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Abstract The two major Shiga toxin (Stx) types, Stx1 and
Stx2, produced by enterohemorrhagic Escherichia coli
(EHEC) in particular injure renal and cerebral microvas-
cular endothelial cells after transfer from the human
intestine into the circulation. Stxs are AB5 toxins composed
of an enzymatically active A subunit and the pentameric B
subunit, which preferentially binds to the glycosphingolipid
globotriaosylceramide (Gb3Cer/CD77). This review sum-
marizes the current knowledge on Stx-caused cellular injury
and the structural diversity of Stx receptors as well as the
initial molecular interaction of Stxs with the human endo-
thelium of different vascular beds. The varying lipoforms of
Stx receptors and their spatial organization in lipid rafts
suggest a central role in different modes of receptor-medi-
ated endocytosis and intracellular destiny of the toxins. The
design and development of tailored Stx neutralizers tar-
geting the oligosaccharide—toxin recognition event has
become a very real prospect to ameliorate or prevent life-
threatening renal and neurological complications.
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Introduction

Humans become infected with enterohemorrhagic Esche-
richia coli (EHEC, a certain subtype of pathogenic E. coli)
through contaminated food and water via the oral route.
Furthermore, EHEC have a high potential for person-to-
person transmission since a very low infective dose is
required and ingestion of as few as 10 bacteria may be
sufficient to cause infection. EHEC survive the acidic
human stomach, colonize the intestine, and release Shiga
toxins (Stxs, also referred to as verotoxins, verocytotoxins,
or Shiga-like toxins) which then enter the circulation by an
as yet unknown mechanism. Current models suggest that
Stxs preferentially bind to microvascular endothelial cells
of the renal glomeruli and the brain and inhibit protein
synthesis, or possibly injure eukaryotic cells via other
mechanisms, resulting in cell death. In this review, we
summarize the current state of knowledge regarding the
interaction of Stxs with glycosphingolipid (GSL) receptors
of human endothelial cells and the toxin-mediated endo-
thelial injury on the cellular and molecular level. Micro-
und macrovascular endothelial cells from various human
tissues and organs exhibit distinct Stx susceptibility
resulting in different Stx-elicited morphological damage
and functional changes. In addition, the two most promi-
nent Stxs, Stx1 and Stx2, cause distinct cellular injury in
endothelial cells from different vascular beds. The struc-
tural diversity based on the different lipoforms of Stx
receptors and the organization of GSLs into lipid rafts in
the plasma membrane is believed to be central to toxin
pathogenicity, i.e. initial binding of Stxs to cell surface-
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exposed GSLs and subsequent retrograde transportation to
the intracellular targets. Deepening our knowledge on the
Stx-driven pathogenesis and translation of basic research
into clinical applications may result in developing efficient
means aimed at preventing toxic effects and conferring in
vivo protection.

Human endothelial cells: targets of pathogens
A general approach

Endothelial cells cover the inner surface of blood vessels
and provide an active barrier between the vascular and
perivascular compartments [1]. The vascular system is
locally specialized to the distinct needs of individual tis-
sues. Endothelial cells from different blood vessels and
microvascular endothelial cells from different tissues
exhibit characteristic gene expression profiles that distin-
guish the endothelial cells of large vessels from
microvascular endothelial cells [2]. Vascular endothelial
cells perform a range of key homeostatic functions such as
keeping blood fluid, regulating blood flow, controlling
macromolecule and fluid exchange with the tissues, pre-
venting leukocyte activation, and aiding in immune
surveillance for pathogens [3]. Since endothelial cells are
among the first cells coming into contact with whole
pathogens or microbial molecules entering the blood
stream [4, 5], they are equipped with both extracellular and
cytosolic surveillance systems, capable of sensing micro-
bial components [6]. Human brain microvascular
endothelial cells (HBMECs) play a key role in brain
homeostasis and provide, as a complex interface between
blood and the central nervous system, protecting the
interstitial brain environment against many pathogens and
toxic compounds [7]. The endothelium that lines glomer-
ular capillaries shares many properties with endothelial
cells in general, but unlike most endothelial cells, it is
extremely flat and densely perforated by transendothelial
cell pores, the fenestrae [8]. Glomerular microvascular
endothelial cells (GMVECs) are integral components of the
glomerular filtration barrier, which is a target of injury in
several systemic and renal diseases [9, 10]. Minor aberra-
tions of endothelial physiology can lead to protein leakage
to urine (proteinuria) and intravascular thrombosis
(thrombotic microangiopathies) which often result in pro-
gressive renal disease and kidney failure [8, 11].

When affected by infection, vascular endothelial cells
undergo injury or cell death that impairs or prevents
accomplishment of homeostatic functions, typically char-
acterized by decreased endothelial expression of cell
adhesion molecules, and associated increased binding of
circulating leukocytes [12]. Once considered simply a site
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of leukocyte adherence, knowledge arises that endothelial
cells play an active role in the host response, mediating
detection of infectious pathogens [13] and facilitating the
access of leukocytes to sites of infection [14]. Most
endothelial cell death is apoptotic, involving activation of
caspases, but non-apoptotic death responses have also been
described [3]. Local release of inflammatory cytokines and
chemokines activate endothelial cells to upregulate adhe-
sion molecules, activate neutrophils, and generate reactive
oxygen species which serve to amplify the initial inflam-
mation. Ultrastructural studies indicate that the endothelial
cell changes involve membrane damage, increased per-
meability and swelling leading to dysregulated apoptosis,
secondary necrosis, and vascular injury lesions [15].

Enterohemorrhagic Escherichia coli

Although most E. coli strains occur in the mammalian gut
as commensals, some of them such as EHEC are capable of
causing intestinal infections in humans [16, 17]. They
colonize the human large intestine [18] and often form
attaching and effacing lesions on intestinal epithelial cells
[19]. Most of the genes required to form lesions are
encoded on a chromosomal pathogenicity island termed the
locus of enterocyte effacement (LEE) [20]. EHEC are the
human pathogenic subgroup of Shiga toxin (Stx)-producing
E. coli (STEC), also named with the equivalent term
verotoxin-producing E. coli (VTEC) [21], and cause non-
bloody and bloody diarrhea, hemorrhagic colitis, and the
hemolytic uremic syndrome (HUS) in humans [22-25].
Intrahost genome alterations of the pathogen might influ-
ence the clinical outcome [26, 27]. EHEC cause lesions at
the mucosal level in the gut followed by systemic release of
Stx which binds to receptors found in the kidneys and
central nervous system. As generally explained, EHEC
infection causes a coagulation cascade with reduced
platelet numbers in blood (thrombocytopenia), and induces
fibrin thrombi in vessels. When red blood cells pass
through occluded vessels, cells are shredded, thereby
causing hemolytic anemia. As the thrombosis progresses in
glomeruli of kidneys, dysfunction of the ultrafiltration
apparatus contributes to acute renal failure. Approximately
one-third of patients suffering from HUS, characterized by
the clinical triad of hemolytic anemia, thrombocytopenia,
and acute renal failure, develop serious neurological
complications in the brain, including seizures, encepha-
lopathy, and brain infarction, whereby symptoms may vary
from mild irritability to coma [28-30]. Regarding those
severe symptoms, HUS patients with concomitant dys-
function of the central nervous system have a greater
chance of getting severe sequelae, and their mortality rate
is about two- to threefold higher than those without neu-
rologic complications [30]. The reservoir for EHEC is
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primarily the bovine intestinal tract [31, 32]; however,
other domestic and wild animals, especially ruminants, are
also capable of harboring EHEC. It appears that Stx does
not cause disease in these animals, due, in part, to a paucity
of functional Stx receptors in the vasculature [33]. Humans
acquire EHEC indirectly by consuming food or water
contaminated with these pathogens or from contact with
animals. EHEC are the cause of sporadic and epidemic
infections worldwide. E. coli O157:H7 is the predominant
[34, 35], but far from being the only, serotype that can
cause HUS [36-39]. A large outbreak recently caused by a
virulent E. coli strain O104:H4 [40] has been portrayed by
845 HUS cases and 54 deaths in May, June, and July, 2011
in Germany [41]. The E. coli O104:H4 outbreak strain
combines virulence potentials of two different pathogens,
EHEC and enteroaggregative E. coli (EAEC), as does the
single HUSECO041 in 2001 from a HUS patient in Germany
[42-44].

Shiga toxins

The most notorious virulence factors of EHEC are Stxs,
encoded by genes located on genomes of lambdoid pro-
phages, and the production and release of these toxins is
strongly stimulated after the induction of these prophages
[45, 46]. Stxs are presently the best characterized EHEC
virulence factors, and Stx-mediated injury of renal and
cerebral microvascular endothelial cells is believed to be the
key event that underlies the pathogenesis of HUS [47-49].

Stxs are ABs toxins [21, 50, 51] composed of one A
subunit of 32 kDa, which is the enzymatically active
component of the toxin, and five identical B subunits
(7.7 kDa each), which bind to GSLs of the globo-series
[52] expressed on the cell surface of target cells. Stxs of
EHEC consist of two major types, Stx1 and Stx2, which
display 57 and 60 % nucleotide sequence identity in their
A and B subunits, respectively [53]. The B subunits of Stx1
and Stx2 share similar binding specificity [51, 54-56], and
the A subunits identical N-glycosidase activity [57, 58].
The primary virulence factor in systemic host responses
produced in the past by E. coli O157:H7 and the recent
2011 E. coli O104:H4 clinical isolates is Stx2, but some
isolates from previous outbreaks have been reported to
produce Stx1 and Stx2, or more rarely only Stx1 [59].
However, epidemiologic studies have shown that the risk
of HUS development after an EHEC infection is signifi-
cantly associated with the presence of Stx2 in the infecting
strain [60, 61]. Moreover, Stx2 does not only damage the
kidney directly but also indirectly via complement [62]. No
Stx-specific secretion system has been described so far, and
it is assumed that Stxs are released into the gut lumen after
bacterial lysis. It remains unclear how Stxs cross the
intestinal epithelial barrier and gain access to the systemic

circulation [63]. Thus, the mechanism of toxin delivery to
the circulation is still a matter of debate, although the role
of granulocytes as a Stx transporter [64—-69] and the
involvement of monocytes [70-72] have been indicated.
Current models suggest that Stxs preferentially bind to
microvascular endothelial cells of the renal glomeruli and
the brain and inhibit protein biosynthesis. Resulting
microangiopathy, therefore, forms the pathological basis of
HUS.

Stx binds to the cell surface of mammalian cells and
internalization of the ABs toxin receptor complex occurs
by different endocytotic mechanisms involving lipid rafts.
Once delivered to the early endosomes, Stx is transported
retrogradely through the trans-Golgi-network and the
Golgi stacks to the endoplasmic reticulum (ER) [73-81].
Prior to translocation across the ER membrane to the
cytosol using an energy-dependent host cell mechanism
[82], the A subunit must be cleaved into the ~27.5-kDa
A and ~4.5-kDa A, fragments [83]. In the cytosol, the
catalytically active A; fragment exerts its toxic function
due to specific cleavage of adenine from position 4,324 at
a highly conserved loop position of the 28S rRNA of the
60S ribosomal subunit, which leads to the inhibition of
protein synthesis, initiation of a cascade of reactions,
termed the ribotoxic stress response, and ultimately to
cell death [84-88]. A growing body of evidence suggests
that Stxs (like other ribosome-inactivating proteins)
remove adenine moieties not only from rRNA but also
efficiently depurinate DNA. This DNA damage in cul-
tured cells is likely to result from direct DNA-damaging
activities and/or indirect DNA repair inhibition [86, 89—
91] indicating the existence of more than one retrograde
pathway [92].

Stx-mediated damage of the human endothelium
Human umbilical vein endothelial cells

The purpose of many past studies was to determine if Stxs
exert direct cytotoxic activity on human endothelial cells.
Stx-mediated endothelial cell injury has been well docu-
mented, firstly by Obrig et al. [93] using human umbilical
vein endothelial cells (HUVECs). Numerous publications
followed this first report which furthermore evidenced an
early working hypothesis of Obrig and coworkers that
combinations of Stx, lipopolysaccharide (LPS), LPS-elici-
ted tumor necrosis factor-oo (TNF-o) and interleukin-1pf
(IL-1p) act synergistically on HUVECs augmenting the
responsiveness to Stx [94-99], and that class I and II
protein kinase C (PKC) and p38 mitogen-activated protein
kinase (MAPK) play a role in sensitization of HUVECsS to
Stx in response to some, but not all, sensitizing agents [100,
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101]. Further Stx-mediated effects to HUVECs are the
secretion of unusually large von Willebrand factor (VWF)
multimers [102], which also occur by Stx1B and Stx2B
subunits alone, i.e., in the absence of the cytotoxic StxA
subunit, but through different signaling pathways [103,
104], and the promotion of human leukocyte adhesion
[105-107]. Moreover, Stxs elicit damage to nuclear DNA
in HUVECs by means that are not secondary to ribosome
inactivation [108], and induce changes in the expression of
genes that encode for chemokines and cytokines which
might contribute to the multifaceted inflammatory response
of endothelial cells [109]. Last but not least, reduced Stx
binding toward HUVECs upon Toll-like receptor 4 deple-
tion hints to its exploitation by Stxs to gain access and
entry into cells [110]. Thus, although HUVECs do not
represent the in vivo targets of Stx1l- and Stx2-caused
endothelial injury in EHEC infections, the observed mani-
fold effects of Stx1 and/or Stx2 as well as their B subunits
toward HUVECs may help to better understand the
molecular mechanisms underlying the still puzzling phe-
nomenon that Stx2-producing E. coli strains are more
likely to cause HUS than the strains that produce only Stx1
[48, 59].

Human coronary, dermal, intestinal, lung,
and saphenous vein endothelial cells

Endothelial cells form a structurally and functionally het-
erogenous population of cells lining the inside of all blood
vessels. The constitutive organ- and microenvironment-
specific phenotype of endothelial cells controls internal
body compartmentation, and surface molecules associated
with activated cytokine-inducible endothelial phenotype
play a critical role in pathological conditions [111-114].
Significantly different properties of endothelial cells and
distinct susceptibility toward Stxs obviously depend on the
vascular bed from which they are derived [98]. Endothelial
cells’ heterogeneity may thus typify the different response
to Stxs as suggested by the early observation that HUVECs
and other types of endothelial cells exhibit rather different
sensitivity to Stxs. Importantly, HUVECsS are derived from
large blood vessels whereas the endothelial cells, which are
frequently affected by EHEC infections, represent arterio-
lar or capillary endothelial cells. Therefore, investigations
of other endothelial cells than HUVECsS, particularly those
from the human kidney and brain microvasculature, are
more appropriate to study the effects of Stxs.

Human dermal microvascular and coronary artery
endothelial cells exhibited strongly and moderately
enhanced sensitivity toward Stxs, respectively, when
compared to HUVECs [115]. However, an involvement of
dermal and/or coronary endothelial cells in the pathogen-
esis of organ failure induced by Stx-producing E. coli
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remains to be elucidated. Although Stx significantly
increased platelet adhesion and thrombus formation on
human dermal endothelial cells, this effect was remarkably
lower as compared to HUVECs [116]. The Stx-mediated
upregulation of endothelial adhesion molecules and con-
comitant promotion of platelet deposition and thrombus
formation might help to explain why thrombi in HUS
localize in microvessels rather than in large ones. In a
further approach employing human dermal microvascular
endothelial cells, bacterial neutral sphingomyelinase was
found to rapidly increase Stx-susceptibility of human der-
mal microvascular endothelial cells, accompanied by a fast
and closely following increase of intracellular ceramide
and Stx-receptor expression, respectively, indicating that
extracellular sphingomyelinase derived from either bacte-
ria or eukaryotic cells may signal endothelial cells to
become sensitive to Stxs [117]. Because Stx-challenged
endothelial cell damage at the site of infection may lead to
the characteristic hemorrhagic colitis of EHEC infections,
Keusch and collaborators compared the effects of Stxs on
human intestinal microvascular endothelial cells to those
on macrovascular endothelial cells from human saphenous
vein [118]. In contrast to saphenous endothelial cells,
unstimulated intestinal endothelial cells constitutively
expressed Stx receptor at high levels, bound large amounts
of toxin, and were highly sensitive, but were not further
sensitized by cytokines. Importantly, the fact that Stx2 was
more toxic to intestinal endothelial cells than an equivalent
amount of Stx1 may be relevant to the preponderance of
Stx2-producing EHEC involved in the pathogenesis of
hemorrhagic colitis and its systemic complications. Inter-
estingly, the authors could show distinct responsiveness to
Stx1, cytokines, and butyrate (differentiation agent)
between saphenous endothelial cells and HUVECs [119].
This suggests the need for caution in extrapolating from in
vitro studies utilizing one endothelial cell type to in vivo
events during pathogenesis of Stx-mediated thrombotic
microangiopathies. An interesting unique suppressor effect
of interferon y with regard to the toxicity of Stxs to human
lung microvascular endothelial cells has been reported by
Yoshida et al. [120], suggesting the involvement of a novel
mechanism in this type of suppression.

Human glomerular microvascular endothelial cells

Human renal endothelial cells are of particular interest to
address the involvement of Stxs in the fatal outcome of
EHEC infections leading to acute renal failure in HUS
patients. Stxs cause endothelial cells to acquire a pro-
thrombotic  phenotype  with lesions confined to
microvessels mostly in renal glomeruli, which are charac-
teristic of Stx-associated HUS [47, 48]. Renal
microvascular endothelial cells constitutively express 50
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times more Stx receptor than HUVECs, and a correlation
between Stx receptor expression and cell sensitivity to Stxs
has been reported [98]. An observed Stx-mediated decrease
in renal endothelial synthesis of urokinase-type plasmino-
gen activator may predispose renal microvasculature to
thrombosis [121], and a specific preferential action of Stx2
over Stx1 in renal endothelial cells [122] underscores their
impact as potential targets of HUS development. Impor-
tantly, Stx cytotoxicity depends on the additional
preexposure to the inflammatory mediator TNF-o and the
degree of confluence, subconfluent cells being the most
sensitive [123]. Interestingly, the strong TNF-o-induced
sensitization of GMVECs for the toxic action of Stx does
not effect the efficiency of the toxin transport to the ER
[124]. Central to a prothrombotic state is the transformation
of the endothelium to a procoagulant phenotype via the
induction of tissue factor (a transmembrane protein that
belongs to the class II cytokine and hematopoietic growth
factor receptor family) on endothelial cell surfaces. TNF-o-
activated human GMVECs undergo a significant augmen-
tation of cell surface tissue factor activity following
exposure to Stx, suggesting its important role in the
coagulopathy observed in HUS [125]. Stx has also been
reported to reduce nitric oxide production in GMVECs
[126], which are known to constitutively express type III
nitric oxide synthase [127], and to promote secretion of
unusually large vVWF multimers [102]. Either processes are
suggested to contribute to aggravation of the thrombotic
microangiopathy and renal failure as observed in HUS.

Mediators released from renal endothelial cells after
exposure to Stx2 and LPS are able to induce platelet
aggregation and formation of platelet—-monocyte aggre-
gates [128]. Evidence is available that the interaction
between leukocytes and GMVECs serves to magnify the
extent of endothelial injury, thereby potentially contributing
to the renal microvascular dysfunction and thrombotic
microangiopathy [107, 129]. Polymorphonuclear leuko-
cytes may also contribute to the onset of HUS, through
toxin binding and transfer of Stx to GMVECs of the kid-
ney, although this transfer mechanism is controversially
discussed [64, 71].

Human brain microvascular endothelial cells

As mentioned above, a subset of HUS patients develops
central nervous system complications indicating that brain
damage occurs through EHEC infections [29, 30, 130,
131]. Predominant histopathological lesions of the central
nervous system from autopsies are gross changes, such as
focal infarcts with focal edema and necrosis [30]. Micro-
hemorrhages (leaking of blood cells from small vessels) are
often found, though both hypoxic-ischemic changes and
microhemorrhages appear nonspecifically throughout the

brain [30]. Of note, most of the autopsy cases do not show
microthrombosis (small vessels clogged by deposits like
fibrin). However, the occurrence of blood-brain barrier
weakening or breakage suggests that damage of micro-
vascular endothelial cells is involved, but in the absence of
significant platelet and coagulation activation in the brain.
These findings have stimulated several research groups to
gain deeper insight into the molecular mechanisms of Stx-
mediated damage using cultures of HBMECs [29]. Inter-
action analysis of Stxs with HBMECs revealed a relatively
high refractiveness to Stxs, whereas pretreatment with
TNF-o and IL-1p resulted in a 10*- to 10*-fold decrease in
CDs( values (50 % cytotoxic doses) and a two- to fourfold
increase in Stx binding associated with the increased cel-
lular expression of the toxin receptors [132]. Although
clinical studies have suggested that infection with Stx2-
producing EHEC enhances the risk for development of
HUS [23], Stx1 versus Stx2 alone were not significantly
different at any toxin concentration tested and, even more
surprisingly, the degree of TNF-a-induced toxin sensitiza-
tion of HBMECs was not greater for Stx2 than Stxl.
Interestingly, sensitization observed after pretreatment of
HBMECs with TNF-o was significantly higher for Stxl
than Stx2 at the 10 pg/ml and 1 ng/ml toxin doses [132]. In
this context, the TNF-a-induced upregulation of Stx bind-
ing and sensitivity toward Stx determined in human
cerebral endothelial cells suggested a functional role of the
lipid anchor of Stx receptors that may be a critical deter-
minant for Stx-mediated toxicity in the central nervous
system [133]. Ensuing studies by Stricklett et al. [134],
aimed at unraveling upregulation of increased Stx1 toxic-
ity, receptor content, and toxin binding upon exposure of
HBMECsS to inflammatory cytokines (TNF-a and IL-1p),
revealed data on the molecular basis for these events.
Cytokine-induced effects were found to correlate with
upregulation (most likely via transcription) of the enzymes’
activities (glycosyltransferases) which are required for
receptor biosynthesis [134] and which are rather low in
untreated HBMECs [135]. When sensitized by TNF-o and
challenged by Stx1, HBMECs released the proinflamma-
tory cytokines IL-6 and IL-8 [136]. These observations
suggest that, in the pathogenesis of HUS, Stx can induce
secretion of mediators from HBMECs which may con-
tribute to neuropathologies in the brain. The TNF-o-
stimulated elevation in Stx1 and Stx2 susceptibility of
HBMECs could be reduced by inhibition of p38 MAPK
leading thereby to reduction in binding, cytotoxicity,
receptor content, and enzymes relevant for receptor bio-
synthesis of Stx1 [137]. This inhibition exerted by
SB203580 (a specific inhibitor of p38 MAPK) apparently
protects HBMECs from harmful effects of inflammatory
cytokines, thereby decreasing Stx cytotoxicity and pro-
viding prospects for therapeutic benefit in HUS.
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Electron microscopic visualization of Stx-challenged
human endothelial cells

Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) are extremely useful tools for
the ultrastructural examination of animal cells as well as
for the study of cell-cell interaction. More specifically,
TEM of thin sections allows for studying the contours and
subcellular components of cells at high magnification,
while SEM is applied to visualize the surface of cells
providing 3D image structures with great depth of focus.
TEM and SEM have been performed in the past to visu-
alize effects exerted by Stx on human endothelial cells
from different vascular beds as exemplarily demonstrated
in this paragraph.

TEM of Stx-challenged HUVECs and human dermal
endothelial cells

Binding and uptake of gold-labeled Stx was investigated in
HUVECs by TEM to get preliminary information of sub-
cellular localization of the internalized toxin [109]. After

4 h, the toxin has almost entirely been endocytosed by the
cells (Fig. 1a). Differences in toxin uptake between Stx1
and Stx2 could not be determined with regard to the
amount of toxin and time kinetic. Using TEM, ultrastruc-
tural morphologic changes of human dermal (foreskin)
microvascular endothelial cells after 16 h exposure to Stx
revealed varying degrees of nuclear condensation and
fragmentation [138]. Furthermore, abundant cytoplasmic
vacuolization and the presence of apoptotic bodies were
observed, as well as blebbing of the plasma membrane
(Fig. 1b). The detected morphological changes are indica-
tive of apoptosis and are clearly different from those
exhibited by cells undergoing necrosis. This suggests that
additional pathways, independent of protein synthesis
inhibition, may be involved in Stx-mediated apoptosis in
microvascular endothelial cells. Stx-triggered apoptotic
effects have been reported for different endothelial sub-
types [138—144] and will not be further considered in this
review. The interested reader is referred to an excellent
review of Tesh [145] that summarizes the recent knowledge
on the induction of apoptosis of Stxs in various cell types
including endothelial cells.

Fig. 1 Transmission (a, b) and scanning electron micrographs
(c, d) of Stx-challenged human endothelial cells. a Uptake of gold-
labeled Stx2 in HUVECs after 4 h of toxin treatment (taken from
[109]). Black beads marked intracellularly with white arrowheads,
correspond to gold-labeled Stx2. b Morphological features of human
dermal (foreskin) microvascular endothelial cells after 16 h exposure
to Stx. Magnification x7,500 (taken from [138]). ¢ Leukocyte
adhesion and transmigration in HUVECs under flow after challenge
for 24 h with Stx2 (drawn from [129]). d Formation of organized
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thrombi with entrapped leukocytes on human microvascular endo-
thelial cells after incubation for 24 h with Stx1 (drawn from [116]).
Compilation of four original figures, reprinted with permission from
Matussek et al. [109], copyright The American Society of Hematol-
ogy 2003 (a), Pijpers et al. [138], copyright The American Society of
Nephrology 2001 (b), adapted by permission from Macmillan
Publishers (Kidney International) Zoja et al. [129], copyright The
International Society of Nephrology 2002 (c), and Morigi et al. [116],
copyright The American Society of Hematology 2001 (d)
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SEM of Stx-challenged HUVECs and human dermal
endothelial cells

Endothelial injury and leukocyte activation are instru-
mental to the development of microangiopathic lesions.
To obtain more insight into the mechanisms promoting
endothelium-leukocyte interaction, the effects of Stxs on
leukocyte adhesion and transmigration in HUVECs under
flow were studied by Zoja et al. [129] using SEM. Stx2
triggered an increase in the number of leukocytes that
adhered to and transmigrated across the endothelium. As
the initial step, some leukocytes attached to the endo-
thelium, while others became activated and changed
shape before transmigration through the subendothelium.
Massive transmigration of leukocytes across the endo-
thelium (Fig. 1c) was as intense as that observed after cell
activation with TNF-o, one of the most potent inducers of
endothelial cell adhesive properties. Thus, adhesion and
transmigration resembled the multistep model of in vivo
leukocyte—endothelial cell recognition and extravasation.
SEM evaluation of the effects of Stx1 under laminar flow
at high shear rate on human microvascular endothelial
cells of dermal origin [116] illustrated the attachment of
platelets to the cell monolayers to form organized thrombi
in which leukocytes at different stages of activation are
entrapped (Fig. 1d). These findings demonstrate how
thrombi localize in microvessels and may be involved in
the process of microvascular thrombosis associated with
HUS.

SEM of Stx1- and Stx2-treated HBMECsSs

Because the cytotoxic effects of Stx1 and Stx2 can result
from apoptosis, necrosis, or a combination of both pro-
cesses, the morphological changes elicited by each Stx
were comparatively investigated on microcarrier-based cell
cultures of HBMECs using SEM [146]. HBMECs were
chosen since they represent the preferred targets of Stx-
mediated endothelial cell injury in the brain (see preceding
“Stx-mediated damage of the human endothelium”).
Untreated HBMECs exhibited a typical cobblestone pattern
with strict contact inhibition of cells of approximately
equal size (Fig. 2a). After 48 h of incubation, Stx1 caused
reduction of surface microvilli, irregular cell shape, plasma
membrane lesions, membrane blebbing, and the formation
of gaps between the cells accompanied by partial cell
detachment, resulting in severe monolayer damage
(Fig. 2b). Stx2 induced only membrane blebbing without
plasma membrane lesions and cell detachment (Fig. 2c).
These morphological observations, specifically the lack of
apparent necrotic effects in HBMECs treated with Stx2,
suggest hat Stx2 induces mostly apoptosis, whereas Stx1

induces both necrosis and apoptosis. Moreover, the fact
that HBMECs are significantly more susceptible to Stx2
than to Stx1 may have implications in the pathogenesis of
HUS, and suggests the existence of yet to be delineated Stx
type-specific mechanisms of endothelial cell injury beyond
inhibition of protein biosynthesis.

Digital holographic microscopy of Stx-triggered human
endothelial cell damage

Digital holographic microscopy (DHM) is a new real-time
imaging technique offering longitudinal resolutions of a
few tenths of nanometers of light refracting objects such as
living cells in culture [147-149]. Quantitative measure-
ments of physiological parameters can be performed, and
very small movements [150] as well as cell deformations,
which are exerted, e.g., by cell damaging agents such as
toxins, can be determined. DHM has the advantage of
being non-invasive and of allowing marker-free analysis
[151] avoiding phototoxicity and contrast agents. This
novel imaging approach provides a promising tool in the
hands of cell biologists and is deemed to offer unique
investigation means in biology and medicine.

DHM of living HBMECs

In the following, we will introduce the novel DHM tech-
nique, and we will describe its fundamental potential to
investigate cellular processes of adherently growing
HBMECs prior to ensuing DHM investigation of Stx-
mediated cellular injury of these cells. Long-term label-
free dynamic monitoring of endothelial cell division of
mother cells into daughter cells and the movement that
cells undergo throughout cell duplication in vitro is dem-
onstrated in Fig. 3 and in the animation (Online Resource
1A). Time-dependent quantitative DHM phase contrast
images, pseudo 3D representation, maximum phase con-
trast A and corresponding maximum cell thickness
dmax, and the two-dimensional tracking of the cells
obtained from the quantitative contrast images are por-
trayed in Fig. 3a, b, ¢, and d, respectively [152]. The lateral
position of selected cells and the maximum cell thickness
were determined as previously described by Langehanen-
berg et al. [150] and digital holograms were recorded
continuously every 3 min over a period of 45 h and used to
measure the cells’ shape and thickness [152]. Within the
depicted time intervals between t = 18.7 h to t = 36.8 h
(Fig. 3a, b), points of time were selected at which
HBMECs denoted as A and B underwent cell division as
indicated with arrows. Cell A divided into cells a; and a,
(t = 19.7 h) and cell B into cells b; and b, (r = 32.5 h).
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Fig. 2 Scanning electron
microscopy of Stx1- and Stx2-
treated HBMECs. Cells were
grown on collagen-coated
microcarriers and confluent
monolayers (aa—d, controls)
were exposed for 48 h to

500 ng/ml of Stx1 (ba—c) or
500 ng/ml of Stx2 (ca—c). The a
panels show the microcarrier
overview screens and the b
panels examples of
corresponding higher magnified
partial views of the same
microcarriers. The ¢ panels of
the a—c series show partial
views of microcarriers from
parallel cell cultures incubated
under identical conditions. Bars
50 um (50 U) or 5 um (5 U) as
indicated in the micrographs.
Original electron-optical
magnifications of the
microcarrier overview screens
are x870 (aa), x970 (ba), and
%980 (ca). Magnifications of
partial detail views are x4,500
of a—c. Compilation of an
original figure, reprinted with
permission from Bauwens et al.
[146], copyright 2010
Schattauer
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Cell C and the newly appearing cell D did not divide during
the experimental period. Apparently, phase contrast
increased significantly shortly before and throughout the
cell division process, while adherent, untreated cells
exhibited subcellular structures with higher density such as
the nucleus, the nuclear membrane and the nucleoli
(Fig. 3a). Raised contrast observed for rounded and par-
tially detached cells correlated with concomitantly elevated
cell thickness monitored in the pseudo 3D representation
(Fig. 3b). Peaked maximum phase contrast A¢.,.x and
corresponding maximum cell thickness d,.x clearly evi-
denced the generation of daughter cells (Fig. 3c), and
locomotion of the adherently growing parent (A and B) and
daughter cells (a;, a,, b;, and b,) on the surface of the cell
culture vessel was followed up as migration trajectories
(Fig. 3d) as shown for the overall time of investigation.
Collectively, the results impressively demonstrated the
capabilities of DHM for monitoring dynamics of a
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developing HBMEC monolayer that could serve to simu-
late the in vivo formation of microvascular blood vessels.

DHM of Stx1- and Stx2-mediated damage of HBMECs

A hallmark of HUS-associated thrombotic microangiopa-
thy in affected organs including the brain is vessel wall
thickening accompanied with swelling and/or detachment
of endothelial cells from the basement membrane, intra-
luminal thrombosis, and partial or complete obstruction of
the vessel lumen [29] (see preceding “Stx-mediated dam-
age of the human endothelium”). In order to gain a deeper
insight into the dynamics of Stx1l- and Stx2-challenged
microvascular endothelial cells, the outcome of HBMECs
exposed to both toxins is comparatively explored
employing DHM for living single cell analysis [146] as
depicted in Fig. 4. For a HBMEC exposed to Stx1 (Fig. 4,
left panel), the first reaction observed was the cell rounding
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Fig. 3 Digital holographic

microscopy of a growing C 31. .
HBMEC monolayer. A defined a
region of the cell culture was ’ 2
selected for long-term vy i

investigation. a Gray-level- Cell leISIOI‘I B

coded quantitative DHM phase
contrast images and b pseudo
3D representation of the phase
images. ¢ Maximum phase t=19.7h
contrast Agcemax and
corresponding maximum cell
thickness deeji max- d Two-
dimensional tracking of the cells
obtained from contrast images. 32
The arrows indicate cell
division after t = 19.7 h (cell A)
and t = 32.5 h (cell B). The
daughter cells of cell A and cell
B are denoted as a; and a, for
cell A and b; and b, for cell B.
The parameters A¢ and d
denote phase contrast in radian
and corresponding cell
thickness, respectively, for a
cellular refractive index of 1.37.
Two-dimensional trajectories
indicate movement of cells A B
and B and the corresponding cell lelSlOn
daughter cells after cell
division. For details, see t=19.7h
original article of Kemper et al.
[152]. Compilation of four o
original figures, reprinted with Ce“ le'Slon
permission from Kemper et al. ‘
[152], copyright Society of .‘
Photo-Optical Instrumentation - »
Engineers 2010 .
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after 20 h followed by an increase of the cell thickness by
up to 50 % after 35 h (Fig. 4c, left panel), with simulta-
neously decreased intracellular fluctuations. After 45 h, the
maximal cell thickness started to decrease as a sign of
progressive cell disintegration. Finally, the cell death,
accompanied by an extensive cell leakage, occurred after
~51 h of Stxl treatment (Fig. 4a, left panel). Another
experiment investigating Stx1-challenged HBMECs, where
the holograms are compiled as a movie, is shown in Online
Resource 1B. Neither signs of necrosis nor other morpho-
logical changes could be observed in experiments
performed with Stx2 even after a prolonged exposure time
up to 65 h (Fig. 4, right panels), indicating its lesser
necrotic action compared to Stx1. However, no cell divi-
sion occurred during the long-term cultivations with Stx2.
We interpret the absence of cell division as apoptosis as
also demonstrated by SEM and DNA fragmentation assays
[146]. In conclusion, Stx1 induced cell swelling followed
by necrotic cell death, whereas Stx2 induced no necrotic
effects, but prevented cells from cell division, which is
caused by apoptosis.

A 14pm

A¢, . (rad)

0 n 1 1 1 L 0
0 10 20 30 40 50
t(h)

Fig. 4 Digital holographic microscopy of the dynamic changes of
Stx1- and Stx2-induced cell death of single HBMECs. Cells were
grown to subconfluence, exposed to 500 ng/ml of Stxl (left) or
500 ng/ml of Stx2 (right), and single cells were selected for long-term
investigation. a False color-coded quantitative digital holographic
phase contrast images of cells at indicated time after Stx addition.
Bars 10 pm. b Cross-sections through the quantitative holographic
phase contrast digital images whereby the x-axes match the lines in
a. The parameters A¢ and d denote phase contrast in radian and
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Stx glycosphingolipid receptors of human endothelial
cells

General remarks on glycosphingolipids

The amphipathic GSLs are built up from a hydrophilic
oligosaccharide chain and a hydrophobic ceramide moiety
[153, 154]. In vertebrate GSLs, the dihydroxylated and
singly unsaturated long-chain amino alcohol sphingosine
(4-sphingenine, d18:1) represents the typical core structure
of the ceramide. The amino group of sphingosine is linked
to a fatty acid which may vary in chain length (mostly C16
to C24) and degree of desaturation (e.g., C24:1 versus
C24:0 fatty acid). This makes up the considerable ceramide
heterogeneity in many mammalian GSLs. The oligosac-
charide is connected via glycosidic linkage to the primary
hydroxy group of the ceramide. GSL biosynthesis starts
with the formation of the ceramide moiety in the ER and
continues in the Golgi apparatus by stepwise addition of
non-charged monosaccharides and sialic acids being
accomplished by specific glycosyl- and sialyltransferases,

an
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corresponding cell thickness, respectively, for a cellular refractive
index of 1.37. ¢ Temporal dependence of the maximum optical path
length A¢pax and the corresponding maximum cell thickness dp,x.
Three independent single cell analyses were performed for each cell
type with each toxin (500 ng/ml), and representative measurements
are shown. For details, see original article of Bauwens et al. [146].
Reprinted with permission from Bauwens et al. [146], copyright 2010
Schattauer
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respectively [154-157]. Neutral GSLs and sialic acid-
containing gangliosides constitute the majority of mam-
malian GSLs which, in most cases, belong to one of the
four main structural families: the ganglio-, globo-, lacto-,
or neolacto-series [153, 154, 158, 159]. According to rec-
ommendations of the ITUPAC-IUB Joint Commission on
Biochemical Nomenclature [160], the name contains the
designation of the structure family, globo (Gb), ganglio
(Gg), lacto (Lc), or neolacto (nLc). The number of
monosaccharide units is indicated by the suffixes “biao-
syl”, “triaosyl”, “tetraosyl”, etc., and the ceramide is
abbreviated by “Cer”; for instance, Gb3Cer which stands
for globotriaosylceramide. All hexoses are in the p-con-
figuration of the pyranose form and all glycosidic linkages
originate from the C1 hydroxyl group. The biosynthesis
flow diagram of globo-series neutral GSLs, and the corres-
ponding structures of Gb3Cer, Gb4Cer, and Forssman-
GSL, all exemplarily shown with Cer (d18:1, C16:0) lipid
anchor, are depicted in Fig. 5. GSLs, as cell surface
molecules, are complex and highly regulated membrane
constituents and distribute with high specificity between
mammalian species, organs, and cell types. They play
important roles during development and cell differentiation
and mediate a wide variety of cellular processes like signal
transduction and cell—cell interaction [161-163]. Thus, the
concept that GSLs are only structural components of the
plasma membrane is no longer valid. Instead, they should
be viewed as bioactive molecules in membrane signaling
events involving direct binding or turnover to products that
can serve as elicitors of transmembrane signaling in the
plasma membrane exoplasmic leaflet [164] and as intra-
cellular second messengers [165, 166].

GSLs as receptors of bacterial toxins

The oligosaccharide chains of GSLs spread in the aqueous
environment at the cell surface, and this makes them
excellent candidates for cell surface recognition molecules.
Consequently, GSLs are involved in the pathophysiology
of numerous infections, because a number of prokaryotic
toxins can only act on cells that express the appropriate
GSLs in the outer layer of the plasma membranes [167].
Protein exotoxins are secreted or released from bacteria,
bind to target cells, and are internalized by receptor-med-
iated endocytosis. The toxicity results from their ability to
catalytically modify macromolecules that are required for
essential cellular functions such as vesicular trafficking,
cytoskeletal assembly, signaling or protein synthesis [168].
Of the various bacterial toxins which have been reported to
interact with GSLs, cholera toxin [75, 168—173], botulinum
neurotoxin [172, 174-176], and Stxs [21, 51, 75, 79, 168,
170, 171, 177] have been most intensively studied. Inter-
estingly, Stx or StxB subunit coupled to therapeutic
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Fig. 5 Biosynthesis flow sheet of globo-series neutral GSLs and
structures of Gb3Cer, Gb4Cer, and Forssman GSL. a The f1,4-
galactosyltransferase (f/1,4GalT) adds a galactose to glucosylcera-
mide (GlcCer) yielding lactosylceramide (Lc2Cer). Lc2Cer is
elongated by galactose through the action of o1,4-galactosyltransfer-
ase («1,4GalT) or Gb3Cer synthase. Gb3Cer is then further
prolongued by f$1,3-N-acetylgalactosaminyltransferase (51,3GalNAcT)
or Gb4Cer synthase which transfers N-acetylgalactosamine (GalNAc)
to Gb3Cer. Forssman GSL is formed by the transfer of N-acetylga-
lactosamine (GalNAc) to Gb4Cer in o-configuration by ol,3-N-
acetylgalactosaminyltransferase (o1,3GalNAcT). b Structures of Gb3Cer,
Gb4Cer and Forssman GSL depicted in the Haworth projection.
Gb3Cer and Gb4Cer occur in human endothelial cells preferentially
with C24 or C16 fatty acids but constant sphingosine (d18:1) in their
ceramide portions. The symbolic representation system according to
Varki [361] and the Consortium for Functional Glycomics [362] is
used. Reprinted with permission from Miithing et al. [56], copyright
2012 Oxford University Press

compounds or contrast agents can be used for imaging,
diagnosis and, possibly, treatment of cancer [78, 79, 177-
183].

GSLs as receptors of Stxs

As mentioned above (see “Human endothelial cells: targets
of pathogens®), Stxs belong to the AB5 family of bacterial

@ Springer



436

A. Bauwens et al.

toxins, consisting of an enzymatically active A-subunit that
inhibits protein biosynthesis by modifying the host rRNA
and a non-toxic homopentameric B-subunit. The A subunit
of Stxs gains entry to susceptible mammalian cells after
Gb3  oligosaccharide  (GaladGalp4Glc)  recognition.
Although the B-pentamer of Stx1 and Stx2 preferentially
binds to Gb3Cer [21, 51, 54, 184], both toxins also interact,
but to a lesser extent, with Gb4Cer carrying a ceramide-
linked GalNAcp3Galz4Galp4Gle oligosaccharide [185,
186] (for structures. see Fig. 5). This has recently been
investigated in detail using a collection of Stx1- and Stx2-
containing preparations from human EHEC isolates of
different serotypes. All Stx1 variants exhibited strong and
moderate binding intensities toward Gb3Cer and Gb4Cer,
respectively, in solid phase binding assays, whereas the
Stx2 samples revealed a predominant interaction with
Gb3Cer and only weak binding to Gb4Cer [56]. In addi-
tion, we could demonstrate specific interaction of Stx2e
(known as the pig edema disease toxin) with Forssman
GSL, which is defined as an elongated globo-series GSL
with GalNAca3GalNAcf3GaladGalp4Gle sugar sequence,
i.e., a GalNAca3-prolongation structure of Gb4Cer.
Forssman GSL was not recognized either by structurally
closely related Stx2 or by Stx1, conferring Stx2e a unique
recognition feature. Previous findings of preferred binding
of Stx2e to Gb4Cer and reduced interaction with Gb3Cer
[187] were confirmed in this study [56].

GSLs of human endothelial cells as receptors for Stxs

First descriptions of the expression of globo-series neutral
GSLs (and other GSLs) in human endothelial cells go back
to the pioneering work of Gillard and colleagues in the late
1980s, who demonstrated the expression of Gb3Cer and
Gb4Cer [188, 189] and their subcellular localization in
HUVECs [190, 191]. Later, thorough structural character-
ization of the oligosaccharide portions and the ceramide
moieties of Gb3Cer and Gb4Cer (beside other neutral
GSLs) of HUVECs was performed by means of mass
spectrometry combined with immunochemical detection
[192, 193]. Gb3Cer and Gb4Cer, both carrying mainly C24
or C16 fatty acid beside sphingosine, were detected as the
major neutral GSLs in HUVECs. Those cells have then
developed as a widely used in vitro cell culture model to
investigate the cytotoxic effects of Stxs (see above “Stx-
mediated damage of the human endothelium”). Preincu-
bation with inflammatory agents or butyrate (a naturally
occurring differentiation agent in the colon and in the
peripheral circulation) is required to augment the respon-
siveness of HUVECs to Stx. High-performance liquid
chromatography of perbenzoylated GSLs from lipid
extracts was successfully implemented in several studies to
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quantify the Gb3Cer and Gb4Cer content of sensitized
HUVECs [97, 100, 194]. The results revealed that pre-
treated HUVECs were more sensitive to the cytotoxic
activity of Stx and contain more Gb3Cer than do untreated
cells. A considerable heterogeneity in the response of
endothelial cells originating from different vascular beds
(like macrovascular saphenous [119] or microvascular
intestinal [118] and dermal endothelial cells [117]) to Stxs,
cytokines, and other sensitizers revealed correlation of Stx-
mediated cytotoxicity and Gb3Cer content quantified by
high-performance liquid chromatography. These results
suggested the need for caution in extrapolating from in vitro
studies utilizing one endothelial cell type to in vivo events
during pathogenesis of Stx-mediated thrombotic microan-
giopathies [119]. Although high-performance liquid
chromatography of perbenzoylated GSLs is an adequate
procedure to identify and quantify GSLs of endothelial cells
in comparison to well-defined references [195], thin-layer
chromatography (TLC) combined with overlay detection
has developed as the most popular analytical technique for
the analysis of toxin- or antibody-binding GSLs [196, 197].
Advantages are its easy handling and detection as well as
quantitation, for instance of Stx-receptors, directly on the
TLC-plate using Stxs (in combination with appropriate anti-
Stx antibodies) or Gb3Cer- and Gb4Cer-specific antibodies
[198]. The usefulness of the TLC overlay technique has
been proved in studies aimed at, e.g., exploring the
molecular reasons that may underlie cytokine- or LPS-
elicited enhancement of Stx susceptibility in HUVECs upon
stimulation with TNF-o, IL-1, and LPS [96, 99, 101]. TLC-
based methods for the identification of host receptors for Stx
[199] have continuously developed further into applications
combined with different mass spectrometry approaches (see
this section below).

Stx GSL receptors of HBMECs and GMVECs

Human endothelial cells from various vascular beds com-
prise Gb3Cer and Gb4Cer as major neutral GSLs which are
known as high- and low-affinity receptors, respectively, for
Stx1 and Stx2. Binding of Stx to Gb3Cer on kidney and
brain microvascular endothelial cells and its internalization
are postulated to be the linchpin triggering renal and
cerebral vascular injury caused by EHEC [49]. Owing to
the proposed functional impact that the fatty acyl chain of
the ceramide portion of Stx-receptors may have regarding
the subcellular destiny of the toxin(s), the lipid anchor
composition of Gb3Cer and Gb4Cer of target cells has
attracted increasing interest [200-202]. We therefore pro-
vide in this section a comprehensive overview on the
current knowledge about the structural diversity of the
different Gb3Cer and Gb4Cer lipoforms occurring in
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human microvascular endothelial cells of the brain and the
kidneys.

Since involvement of the central nervous system was
early recognized as a major determinant of mortality in the
acute phase of HUS and as a major factor in chronic
morbidity ([203, 204]; see also “Stx-mediated damage of
the human endothelium” above), the amounts of Stx
receptors and the expression of related glycosyltransferases
involved in lactosylceramide (globo-series precursor GSL),
Gb3Cer, and Gb4Cer biosynthesis (for structures, see
Fig. 5) have been investigated in a few studies using
HBMECs [132-135]. Increased Stx-binding on cellular
level of TNF-o- and IL-1pf-pretreated HBMECs in com-
parison to untreated HBMECs was due to increased content
of toxin-binding GSLs which was determined by '*’I-Stx1
overlay assay [132]. TNF-a-treatment appeared to induce
at least fourfold increase in total Gb3Cer content detected
as a toxin-binding GSL doublet. As known for many
neutral GSLs isolated from human cells, including endo-
thelial cells, the ceramide heterogeneity is responsible for
double band appearance of TLC-separated GSLs with
identical oligosaccharide chain. This is shown for the
immunochemically detected Gb3Cer doublet in GSL
extracts of HBMECs [205, 206], whereby the upper band
represents Gb3Cer harboring ceramide with long and the
lower band the Gb3Cer species with short chain fatty acid,
both carrying most likely invariable sphingoid base as
preliminarily detectable via TLC overlay assay (Fig. 6a,
lane a). The same heterogeneity was found for Gb4Cer of
HBMECs (Fig. 6b, lane a). The different upper and lower
band intensities of both GSLs were also detectable in the
corresponding orcinol stain (Fig. 6¢, lane a). In a further
study, TNF-« treatment was found to result in elevation of
Gb3Cer species with “normal fatty acid” in contrast to
“hydroxylated fatty acid” as determined by HPLC of

A Gb3

Gb3CerE = "= =
Gb4CerC =

a b ¢ a

Fig. 6 Antibody-mediated detection of globo-series neutral GSLs in
HBMECs and GMVECs. Lanes a HBMECs, lanes b GMVECs, lanes
¢ human erythrocytes. GSL amounts applied in /anes a and b for anti-
Gb3Cer (a) and anti-Gb4Cer (b) overlay assay correspond to
1 x 10° cells, and those in lanes a and b for the orcinol stain
(c) correspond to 2 x 107 cells. In lane ¢ amounts of 2 pg (a), 0.2 ug
(b), and 20 pg (c¢) of neutral GSLs from human erythrocytes were

B Gb4

perbenzoylated derivates, but neither of the hypothesized
Gb3Cer species, in particular their fatty acid and/or
sphingoid base, have been analyzed in further detail to
exactly prove the different ceramide lipoforms [133]. The
idea of this approach was to search for Gb3Cer species
with fatty acid “abnormalities” in cytokine-triggered
endothelial cells, stimulated by reports of Lingwood and
colleagues who found that binding of Stx1 to Gb3Cer is
influenced by differences in receptor fatty acid content
[207] and the microenvironment in which the GSL is
embedded [208]. On the level of the glycosyltransferase
expression, Stricklett et al. [134] and Hughes et al. [135]
were able to show that increase of Gb3Cer content (and
concomitant increase of Stx1-susceptibility) of HBMECs
after pre-exposure to proinflammatory cytokines is based
on upregulation of ceramide glucosyltransferase, lactosyl-
ceramide synthase (GalT2), and Gb3Cer synthase (GalT6)
determined on the mRNA levels of the enzymes.
Analogously to HUVECs and other types of endothelial
cells, GMVECs required prestimulation with inflammatory
mediators to become more susceptible to Stx [123]. In non-
stimulated GMVECs, cytotoxicity of Stx1 was inversely
related to the degree and duration of confluence, subcon-
fluent cells being the most sensitive. In highly confluent
GMVECs, Stx1 cytotoxicity required pre-exposure of the
cells to TNF-a, which induced an increase in the number of
Stx receptors on GMVECs. Interestingly, TLC binding
assays employing GSL extracts from highly confluent
GMVECs showed binding of '*I-Stx] to Gb3Cer and
Gb4Cer both appearing as typical doublets, and, moreover,
a more pronounced enhancement of Gb3Cer after TNF-a
incubation when compared to Gb4Cer [123]. A typical
immunochemical proof of Gb3Cer content in GSL extracts
of GMVECs [209, 210], suggesting upper band Gb3Cer
with long and lower band Gb3Cer with short chain fatty

C Orcinol
aMHC
= 3lLc2Cer
== =Gb3Cer
- @ o Gb4Cer
c a b ¢

used as positive control. Bound anti-GSL antibodies (a, b) were
visualized with alkaline phosphatase conjugated secondary antibodies
and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) as a substrate.
Panel headings Gb3 and Gb4 stand for anti-Gb3Cer and anti-Gb4Cer
overlay assay, respectively, and orcinol for orcinol sugar staining.
MHC monohexosylceramide
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acid by means of TLC overlay assay, is depicted in Fig. 6a
(lane b). The same chromatographic feature holds true for
Gb4Cer of GMVECs as demonstrated in Fig. 6b (lane b).
The corresponding orcinol stain gave the same difference
in upper and lower band intensities of both GSLs as shown
in Fig. 6¢c (lane b). The quantitative analysis indicated a
2.0-fold higher content of Gb3Cer and a 1.4-fold higher
content of Gb4Cer in GMVECs than in HBMECs sug-
gesting a higher sensitivity of GMVECs toward Stxs as
compared to HBMECs [210]. A precise determination of
Gb3Cer elevation after pretreatment with TNF-a revealed a
fivefold increase of Gb3Cer as determined in quantitative
TLC overlay binding assay using StxB-subunit [124].
Moreover, this study gave evidence that the strong TNF-o-
induced sensitization of GMVECs for the toxic action of
Stx is not due to a direct effect on the intracellular traf-
ficking of the toxin.

Full structural characterization of Stx GSL receptors
of HBMECs and GMVECs

Difficulties in the structural characterization of GSLs may
arise from the heterogeneity of the sugar moiety varying in
the number and sequence of monosaccharides, and their
anomeric configuration and linkage type, which makes a
GSL highly specific for a given antibody or toxin. Fur-
thermore, the ceramide variability in most cases caused by
the diversity of the fatty acid, which may vary in chain
length and/or degree of desaturation, additionally contributes
to the occurrence of different GSL lipoforms.

A first attempt aimed at a precise structural charac-
terization of Stx receptors from HBMECs was performed
by Kanda and colleagues [211], indicating that these
cells comprise lactoyslceramide, Gb3Cer, and Gb4Cer as
the major neutral GSLs. Their structures were prelimi-
narily identified after transfer of GSL chromatograms on a
polyvinylidene difluoride membrane and ensuing secondary
ion mass spectrometry in the negative ion mode.
Approaching the challenge to achieve the exact struc-
tures of GSLs, current advances on a triad system
matching (1) silica gel-based TLC separation of GSLs,
(2) their overlay detection on the TLC plate using an
oligosaccharide-specific protein (such as antibody or
toxin), and (3) mass spectrometry has been proved as
extremely useful combinatorial technique for this attempt
[212, 213]. Following this strategy, GSL extracts from
antibody-detected Gb3Cer and Gb4Cer bands were sub-
mitted to electrospray ionization quadrupole time-of-
flight mass spectrometry (ESI-Q-TOF MS) in the posi-
tive ion mode. After selection of the precursor ions of
interest, tandem MS? using collision-induced dissociation
(CID) was performed to obtain fragment ions enabling
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sequence analysis (for further details, refer to [214—
217]). In this way, Gb3Cer and Gb4Cer species with
ceramide portions carrying sphingosine (d18:1) and a
variable fatty acid with a chain length between C16:0
and C24:1/C24:0 were identified in HBMECs [206]. The
Gb3Cer lipoforms were found to be similar to those
isolated from the macrovascular endothelial cell line
EA.hy 926 that represents a HUVEC-derived cell line
[206, 218]. Gb3Cer (d18:1, C24:1/C24:0) and Gb3Cer
(d18:1, C16:0) were the dominant Stx receptors detected
in HBMECs with a preponderance of Gb3Cer with C24
fatty acid over the C16 acylated pendant as deduced
from TLC binding assays (see Fig. 6a, lane a). Only very
minor (and therefore negligible) amounts of Gb3Cer
(d18:1, C22:0) could be detected in the MS! spectrum
[206]. The same ceramide variabilities were identified for
the different Gb4Cer lipoforms as expected from the
TLC overlay assays (see Fig. 6b, lane a).

The triad procedure [213] was employed in a very recent
study for thorough analysis of the various Gb3Cer and
Gb4Cer lipoforms of GMVECs (see lanes b in Fig. 6a, b,
respectively) by means of MS' and MS? analysis in the
positive ion mode. The ESI-Q-TOF MS' and MS? spectra
of the different Gb3Cer lipoforms are exemplarily shown
in Fig. 7 [210]. In the following, we will explain the
spectra and provide interpretation of the detected ions
using the nomenclature introduced by Domon and Costello
[219, 220]. The main [M+Na]™ ions in the MS' overview
spectrum at m/z 1,156.87/1,158.88 could be assigned to
Gb3Cer (d18:1, C24:1/C24:0) and those at m/z 1,130.84
and 1,046.77 to Gb3Cer (d18:1, C22:0) and Gb3Cer
(d18:1, C16:0), respectively (Fig. 7a) (for list of ions and
proposed structures, see Table 1). The proposed structures
based on the MS' investigation were further verified by
CID after selection of the desired precursor [M+Na]* ions
as demonstrated for Gb3Cer (d18:1, C24:0) (Fig. 6b),
Gb3Cer (d18:1, C24:1) (Fig. 6c) and Gb3Cer (d18:1,
C16:0) (Fig. 6d) together with the auxiliary fragmentation
scheme of Gb3Cer (d18:1, C16:0) (Fig. 6e). Full series of
Y- and Z-type ions and B- and C-type ions that result from
consecutive loss of three hexoses of Gb3Cer as well as
92A, and ®?A; ions formed by ring cleavages and N"
fragment ions, which are indicative for sphingosine
(4-sphingenine, d18:1) gave rise to the complete structures.
The [M+Na] ™" ions and proposed structures of the different
Gb4Cer lipoforms obtained from the MS' and MS? spectra
of immunopositive Gb4Cer bands (see Fig. 6b, lane b) are
listed in Table 1. Predominant Gb4Cer (d18:1, C24:1/
C24:0) and Gb4Cer (d18:1, C16:0) species with sizeable
fatty acid variability as observed for Gb3Cer lipoforms
were identified. However, beside major [M+Na]" ions,
less abundant [M+Na]t ions, which are indicative for



Shiga toxin interaction with glycosphingolipids of human endothelial cells 439

A -

Gb3Cer (d18:1, C16:0)

1046.77
-~ Gb3Cer (d18:1, C24:1)

— e i 1156.87
) i
= I .
g | Gb3Cer (d18:1, C24:0)
3, Gb3Cer (d18:1, C22:0) 1158.88
Fog 1130.84
@
c
2
=

¥ T ¥ T E— . T T T g T " T T
1040 1060 1080 1100 1120 1140 1160 1180
miz
C - x4 x4 X 16
Y2
994.92
Cz ____________ ] "
=z 365.19 el [M + Na]
E A — | 1156.99
= 347.17 M4
g 1 ] C
2 |rs110264 :
= T | 527.25
S | [ 2007 %, 3
b A o
= °-".;A 509.27 670.73 Y]
i 0,2 832.82
/s@ 16 46»;\%?\” Z, 1 Z,
i - 81484 g76.92
Ii.lm 'J " \:\l s \ \.
| FOE SO [ oo L g NS UM R [ S L M O |
200 300 400 500 600 700 800 900 1000 1100 1200
m/z

E

Z

Yy

Fig. 7 ESI-Q-TOF MS' and MS? spectra of antibody-detected
Gb3Cer species from GMVECs. a MS' spectrum. The spectrum
was obtained from pooled silica gel extracts of four TLC overlay
assays corresponding to 2 x 10> cells. A representative overlay assay
performed with a lipid extract from 5 x 10* cells is shown in the
inset whereby the framed dotted rectangle indicates the areas from
which the silica gel was scraped off. b-d MS? spectra. The
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arrowheads denote the positions of immunoreactive Gb3Cer lipo-
forms selected for MS? analysis. A synopsis of the m/z values of
[M+Na]™ ions obtained from TLC immunodetected Gb3Cer and
Gb4Cer as well as their proposed structures are provided in Table 1.
e Molecular structure and auxiliary fragmentation scheme of Gb3Cer
(d18:1, C16:0)

C18:0 and C20:0 fatty acids, were present. These findings
evidenced a notably higher ceramide variability for
Gb4Cer than for Gb3Cer in GMVECs.
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Table 1 Monosodiated ions of antibody-detected Gb3Cer and
Gb4Cer lipoforms acquired from ESI-Q-TOF MS! spectra of
GMVECs and proposed structures

[M+Nal™ (m/z) Proposed structure

1158.88 Gb3Cer (d18:1, C24:0)
1156.87 Gb3Cer (d18:1, C24:1)
1130.84 Gb3Cer (d18:1, C22:0)
1046.77 Gb3Cer (d18:1, C16:0)
1375.98 Gb4Cer (d18:1, C25:0)
1373.92 Gb4Cer (d18:1, C25:1)
1361.94 Gb4Cer (d18:1, C24:0)
1359.94 Gb4Cer (d18:1, C24:1)
1347.93 Gb4Cer (d18:1, C23:0)
1333.91 Gb4Cer (d18:1, C22:0)
1305.91 Gb4Cer (d18:1, C20:0)
1277.87 Gb4Cer (d18:1, C18:0)
1263.84 Gb4Cer (d18:1, C17:0)
1249.80 Gb4Cer (d18:1, C16:0)

Major GSLs in bold

Lipid raft association of Stx GSL receptors

Immunofluorescence microscopy allows visualization of
the distribution of GSLs on the cell surface as well as on
subcellular level. In order to address the distribution and,
moreover, the possible differences in Stx receptor expres-
sion between HBMECs and GMVECs, comparative
microscopic investigation under identical staining and ap-
parative conditions can provide first hints to address this
question. Immunofluorescence micrographs of non-per-
meabilized and Triton X-100 permeabilized HBMECs and
GMVECs are shown in the upper and lower panel of
Fig. 8a and b, respectively. Non-permeabilized HBMECs
exhibited detection of Gb3Cer on the cell surfaces of the
endothelial cell monolayer (Fig. 8a, upper panel) at low
signal intensities. The distribution of Stx receptors on the
plasma membrane of the positive cells seemed, although
hardly visible, to be clustered in microdomains. The
intracellular pools of Gb3Cer became visible after perme-
abilization of the cell surface resulting in slightly elevated
signal intensities of HBMECs (Fig. 8a, lower panel). In
contrast to HBMECs, antibody-mediated detection of
Gb3Cer on non-permeabilized GMVECs gave much
stronger positive reactions. The micrograph suggests an
equal distribution of Stx receptors on the surface of all cells
(Fig. 8b, upper panel) and seemed to appear in a non-
clustered mode. Permeabilization resulted in enhanced
immunofluorescence intensities in GMVECs (Fig. 8b,
lower panel) as compared to non-treated cells. Thus, weak
and strong immunoreactivity of HBMECs and GMVECs,
respectively, were in agreement with lower and higher
Gb3Cer expression in HBMECs and GMVECs,
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respectively (see TLC overlay assay in Fig. 6). Further-
more, distinct immunofluorescence micrographs suggest a
considerable variability in membrane assembly of Gb3Cer
in HBMECs and GMVECs. However, this preliminary
investigation requires more sophisticated optical tech-
niques such as confocal laser microscopy [77, 79, 80, 124,
221] which will permit a more precise insight into the
subcellular localization of Stx receptors. A very common
and widely used procedure to analyze possible clustering of
GSLs in microdomains came from the early observation
that cell membranes are not fully solubilized by non-ionic
detergents at low temperature [222]. Based on this dis-
covery, the preparation and isolation of detergent-resistant

A HBMECs
Gb3Cer

Gb3Cer + Nuclei

Non-permeabilized

Permeabilized

or)

GMVECs

Gb3Cer Gb3Cer + Nuclei

Non-permeabilized

Permeabilized

immunofluorescence

Fig. 8 Indirect microscopic detection of
Gb3Cer in HBMECs and GMVECs. Subconfluent grown HBMECs
(a) and GMVECs (b) were immunostained with monoclonal rat 38.13
anti-Gb3Cer antibody followed by incubation with Alexa Fluor® 546
labeled secondary antibody after permeabilization with 0.3 % Triton
X-100 (lower panels) and as non-permeabilized cells (upper panels).
Cell nuclei were stained with 4',6-diamidino-2-phenylindol (DAPI).
Bars 20 pm
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membrane fractions has become an appropriate tool for
structural and functional analysis of lipid membrane
domains as outlined in the next section.

Basics of the lipid raft concept

Novel microscopy and spectroscopy technologies have
revitalized the concept of lipid membrane microdomains,
most widely termed as lipid rafts in the current literature,
and deepened our insight into the dynamics of membrane
organization [223]. The lipid raft concept has long been
controversially discussed in the past, since techniques
developed so far did not allow lipid rafts to be visualized in
living cells [224]. Emerging technologies have dispelled
most doubts and confirmed the in vivo existence of lipid
rafts, and it is now well accepted that such microdomains
in cell membranes do exist [225-233]. The membrane-
organizing principle [234] underlies the lipid raft concept
of membrane subcompartmentalization [235] creating
platforms that are important, e.g., in signaling, membrane
trafficking, and infectious processes [236-240].

Lipid rafts in living cells are characterized as dynamic
nanoscale assemblies of cholesterol, GSLs, sphingomyelin,
dipalmitoylphosphatidylcholine, and certain proteins
including glycosylphosphatidylinositol (GPI)-anchored
proteins, doubly acylated proteins, or various transmem-
brane proteins [241-247]. Model membrane studies have
shown that mixtures of phospholipids, particularly sphin-
gomyelin, and cholesterol form a liquid-ordered phase with
properties intermediate between a gel and fluid phase [248].
This type of liquid-ordered phase dominates theories of
domain formation and lipid raft structures in biological
membranes. The non-homogenous distribution of mem-
brane occurs via lateral interactions which stabilize
different membrane domains, giving rise to a second level
of order in the molecular architecture of biological mem-
branes. Sphingolipids, that for the most part carry saturated
acyl chains, preferentially assemble with cholesterol to
form tightly packed lipid rafts which build up the liquid-
ordered phase (). The more fluid surrounding membrane is
analogous to the liquid-disordered phase (14), in which lipid
rafts can freely move. At physiological temperature, the
lipid acyl chains of the bilayer are disordered in the 14 phase
and characterized by high fluidity, whereas acyl chains of
lipids in the 1, phase are extended, ordered, and stabilized
by cholesterol. The fact that lipids in different phases
coexist within the same membrane gave evidence for the
concept of lipid rafts in living cells.

Although GSLs represent minor cell membrane com-
pounds that reside in the outward-facing part of the bilayer,
their oligosaccharide as well as acyl chain structure are
considered functionally important modulators of lipid
packing and thus of lipid raft formation [249, 250].

Moreover, GSL-containing microdomains (also termed
“glycosynapses” [251] in analogy to “immunological
synapses”) mediate cell adhesion, motility, and cell growth
[252-254], modulate signal transduction [252, 255-259],
are involved in phagocytic cell functions [260] and neu-
rodegeneration [261], and serve as attachment platforms
for host pathogens and their toxins [255, 262], to mention
just a few microdomain-associated functions of GSLs.
Membrane lipid domains harboring cell lipids (including
cholesterol and GSLs) are relatively resistant to solubili-
zation by non-ionic detergents such as Triton X-100 in the
cold, allowing for the isolation of detergent-resistant
membranes (DRMs) from low buoyant density fractions
after sucrose density ultracentrifugation [222]. The isolation
of insoluble membrane fractions is a key factor in the ability
to understand the origin and structure of cholesterol—
sphingolipid-rich membrane microdomains. Consequently,
compositional analysis of such domains is largely obtained
from detergent-resistant membranes [263] as the ruling
method to assigning raft-association [264]. Despite some
shortcomings of DRMs, they remain the only biochemical
means of assessing potential raft affinity, and it was the
initial DRM observation that laid the conceptual framework
for lipid-based amplification of protein-mediated signal
transduction. However, the limitations of DRMs must be
clearly understood to avoid experimental artefacts. Impor-
tantly, it should be stressed that DRMs are not the same as
preexisting rafts [265] and should therefore not be identified
with membrane lipid rafts [266]. Nevertheless, when used
carefully DRMs are an extremely helpful tool for studying
raft-targeting signals and characterizing protein functions,
implicating lipid rafts in a variety of cell processes [264].

Impact of microdomain association of Stx GSL
receptors on cellular binding and subcellular pathways
of the toxin

Studies with protein toxins including Stxs revealed that
there are more pathways along the plasma membrane to the
ER than originally believed [74-76]. Through multivalent
binding to GSLs, ABs toxins induce lipid clustering and
changes in membrane properties [81]. Internalization occurs
via unusual endocytic mechanisms involving lipid rafts,
induction of membrane curvature, trans-bilayer coupling,
and activation of signaling pathways [77, 267, 268]. This
makes toxins valuable tools to discover and characterize
cellular processes such as endocytosis and intracellular
transport [79, 80, 173], suggesting that the toxins’ pathway
from the plasma membrane to the ER is a lipid-based
sorting pathway. According to the present knowledge and
currently available data, GSLs are required for endosome-
to-Golgi transport of Stx [200] and the organization of
Gb3Cer into lipid rafts is central to the toxins’
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pathogenicity. This is based on findings that only GSLs
which associate strongly with lipid rafts can sort Stxs
backwards from the plasma membrane to the intracellular
targets. Thus, the biophysical features particularly of the
ceramide anchor may influence the toxins’ incorporation
into certain membrane domains and thereby affect the
toxins’ intracellular destination. Importantly, the fatty acid
heterogeneity within the ceramide portion plays a pivotal
role, since differential Gb3Cer lipoforms (with varying fatty
acyl chains between C16 and C24) may mediate a differ-
ential interaction with cholesterol and other membrane
components as determined in model and cell membranes
[201, 202].

Several studies using non-endothelial cell lines demon-
strated the clustering of Gb3Cer in lipid rafts of Caco-2 cells
[269], the density-dependent binding of Stx with raft-
localized receptors in Vero cells [270], and, moreover,
raft-association of Stx receptors as a requirement for the
retrograde transport in HeLa cells [271, 272] and retro-
translocation across the ER [273]. These studies gave clear
evidence that lipid raft disruption by cholesterol depletion
significantly decreased internalization of the Stx1B-subunit,
and, moreover, that retrograde transportation of StxB-sub-
unit requires association of the Stx receptor with DRMs.
Investigations employing DRMs from the human renal
tubular ACHN cell line revealed deep involvement of
cholesterol- and Gb3Cer-enriched microdomains in Stx-
mediated signal transduction [274, 275]. In another
approach with Vero cells, differential binding of Stx1 and
Stx2 to Gb3Cer-containing lipid rafts resulted in differential
intracellular trafficking and cytopathology of the toxins
[276]. Using simple model GSL/cholesterol DRM vesicle
constructs, fatty acid-mediated fluidity can selectively reg-
ulate GSL carbohydrate-ligand binding of Stxs [277].
Interestingly, cholesterol has been reported to mask most of
cell membrane GSLs and is therefore proposed to impinge
many GSL receptor functions, albeit GSL-GSL interaction
of monohexosylceramides with Gb3Cer can counter cho-
lesterol masking of Gb3Cer [278, 279].

Caveolae and microdomain association of Stx GSL
receptors in HUVECs

Although the outstanding role of GSLs in membrane
microdomain formation has been documented for many
different cell types, less attention has been paid so far to
explore the exact GSL composition of lipid rafts or cave-
olae of endothelial cells. Caveolae are defined as a subset
or subdomain of lipid rafts [280-282] and are particularly
abundant in endothelial cells [283-287]. They represent
smooth invaginations of the plasma membrane character-
ized by the presence of caveolin proteins (caveolin-1, -2,
and -3), which form the structural backbone of caveolae,
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and are functionally modulated by cavins 1-4 [288-291].
Lipid rafts and caveolae of HUVECs are biochemically
similar but morphologically distinct, implying different,
possibly complementary, functions [292]. Endothelial
caveolae are involved in capillary permeability and are
known to participate in processes of endocytosis, vesicular
trafficking, and transcytosis [293-299]. Despite the func-
tional implications of GSLs in microdomain assembly,
only a few studies have considered the specific composi-
tion and distribution of GSLs to lipid rafts/caveolae of
different cell types [243, 245, 300-302]. Especially, GSLs
and their association with lipid rafts in human endothelial
cells as well as their functional role in Stx-mediated
endothelial cell injury has so far been mostly ignored, and,
thus, remains largely elusive.

For HUVEC S, it was recently shown that Gb3Cer and
the lipid raft marker proteins caveolin-1 and flotillin-1
exclusively distribute to DRM fractions obtained from
discontinuous sucrose gradients using the Triton X-100-
based method, whereas the Triton X-100-soluble fractions
(bottom fractions of the gradient) were free of Gb3Cer and
the two marker proteins [303]. Stimulation with TNF-o did
not change their localization, although the amount of
antibody-detected Gb3Cer seemingly increased in the
DRM fractions. Interestingly, co-distribution of caveolin-1
and flotillin-2 was determined in the DRM samples,
whereas considerable disproportional separation was
observed for caveolin-1 in a report of Okuda et al. [193]
that indicated preferential occurrence of caveolin-1 in the
bottom fractions, i.e. the nonDRM fractions obtained from
HUVECs. Gb3Cer and Gb4Cer cell surface expression was
found to increase under TNF-a stimulation, and, as a novel
finding, the ratio of Gb4Cer possessing C24 fatty acid was
higher in the DRM preparation than that in the whole cell
isolate, as evidenced by mass spectrometry. Thus, Gb4Cer,
especially with very long chain fatty acid, suggests its
potential as a biomarker for monitoring inflammation status
in endothelial cells [193].

Microdomain association of Stx GSL receptors
in HBMECs and GMVECs

Proinflammatory TNF-«, known to be elevated in serum of
HUS patients, provoked a fivefold increase of Gb3Cer level
in GMVECs and thereby strongly underscores its
involvement in the pathogenesis of HUS [124]. In this
study approaching the intracellular transport route of Stx in
GMVECs, receptor-binding StxB was found at the 5/30 %
interface in Optiprep step gradients and was readily
detected in the DRM fraction 2, as previously described for
HelLa cells [271]. In addition, the results also indicated
sizeable distribution of StxB-receptors (most probably
Gb3Cer, albeit contribution of Gb4Cer as a less effective
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ligand cannot be excluded) to Triton X-100-soluble frac-
tions 6 and 7. However, the work of Warnier et al. [124]
has nicely demonstrated that Stx undergoes retrograde
transport via the trans-Golgi network to the ER in
GMVECs, and that this routing of Stx appears to require
association of receptor-holotoxin complexes with lipid
rafts [304]. In this context, it is noteworthy that detergent-
resistant Gb3Cer may define preferential Stx-caused kidney
injury and may provide a basis for the age- and glomerular-
restricted pathology of HUS, as shown by immunohisto-
logical investigations of human kidney sections [305].
Thus, HUS may therefore provide the first example
whereby membrane Gb3Cer organization provides a pre-
dictor for tissue selective in vivo pathology.

A step forward to explore the functional involvement of
DRM and/or nonDRM-associated different Gb3Cer and
Gb4Cer lipoforms (with respect to sphingoid base and fatty
acid chain length heterogeneity) has been performed in two
studies that have gained deeper insight into possible lipid
raft association of GSLs in HBMECs and GMVECs [210,
306]. Lipids, including cholesterol and GSLs, were extracted
from 8 sucrose density gradient fractions (designated as
F1-F8 from top to bottom), and the sediment fraction
F9 obtained from confluent-grown HBMECs using the
Triton X-100 method according to Brown and Rose
[222]. Glycerophospholipids were removed by alkaline
saponification, and TLC-separated cholesterol was quanti-
fied after detection with mangan (II) chloride sulfuric
solution, and then Gb3Cer and Gb4Cer were immunode-
tected with anti-Gb3Cer and anti-Gb4Cer antibody,
respectively, by means of TLC overlay assay [306]. The
cholesterol content and the occurrence of the globo-series
GSLs Gb3Cer and Gb4Cer in the DRM fractions (F1-F3),
the intermediate gradient fractions (F4-F6) and the bottom
fractions (F7 and F8), as well as the sediment fraction F9,
are portrayed in Fig. 9. The highest cholesterol quantities
(75 %) were determined in the prevalent DRM fraction 2 at
the 5/30 % interface and adjacent fractions F1 and F3
representing the liquid-ordered membrane phase as expec-
ted (Fig. 9a). The intermediate fractions F4-F6 (8 %) and
the bottom fractions F7 and F8 (3 %), equivalent to the
liquid-disordered membrane phase, are characterized by
very low cholesterol concentrations, whereas the sediment
fraction F9 (14 %) exhibited a slight enrichment of cho-
lesterol. Gb3Cer and Gb4Cer quantities correlated to the
cholesterol values amounting to 89 and 78 %, respectively,
in the DRM-associated fractions F1-F3 (Fig. 9b), whereas
residual Gb3Cer and Gb4Cer were made up of soluble
GSLs, which distributed more or less equally to the inter-
mediate fractions F4-F6 and the sediment fraction F9.
These gradient profiles demonstrated predominant distri-
bution of microdomain-associated cholesterol as well as
Gb3Cer and Gb4Cer to DRM fractions in HBMECs [306].
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Fig. 9 Cholesterol content (a) and distribution of Gb3Cer and
Gb4Cer to sucrose density gradient fractions (b) of HBMECs.
Gradient fractions were numbered from fop (=fraction 1) to bottom
(=fraction 8); fraction 9 was obtained by solubilization of the
sediment. a Lipid extracts were separated by TLC, and cholesterol of
the gradient fractions (F1-F9) was quantified by densitometric
scanning. Cholesterol amounts are expressed as micrograms per
1 x 10° cells and the percentage values represent the means of four
independent experiments. b TLC immunostained Gb3Cer (upper
panel) and Gb4Cer bands (lower panel) of the gradient fractions (F1-
F9) were quantified densitometrically and their relative amounts are
given as percentage values. GSL amounts of the gradient fractions
correspond to 2 X 10° cells. R (reference): 2 and 0.2 pg of neutral
GSLs from human erythrocytes for anti-Gb3Cer and anti-Gb4Cer
immunostain, respectively. DRMs detergent-resistant membranes,
S sediment fraction. For details, see original article of Betz et al.
[306]. Compilation of two modified original figures, reprinted with
permission from Betz et al. [306], copyright 2011 American Society
for Biochemistry and Molecular Biology

Western blot analysis of the dissemination of the caveolae
marker protein caveolin-1 and the lipid raft marker protein
flotillin-2 revealed low but exclusive distribution to DRM
fraction 2, whereas an apparently higher level for flotillin-2
than caveolin-1 could be observed [306].

In GMVECs, a striking different distribution of chole-
sterol as well as Stx receptors Gb3Cer and Gb4Cer
(Fig. 10) was detectable in the sucrose gradient fractions
when compared with HBMECs [210]. Unexpectedly, the
highest quantities of cholesterol were determined in the
two bottom fractions F7 and F8 harboring 65 % of the nine
gradient fractions together with 13 % in the intermediate
fractions F4-F6, i.e. in total 78 % in the nonDRM fractions
(corresponding to the liquid-disordered phase) as demon-
strated in Fig. 10a. A rather low cholesterol amount of
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18 % was determined in the canonical DRM fraction F2
and adjacent fractions F1 and F3 (corresponding to the
liquid-ordered phase). Thus, the cholesterol content in the
liquid-disordered phase (F4-F8) was more than four times
higher than in the liquid-ordered phase (F1-F3). The TLC
overlay assays of Gb3Cer and Gb4Cer of the 9 gradient
fractions showed a similar picture when compared to the
cholesterol gradient distribution and are displayed in
Fig. 10b. The two bottom fractions F7 and F8 exhibited the
highest relative quantities of Gb3Cer (65 %) (Fig. 10b,
upper panel) and Gb4Cer (68 %) (Fig. 10b, lower panel).
In the DRM fractions F1-F3, only 17 % of Gb3Cer and
18 % of Gb4Cer were found. Residual Gb3Cer and Gb4Cer
distributed more or less randomly to the intermediate
fractions F4-F6 and the sediment fraction F9. In conclu-
sion, the Gb3Cer and Gb4Cer content in the liquid-
disordered phase (F4 to F8) was more than four times
enhanced for both GSLs as compared to the “classical”
DRM fractions F1-F3. These data demonstrated preferred
distribution of cholesterol as well as Gb3Cer and Gb4Cer
to nonDRM fractions in GMVECs [210], which is strik-
ingly different to the situation assessed in HBMECs [306].
In the above-mentioned study of Warnier et al. [124], 35 %
of cell-associated StxB was detected in DRMs. Notewor-
thy, the majority of bound StxB accumulated in the bottom
gradient fractions 6 and 7 indicating interaction with
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Fig. 10 Cholesterol content (a) and distribution of Gb3Cer and
Gb4Cer to sucrose density gradient fractions (b) of GMVECs.
Gradient fractions were numbered (F1-F9) and cholesterol as well as
Gb3Cer and Gb4Cer were quantified as described in Fig. 9
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soluble Stx receptor Gb3Cer. Although to some extent
different to the results of Betz et al. [210], the subcellular
distribution was similar, indicated by considerable binding
of StxB to detergent-soluble fractions. However, it should
be mentioned that Warnier et al. [124] utilized primary
GMVECs, whereas in the study of Betz et al. [210], a
GMVEC equivalent cell line [209] was used which might
explain the moderate differences in subcellular distribution
of Stx receptors. Western blot analysis of the dissemination
of lipid raft marker proteins of the gradient fractions
revealed low occurrence of caveolin-1 in DRM fraction 2
but considerable quantities in the bottom and sediment
fractions. Flotillin-2 was detectable only in very low
quantities in DRM fraction 2 (comparable to caveolin-1)
and could also be detected only in trace quantities in
nonDRM bottom fractions [210].

Differential sensitivity of HBMECs and GMVECs
toward Stx1 and Stx2

As clustering of receptor GSLs is suggested to be a func-
tional requirement for Stxs, comparative cytotoxicity
assays were performed for HBMECs and GMVECs, the
former known to exhibit moderate Stx sensitivities [146].
To determine the Stx susceptibilities of HBMECs and
GMVEC s, the cells were incubated with Stx1 and Stx2 in
concentrations from 10~ up to 10° pg/ml. Both StxI and
Stx2 were cytotoxic toward HBMECs and GMVECs in a
dose-dependent manner (Fig. 11). However, Stx1 elicited a
notably higher toxic effect on GMVECs than on HBMECs
over the whole span of applied concentrations (Fig. 11a).
CDs, values calculated from Stx1 action were 4.6 x 10~
pg/ml on GMVECs and 2.7 x 10° pg/ml on HBMECs
indicating a ~ 5,800 times higher sensitivity of GMVECs
[210]. A similarly distinct cytotoxicity toward GMVECs
and HBMECs was obtained for Stx2 (Fig. 11b). CDsg
values determined for Stx2 were 3.7 x 10! pg/ml on
GMVECs and 3.8 x 10? pg/ml on HBMECs indicating a
~ 1,000 times higher sensitivity of GMVECs. Thus,
despite the substantially lower relative content of DRM-
associated Gb3Cer and Gb4Cer, GMVECs exhibited a
several order of magnitude higher sensitivity to both Stx1
and Stx2 than did HBMECs [146, 210] which harbor the
majority of Gb3Cer and Gb4Cer in DRMs. These unex-
pected results contrast the current opinion regarding the
functional requirement of DRM association of Stx GSL
receptors that would, actually, rather predict a lower sus-
ceptibility of GMVECs toward the cytotoxic action of Stx.
Thus, the increased abundance of soluble Gb3Cer and
Gb4Cer in nonDRM fractions of GMVECs and the
unknown supramolecular plasma membrane assembly of
Stx receptors that is supposed to be involved in the dif-
ferent Stx-mediated endothelial cell susceptibility still
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remains largely unexplored and raises questions on Stx
receptors’ interaction in the liquid-disordered phase.

Treatment options for EHEC-caused diseases

There are few, if any, good treatment options for HUS [24,
307], albeit specific therapies are yet not available to cure
EHEC infections. Antibiotics are currently the mainstay for
the treatment of bacterial infections. Unfortunately, many
antibiotics used to treat bacterial infections stimulate
induction of Stx-converting prophages, thereby increasing
the occurrence and severity of HUS and central nervous
system involvement [45, 308, 309]. Hence, treatment with
antibiotics is contraindicated if infection of EHEC is con-
firmed or even suspected. Consequently, innovative and
cost-effective EHEC-treatments are urgently needed [310].
Novel strategies are being designed for disease prevention
or amelioration, including EHEC-component vaccines
(Stx, protective antigens), small molecules that block Stx-
induced, pathogenic cellular pathways of cell activation/
apoptosis, and toxin neutralizers (Stx-neutralizing mono-
clonal antibodies, Gb3 mimics) [311, 312]. At least three
promising different classes of agents have been developed
to bind and neutralize Stxs: (1) recombinant probiotic
bacteria that displayed Stx receptor mimic on their surface
[313, 314], (2) monoclonal antibodies (anti-Stx1 and anti-
Stx2 antibodies, Shigamabs), the most advanced among
newer treatments [312, 315], which have passed clinical
phase 1 studies [316, 317] and are currently under inves-
tigation in clinical phase 2 trials (SHIGATEC trial), and (3)
tailored synthetic Stx binders [318-324]. For some low

Toxin (pg/ml)

molecular weight inhibitors of Stxs (and other carbohy-
drate-binding toxins), proof of principle of this concept has
been demonstrated, and the rational design of soluble
multivalent Stx inhibitors is a very real prospect to target
the Gb3Cer-toxin recognition event [325]. Although oli-
govalent Gb3 ligands have demonstrated their
effectiveness, the protective activity of these agents was
suboptimal in vivo or did not show the expected protective
effect in clinical trials of children with diarrhea-associated
HUS [326, 327]. However, deciphering the glycocode and
understanding the fundamentals of the complex interplay
between microbial toxins and their glycan receptors at the
molecular level may lead to the development of novel toxin
neutralizers [328, 329] expected ultimately to be incorpo-
rated into diagnostics and therapeutics [330].

Considering risk factors on the host side in view of Stx-
mediated renal insufficiencys, it is important to mention that
Stx2 does not only damage the kidney directly but also
indirectly via complement: it activates complement and
delays the function of its control protein factor H [62, 331].
Following the report on inhibition of terminal complement
complex formation by the monoclonal C5 antibody ecu-
lizumab as a novel treatment option in severe Stx-
associated HUS [332], more than 300 HUS patients
received eculizumab treatment during the 2011 large
German EHEC outbreak [333], caused by a virulent hybrid
E. coli O104:H4 strain [43]. Thus, this fatal outbreak
reinforced the need for the development of new therapeutic
modalities. Collectively, development of novel drugs will
rely on basic research and, when combined with contem-
porary drug discovery technologies, may be translated into
therapeutic applications.
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Non-endothelial cells of the kidneys and the brain as Stx
targets

It has been found by a couple of studies that vascular
endothelial cells are not the sole target, and non-endothelial
cells of the kidneys and the brain may be as well involved
in the pathogenicity elicited by Stx-producing EHEC and
thus contribute to renal failure and neurologic complica-
tions during the course of HUS development. Human renal
tubular epithelial cells abundantly express Gb3Cer [305,
334] and are susceptible to the cytotoxic action of Stxs
resulting in apoptosis, reduction in the water absorption
across the monolayer, and inhibition of protein synthesis,
suggesting in vivo response to Stxs that may contribute to
the early event of HUS pathogenesis [335-338]. Further-
more, human mesangial cells, which also play an important
role in glomerular function, are known to express Gb3Cer
and to respond to Stx with inhibition in proliferation,
protein and DNA synthesis, and reduction in nitric oxide
production [126, 339, 340]. Trafficking analysis revealed
that receptor-binding StxB was DRM associated in mes-
angial cells and followed the retrograde route to the Golgi
apparatus and the ER as observed for GMVECs [124, 304].
Thus, glomerular pathology in HUS may also result from a
direct effect of Stxs on mesangial cells.

Although HBMECs are considered the major histopa-
thological targets for Stxs in human brain, Stx binding
could be localized in small sensory neurons in dorsal root
ganglia [341]. However, the involvement of non-endothe-
lial cells in human brain is less clear, and only a few studies
have been so far performed that could show Stx-mediated
affection of the central nervous system via Stx—Gb3Cer
interaction [29, 30, 342]. In this context, evidence on the
occurrence of Stx-receptors in brain-derived cell lines was
provided by Lingwood and collaborators, who demon-
strated Gb3Cer receptor expression in human astrocytoma
and malignant meningioma cell lines, induction of Stx-
caused apoptosis, and long-term elimination of Stx1-trea-
ted astrocytoma xenografts and significantly improved
survival of meningioma xenografts in nude mice [343—
345]. In addition, Stxl-induced apoptosis in Gb3Cer
expressing human glioma cell lines indicated that the toxin
may be a potential anti-neoplastic agent for Gb3Cer-
expressing gliomas [346].

Non-Stx virulence factors that damage human
endothelial cells

Evidence has increased that Stxs seem not to be the sole
contributor to systemic complications. This makes it likely
that additional virulence factors of EHEC exert cytotoxic
functions on endothelial cells, particularly on GMVECs
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and HBMECs, which may play a role in the pathogenesis
of HUS [23, 29, 49]. Cytolethal distending toxin (CDT)
[347], EHEC-hemolysin (EHEC-Hly) [348], and subtilase
cytotoxin (SubAB) [181, 349] are potential candidates.
CDT is a member of a novel class of heterotrimeric AB-
type bacterial toxins that translocates to the nucleus of
mammalian cells and displays nuclease activity. CDT
represents a genotoxin that initiates a DNA damage
response similar to that elicited by ionizing radiation-
induced DNA double-strand breaks resulting in cell cycle
arrest leading to distension, inhibition of proliferation, and
death in HBMECs [350-352]. EHEC-Hly was named for
its ability to lyse erythrocytes of several mammalian spe-
cies, a phenomenon termed hemolysis. This toxin is a pore-
forming cytolysin encoded on a large 60-MD plasmid and
belongs to the RTX (repeat-in-toxin) family whose mem-
bers inactivate themselves by self-aggregation. Karch and
co-workers were the first to demonstrate cytotoxicity of
EHEC-Hly to HBMECs [353], its dual function as cell-
binding and hemolytic protein, and its association with
outer membrane vesicles exhibiting substantially enhanced
stability than the free EHEC-Hly [354]. These paired
functions produce a biologically potent form of the toxin
and augment its hemolytic potential, suggesting that this
non-Stx virulence factor may contribute to the risk of a
severe clinical outcome [352]. The recently reported
cleavage of EHEC-Hly through EHEC-released serine
protease EspPa adds a further facet to a plethora of as yet
hypothetical mechanisms that suggest, counter-intuitively,
a complex interplay between EHEC-derived determinants
[355]. Although its actual role in human disease patho-
genesis is yet to be established, SubAB (the prototype of a
novel ABjs toxin family released by a subset of Stx-pro-
ducing EHEC) induces pathological features in mice
overlapping with those seen in the HUS [356]. The A
subunit is a subtilase-like serine protease and cytotoxicity
for eukaryotic cells is due to a highly specific cleavage of
an essential chaperone located in the ER [349]. The B
subunit binds with strong preference for glycans termi-
nating in ¢2-3-linked N-glycolylneuraminic acid, a sialic
acid that humans are unable to synthesize [357]. SubAB
exhibited tissue factor-dependent procoagulant activity in
HUVECs [358] and may eventually damage endothelial
cells in organs like the kidneys due to dietary incorporation
of the non-human N-glycolylneuraminic acid [359, 360].

Concluding remarks and perspective

Exploring the fundamentals of the complex interplay
between Stxs and their glycan receptors exposed on the cell
surface of target cells is key to understand the ensuing
retrograde routing of the GSL-Stx-complex to the
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intracellular targets where Stx exert its cytotoxic function.
In particular, defining the functional role of the different
lipoforms of Stx GSL receptors of endothelial cells and
their molecular assembly in lipid rafts of the plasma
membrane still remains a challenging task for glycobiolo-
gists. Moreover, the recently reported cholesterol masking
of Gb3Cer receptors preventing accessibility of Stxs, and
the abolishment of masking by co-expressed GSLs in the
plasma membrane rendering Gb3Cer reactive Stx ligands,
suggests practical relevance of “invisible” membrane
GSLs. Recent and spectacular improvements in mass
spectrometry imaging and modern informatic softwares
have allowed many biological applications such as the
examination and characterization of lipids directly from
biological materials. In particular, high spatial resolution
enabled by secondary ion mass spectrometry offers hope of
a new approach to label free biochemical 2D and 3D
imaging with an unprecedented ability to spatially locate
membrane lipids in the sub-micrometer area. Thus, novel
mass spectrometry strategies appear on the horizon as an
extremely valuable technology in providing additional
evidence for the lipid raft concept in the foreseeable future.

In conclusion, defining precise initial molecular mech-
anisms by which Stxs interact with their cellular targets
will help to develop new strategies directed at preventing
toxin binding and internalization, and may contribute to
the development of complex specific therapeutics and/or
preventive measures for EHEC-mediated diseases. Fur-
thermore, in view of synergistic host injury by Stxs and
non-Stx exotoxins released by EHEC, the bacterial secreted
‘combinome’ warrants increased efforts to delineate the
role of non-Stx virulence factors in the pathogenesis of
EHEC-caused diseases, and to explore how and to which
extent they might contribute to injury of the human endo-
thelial microvasculature.
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