells: Implications for ex vivo tumor purging and autologous
stem cell transplantation. Blood 1999, 94, 2901-2910. [PubMed]

Mackie, A.R.; Losordo, D.W. CD34-positive stem cells: In the treatment of heart and vascular disease in
human beings. Tex. Heart Inst. ]. 2011, 38, 474-485. [PubMed]

Zhang, Y.; Huang, B. Peripheral blood stem cells: Phenotypic diversity and potential clinical applications.
Stem Cell Rev. Rep. 2012, 8, 917-925. [CrossRef] [PubMed]

Calloni, R.; Cordero, E.A.; Henriques, J.A.; Bonatto, D. Reviewing and updating the major molecular markers
for stem cells. Stem Cells Dev. 2013, 22, 1455-1476. [CrossRef]

Moog, R. Mobilization and harvesting of peripheral blood stem cells. Curr. Stem Cell Res. Ther. 2006, 1,
189-201. [CrossRef]

Mohty, M.; Ho, A.D. In and out of the niche: Perspectives in mobilization of hematopoietic stem cells.
Exp. Hematol. 2011, 39, 723-729. [CrossRef]

Montgomery, M.; Cottler-Fox, M. Mobilization and collection of autologous hematopoietic progenitor/stem
cells. Clin. Adv. Hematol. Oncol. 2007, 5, 127-136.

Pelus, L.M. Peripheral blood stem cell mobilization: New regimens, new cells, where do we stand. Curr. Opin.
Hematol. 2008, 15, 285-292. [CrossRef]

To, L.B.; Levesque, ].P.; Herbert, K.E. How I treat patients who mobilize hematopoietic stem cells poorly.
Blood 2011, 118, 4530-4540. [CrossRef]

Hopman, R.K.; DiPersio, ].F. Advances in stem cell mobilization. Blood Rev. 2014, 28, 31-40. [CrossRef]
Martino, M.; Laszlo, D.; Lanza, F. Long-active granulocyte colony-stimulating factor for peripheral blood
hematopoietic progenitor cell mobilization. Expert Opin. Biol. Ther. 2014, 14, 757-772. [CrossRef] [PubMed]
Teusink, A.; Pinkard, S.; Davies, S.; Mueller, M.; Jodele, S. Plerixafor is safe and efficacious for mobilization
of peripheral blood stem cells in pediatric patients. Transfusion 2016, 56, 1402-1405. [CrossRef] [PubMed]
Ataca Atilla, P; Bakanay Ozturk, S.M.; Demirer, T. How to manage poor mobilizers for high dose chemotherapy
and autologous stem cell transplantation? Transfus. Apher. Sci. 2017, 56, 190-198. [CrossRef] [PubMed]
Yang, X.; Wan, M.; Yu, F;; Wang, Z. Efficacy and safety of plerixafor for hematopoietic stem cell mobilization for
autologous transplantation in patients with non-Hodgkin lymphoma and multiple myeloma: A systematic
review and meta-analysis. Exp. Ther. Med. 2019, 18, 1141-1148. [CrossRef] [PubMed]

Douglas, K.W.; Gilleece, M.; Hayden, P.; Hunter, H.; Johnson, PR.E.; Kallmeyer, C.; Malladi, R.K.; Paneesha, S.;
Pawson, R.; Quinn, M.; et al. UK consensus statement on the use of plerixafor to facilitate autologous
peripheral blood stem cell collection to support high-dose chemoradiotherapy for patients with malignancy.
J. Clin. Apher. 2018, 33, 46-59. [CrossRef] [PubMed]

Miyazaki, K.; Suzuki, K. Poor mobilizer and its countermeasures. Transfus. Apher. Sci. 2018, 57, 623-627.
[CrossRef]

Muramatsu, T.; Muramatsu, H. Carbohydrate antigens expressed on stem cells and early embryonic cells.
Glycoconj. ]. 2004, 21, 41-45. [CrossRef]

Breimer, MLE.; Sdljo, K.; Barone, A.; Teneberg, S. Glycosphingolipids of human embryonic stem cells.
Glycoconj. ]. 2017, 34, 713-723. [CrossRef]

Ho, M.Y.; Yu, A.L; Yu, ]J. Glycosphingolipid dynamics in human embryonic stem cell and cancer: Their
characterization and biomedical implications. Glycoconj. J. 2017, 34, 765-777. [CrossRef]

Yanagisawa, M. Stem cell glycolipids. Neurochem. Res. 2011, 36, 1623-1635. [CrossRef]

Liang, Y.J.; Kuo, H.H.; Lin, C.H.; Chen, Y.Y,; Yang, B.C.; Cheng, Y.Y.; Yu, A.L.; Khoo, K.H.; Yu, J. Switching of
the core structures of glycosphingolipids from globo- and lacto- to ganglio-series upon human embryonic
stem cell differentiation. Proc. Natl. Acad. Sci. USA 2010, 107, 22564-22569. [CrossRef] [PubMed]

Barone, A.; Benktander, J.; Angstrém, J.; Aspegren, A.; Bjorquist, P; Teneberg, S.; Breimer, M.E. Structural
complexity of non-acidic glycosphingolipids in human embryonic stem cells grown under feeder-free
conditions. . Biol. Chem. 2013, 288, 10035-10050. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.semnephrol.2012.02.007
http://dx.doi.org/10.1182/blood-2016-11-709865
http://www.ncbi.nlm.nih.gov/pubmed/10515895
http://www.ncbi.nlm.nih.gov/pubmed/22163120
http://dx.doi.org/10.1007/s12015-012-9361-z
http://www.ncbi.nlm.nih.gov/pubmed/22451417
http://dx.doi.org/10.1089/scd.2012.0637
http://dx.doi.org/10.2174/157488806776956869
http://dx.doi.org/10.1016/j.exphem.2011.05.004
http://dx.doi.org/10.1097/MOH.0b013e328302f43a
http://dx.doi.org/10.1182/blood-2011-06-318220
http://dx.doi.org/10.1016/j.blre.2014.01.001
http://dx.doi.org/10.1517/14712598.2014.895809
http://www.ncbi.nlm.nih.gov/pubmed/24597960
http://dx.doi.org/10.1111/trf.13599
http://www.ncbi.nlm.nih.gov/pubmed/27079854
http://dx.doi.org/10.1016/j.transci.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/28034547
http://dx.doi.org/10.3892/etm.2019.7691
http://www.ncbi.nlm.nih.gov/pubmed/31363366
http://dx.doi.org/10.1002/jca.21563
http://www.ncbi.nlm.nih.gov/pubmed/28631842
http://dx.doi.org/10.1016/j.transci.2018.09.007
http://dx.doi.org/10.1023/B:GLYC.0000043746.77504.28
http://dx.doi.org/10.1007/s10719-016-9706-y
http://dx.doi.org/10.1007/s10719-016-9715-x
http://dx.doi.org/10.1007/s11064-010-0358-1
http://dx.doi.org/10.1073/pnas.1007290108
http://www.ncbi.nlm.nih.gov/pubmed/21149694
http://dx.doi.org/10.1074/jbc.M112.436162
http://www.ncbi.nlm.nih.gov/pubmed/23404501

Toxins 2020, 12, 373 52 of 53

473.

474.

475.

476.

477.

478.

479.

480.

481.

482.

483.

484.

485.

486.

487.

488.

489.

490.

Barone, A.; Sdljo, K.; Benktander, J.; Blomqvist, M.; Mansson, J.E.; Johansson, B.R.; Molne, ].; Aspegren, A.;
Bjorquist, P.; Breimer, M.E,; et al. Sialyl-lactotetra, a novel cell surface marker of undifferentiated human
pluripotent stem cells. J. Biol. Chern. 2014, 289, 18846-18859. [CrossRef] [PubMed]

Séljo, K.; Barone, A.; Vizlin-Hodzic, D.; Johansson, B.R.; Breimer, M.E.; Funa, K.; Teneberg, S. Comparison
of the glycosphingolipids of human-induced pluripotent stem cells and human embryonic stem cells.
Glycobiology 2017, 27, 291-305. [CrossRef]

Von dem Borne, A.E.; Bos, M.].; Joustra-Maas, N.; Tromp, ].E; van’t Veer, M.B.; van Wijngaarden-du Bois, R.;
Tetteroo, P.A. A murine monoclonal IgM antibody specific for blood group P antigen (globoside). Br. J.
Haematol. 1986, 65, 35—-46. [CrossRef]

Rutjes, N.W,; Binnington, B.A.; Smith, C.R.; Maloney, M.D.; Lingwood, C.A. Differential tissue targeting and
pathogenesis of verotoxins 1 and 2 in the mouse animal model. Kidney Int. 2002, 62, 832-845. [CrossRef]
Mohawk, K.L.; O’'Brien, A.D. Mouse models of Escherichia coli O157:H7 infection and Shiga toxin injection.
J. Biomed. Biotechnol. 2011, 2011, 258185. [CrossRef]

Steil, D.; Bonse, R.; Meisen, I.; Pohlentz, G.; Vallejo, G.; Karch, H.; Miithing, J. A topographical atlas of Shiga
toxin 2e receptor distribution in the tissues of weaned piglets. Toxins 2016, 8, 357. [CrossRef]

Gunzer, F; Hennig-Pauka, I.; Waldmann, K.H.; Sandhoff, R.; Grone, H.J.; Kreipe, H.H.; Matussek, A;
Mengel, M. Gnotobiotic piglets develop thrombotic microangiopathy after oral infection with
enterohemorrhagic Escherichia coli. Am. |. Clin. Pathol. 2002, 118, 364-375. [CrossRef]

Garcia-Angulo, V.A,; Kalita, A.; Torres, A.G. Advances in the development of enterohemorrhagic
Escherichia coli vaccines using murine models of infection. Vaccine 2013, 31, 3229-3235. [CrossRef]

Szu, S.C.; Ahmed, A. Clinical studies of Escherichia coli O157:H7 conjugate vaccines in adults and young
children. Microbiol. Spectr. 2014, 2. [CrossRef] [PubMed]

Castillo, D.S.; Rey-Serantes, D.A.; Melli, L.J.; Ciocchini, A.A.; Ugalde, J.E.; Comerci, D.J.; Cassola, A. A
recombinant O-polysaccharide-protein conjugate approach to develop highly specific monoclonal antibodies
to Shiga toxin-producing Escherichia coli O157 and 0145 serogroups. PLoS ONE 2017, 12, e0182452. [CrossRef]
[PubMed]

Arimitsu, H.; Sasaki, K.; Iba, Y.; Kurosawa, Y.; Shimizu, T.; Tsuji, T. Isolation of B subunit-specific monoclonal
antibody clones that strongly neutralize the toxicity of Shiga toxin 2. Microbiol. Immunol. 2015, 59, 71-81.
[CrossRef] [PubMed]

Melton-Celsa, A.R,; Carvalho, HM., Thuning-Roberson, C.; O’Brien, A.D. Protective efficacy and
pharmacokinetics of human/mouse chimeric anti-Stx1 and anti-Stx2 antibodies in mice. Clin. Vaccine Immunol.
2015, 22, 448-455. [CrossRef] [PubMed]

Luz, D.; Chen, G.; Maranhao, A.Q.; Rocha, L.B.; Sidhu, S.; Piazza, R M.F. Development and characterization of
recombinant antibody fragments that recognize and neutralize in vitro Stx2 toxin from Shiga toxin-producing
Escherichia coli. PLoS ONE 2015, 10, e0120481. [CrossRef]

Luz, D.; Amaral, M.M.; Sacerdoti, F.; Bernal, A.M.; Quintilio, W.; Moro, A.M.; Palermo, M.S.; Ibarra, C.;
Piazza, R M.E. Human recombinant Fab fragment neutralizes Shiga toxin type 2 cytotoxic effects in vitro and
in vivo. Toxins 2018, 10, 508. [CrossRef]

Mejias, M.P; Hiriart, Y.; Lauché, C.; Fernandez-Brando, R.J.; Pardo, R.; Bruballa, A.; Ramos, M.V,;
Goldbaum, F.A ; Palermo, M.S.; Zylberman, V. Development of camelid single chain antiboides against Shiga
toxin 2 (Stx2) with therapeutic potential against hemolytic uremic syndrome (HUS). Sci. Rep. 2016, 6, 24913.
[CrossRef]

Nakanishi, K.; Morikane, S.; Ichikawa, S.; Kurohane, K.; Niwa, Y.; Akimoto, Y.; Matsubara, S.; Kawakami, H.;
Kobayashi, H.; Imai, Y. Protection of human colon cells from Shiga toxin by plant-based recombinant
secretory IgA. Sci. Rep. 2017, 7, 45843. [CrossRef]

Nakanishi, K.; Matsuda, M.; Ida, R.; Hosokawa, N.; Kurohane, K.; Niwa, Y.; Kobayashi, H.; Imai, Y.
Lettuce-derived secretory IgA specifically neutralizes the Shiga toxin 1 activity. Planta 2019, 250, 1255-1264.
[CrossRef]

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]


http://dx.doi.org/10.1074/jbc.M114.568832
http://www.ncbi.nlm.nih.gov/pubmed/24841197
http://dx.doi.org/10.1093/glycob/cww125
http://dx.doi.org/10.1111/j.1365-2141.1986.tb07492.x
http://dx.doi.org/10.1046/j.1523-1755.2002.00502.x
http://dx.doi.org/10.1155/2011/258185
http://dx.doi.org/10.3390/toxins8120357
http://dx.doi.org/10.1309/UMW9-D06Q-M94Q-JGH2
http://dx.doi.org/10.1016/j.vaccine.2013.05.013
http://dx.doi.org/10.1128/microbiolspec.EHEC-0016-2013
http://www.ncbi.nlm.nih.gov/pubmed/26104443
http://dx.doi.org/10.1371/journal.pone.0182452
http://www.ncbi.nlm.nih.gov/pubmed/28981517
http://dx.doi.org/10.1111/1348-0421.12221
http://www.ncbi.nlm.nih.gov/pubmed/25521016
http://dx.doi.org/10.1128/CVI.00022-15
http://www.ncbi.nlm.nih.gov/pubmed/25716230
http://dx.doi.org/10.1371/journal.pone.0120481
http://dx.doi.org/10.3390/toxins10120508
http://dx.doi.org/10.1038/srep24913
http://dx.doi.org/10.1038/srep45843
http://dx.doi.org/10.1007/s00425-019-03215-1
http://dx.doi.org/10.1097/MD.0000000000001000

Toxins 2020, 12, 373 53 of 53

491.

492.

493.

494.

495.

496.

497.

498.

499.

500.

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] [PubMed]

Loos, S.; Oh, J.; Kemper, M.]J. Eculizumab in STEC-HUS: Need for a proper randomized controlled trial.
Pediatr. Nephrol. 2018, 33, 1277-1281. [CrossRef] [PubMed]

Armstrong, G.D.; Rowe, P.C.; Goodyer, P.; Orrbine, E.; Klassen, T.P.; Welss, G.; MacKenzie, A.; Lior, H.;
Blanchard, C.; Auclair, E; et al. A phase I study of chemically synthesized verotoxin (Shiga-like toxin) Pk
trisaccharide receptors attached to chromosorb for preventing hemolytic-uremic syndrome. J. Infect. Dis.
1995, 171, 1042-1045. [CrossRef] [PubMed]

Bengmark, S. Use of some pre-, pro- and synbiotics in critically ill patients. Best Pract. Res. Clin. Gastroenterol.
2003, 17, 833-848. [CrossRef]

Melton-Celsa, A.R.; O’Brien, A.D. New therapeutic developments against Shiga toxin-producing
Escherichia coli. Microbiol. Spectr. 2014, 2. [CrossRef] [PubMed]

Pohlentz, G.; Steil, D.; Rubin, D.; Mellmann, A.; Karch, H.; Miithing, ]. Pectin-derived neoglycolipids:
Tools for differentiation of Shiga toxin-subtypes and inhibitors of Shiga toxin-mediated cellular injury.
Carbohydr. Polym. 2019, 212, 323-333. [CrossRef]

Detzner, J.; Gloerfeld, C.; Pohlentz, G.; Legros, N.; Humpf, H.U.; Mellmann, A.; Karch, H.; Miithing, J.
Structural insights into Escherichia coli Shiga toxin (Stx) glycosphingolipid receptors of porcine renal epithelial
cells and inhibition of Stx-mediated cellular injury using neoglycolipid-spiked glycovesicles. Microorganisms
2019, 7, 582. [CrossRef]

Gartziandia, O.; Lasa, A.; Pedraz, ].L.; Miranda, J.; Portillo, M.P.; Igartua, M.; Hernandez, R.M. Preparation
and characterization of resveratrol loaded pectin/alginate blend gastro-resistant microparticles. Molecules
2018, 23, E1886. [CrossRef]

Cordonnier, C.; Thévenot, J.; Etienne-Mesmin, L.; Alric, M.; Livrelli, V.; Blanquet-Diot, S. Probiotic and
enterohemorrhagic Escherichia coli: An effective strategy against a deadly enemy? Crit. Rev. Microbiol. 2017,
43,116-132. [CrossRef]

Kouzel, 1.U.; Kehl, A.; Berger, P; Liashkovich, I; Steil, D.; Makalowski, W.; Suzuki, Y.; Pohlentz, G.; Karch, H.;
Mellmann, A.; et al. RAB5A and TRAPPC6B are novel targets for Shiga toxin 2a inactivation in kidney
epithelial cells. Sci. Rep. 2020, 10, 4945. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/pbc.27913
http://www.ncbi.nlm.nih.gov/pubmed/31286658
http://dx.doi.org/10.1007/s00467-018-3972-9
http://www.ncbi.nlm.nih.gov/pubmed/29774464
http://dx.doi.org/10.1093/infdis/171.4.1042
http://www.ncbi.nlm.nih.gov/pubmed/7706786
http://dx.doi.org/10.1016/S1521-6918(03)00073-8
http://dx.doi.org/10.1128/microbiolspec.EHEC-0013-2013
http://www.ncbi.nlm.nih.gov/pubmed/26104346
http://dx.doi.org/10.1016/j.carbpol.2019.02.039
http://dx.doi.org/10.3390/microorganisms7110582
http://dx.doi.org/10.3390/molecules23081886
http://dx.doi.org/10.1080/1040841X.2016.1185602
http://dx.doi.org/10.1038/s41598-020-59694-w
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Hematopoiesis 
	Erythropoiesis 
	Developmental Stages 
	Erythropoietin 
	Eryptosis 

	Ex Vivo Generation of Developing Erythrocytes 
	Blood Transfusion 
	Ex Vivo Generation of Cells of the Erythroid Lineage 
	Dynamics of Erythropoietic Markers Glycophorin A, CD36, and CD45 
	Biotechnological Aspects 

	Mature and Developing Erythrocytes as Targets for Pathogens and Bacterial Toxins 
	Pathogens That Target Human Mature or Developing Red Blood Cells 
	Bacterial Toxins That Target Human Mature or Developing Red Blood Cells 

	A Short Historical Reflection on Glycosphingolipids of Mature and Developing Erythrocytes 
	Glycosphingolipids of Human Red Blood Cells 
	Glycosphingolipids of Human Myeloid and Lymphoid Cells and Cell Lines 
	Erythroid Character and Glycosphingolipid Expression of the Human Erythroleukemic K562 and HEL Cell Lines 

	EHEC-Caused Diseases and Damage of Human Target Cells 
	Shiga Toxin as Primordial Bacterial Weapon Against Eukaryotic Predators 
	EHEC-Caused Life-Threatening Diseases 
	Shiga Toxin and Toxin-Mediated Cell Damage 
	Structure of Stx and Enzymatical Depurination of Ribosomal RNA and Nuclear DNA 
	Stx Binding Specificity of the Inherent B Pentamer 
	Interaction of the A Subunit of Stx with the Toll-like Receptor 4 
	Retrograde Transport of Stx 

	Human Target Cells of Shiga Toxins 
	Interaction of Stx with the Human Intestinal Epithelium 
	EHEC and Outer Membrane Vesicles 
	Stx-Mediated HUS and Cerebral Dysfunction 
	Cellular Stx Shuttle in the Bloodstream and Microvesicles 
	Interaction of Stx with Non-Endothelial Cells of the Kidney 


	Erythrocyte Morphology in the Microcirculation and Hemolysis 
	Blood: A Juice of Very Special Kind 
	Microangiopathy and Hemolytic Anemia 

	Direct Shiga Toxin-Mediated Injury of Developing Human Erythrocytes 
	Ex Vivo Amplification and Maturation of CD34+ Hematopoietic Stem/Progenitor Cells 
	CD34+ HSPCs and Stem Cell Mobilization 
	Cytokine-Induced Ex Vivo Amplification and Differentiation of Erythroid Cells 
	Morphological Alterations of Developing Erythrocytes 
	Synopsis of Morphological Shifts During Ex Vivo Erythropoiesis 

	Shiga Toxin-Mediated Damage of Erythroblasts During Erythropoiesis 
	Globo-Series Glycosphingolipids of Human Erythropoietic Cells 
	Glycosphingolipid Expression during Human Stem Cell Differentiation 
	Glycosphingolipid Expression of Human Erythroid Cells 
	Glycosphingolipid Expression of Ex Vivo Amplified Primary Human Erythropoietic Cells 

	Shiga Toxin 2a-Mediated Cell Damage and Toxin Receptors of Ex Vivo-Propagated Erythropoietic Cells 

	Conclusions and Outlook 
	References

