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Abstract: Shiga toxin (Stx) producing Escherichia coli (STEC) cause the edema disease in pigs by
releasing the swine-pathogenic Stx2e subtype as the key virulence factor. Stx2e targets endothelial
cells of animal organs including the kidney harboring the Stx receptor glycosphingolipids (GSLs)
globotriaosylceramide (Gb3Cer, Galα1-4Galβ1-4Glcβ1-1Cer) and globotetraosylceramide (Gb4Cer,
GalNAcβ1-3Galα1-4Galβ1-4Glcβ1-1Cer). Since the involvement of renal epithelial cells in the edema
disease is unknown, in this study, we analyzed the porcine kidney epithelial cell lines, LLC-PK1
and PK-15, regarding the presence of Stx-binding GSLs, their sensitivity towards Stx2e, and the
inhibitory potential of Gb3- and Gb4-neoglycolipids, carrying phosphatidylethanolamine (PE) as
the lipid anchor, towards Stx2e. Immunochemical and mass spectrometric analysis revealed various
Gb3Cer and Gb4Cer lipoforms as the dominant Stx-binding GSLs in both LLC-PK1 and PK-15 cells.
A dihexosylceramide with proposed Galα1-4Gal-sequence (Gal2Cer) was detected in PK-15 cells,
whereas LLC-PK1 cells lacked this compound. Both cell lines were susceptible towards Stx2e
with LLC-PK1 representing an extremely Stx2e-sensitive cell line. Gb3-PE and Gb4-PE applied as
glycovesicles significantly reduced the cytotoxic activity of Stx2e towards LLC-PK1 cells, whereas
only Gb4-PE exhibited some protection against Stx2e for PK-15 cells. This is the first report identifying
Stx2e receptors of porcine kidney epithelial cells and providing first data on their Stx2e-mediated
damage suggesting possible involvement in the edema disease.

Keywords: edema disease; epithelial cells; Gb3Cer; Gb4Cer; glycosphingolipids; LLC-PK1;
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1. Introduction

Edema disease usually occurs in pigs shortly after weaning and exhibits typical clinical neurologic
signs such as ataxia, convulsions, and paralysis, or causes sudden death [1,2]. The disease was
named “edema disease” or “gut edema” because primordial investigations of veterinary researchers
revealed excess fluid in the walls of the stomach and intestine or under the eyelids of affected pigs.
However, involvement of the brain is crucial and causes the clinical symptoms [3,4]. Porcine edema
disease is an enterotoxemia caused by certain pathogenic strains of Escherichia coli that colonize the
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small intestine and produce Shiga toxin (Stx) of the Stx2e subtype considered the key virulence factor
involved in the pathogenesis of the infection [3,4]. F18ab fimbriae mediate bacterial colonization,
while Stx2e upon transfer to the circulation injures brain endothelial cells, ranging from acute swelling
to necrosis and detachment from basement membrane, as an early event in the pathogenesis of
Stx-producing E. coli (STEC) strains [5]. Damage of the blood vessels has an effect on blood pressure
and causes leakage of fluid from vessels resulting in accumulation in a number of body tissues.
The Stx2e-mediated breakdown of the blood-brain barrier has been shown employing an in vitro
model monitoring the collapse of the transendothelial electrical resistance of porcine brain endothelial
cells in real time [6,7]. Moreover, the edema disease of swine has been used as a model to study the
pathogenesis of similar diseases of human beings due to comparative pathology that manifests as edema
disease in swine and hemolytic uremic syndrome (HUS) in humans caused by enterohemorrhagic
E. coli (EHEC) that represent the human-pathogenic STEC subgroup [8]. Despite the low frequency of
Stx2e-producing STEC among human clinical isolates and their general association with a mild course
of infections [9–11], Stx2e-producing E. coli strains have also been occasionally isolated from humans
with HUS [12,13]. However, the relationship between swine STEC and human disease requires further
evaluation [14–18].

Early studies have shown the attachment of Stx2e [named as VT2e, SLT-IIv or SLT-IIe
at that time [19–22] to various tissues of the gastrointestinal tract (stomach, colon, small
intestine, and duodenum) and other organs including the kidney of weanling piglets [23–25].
Previously unreported Stx binding sites were identified in porcine kidney tubules [26], and kidney
lesions, similar to those in humans with HUS, were observed in piglets inoculated intragastrically with
STEC O157:H7 [27]. The Stx receptor globotriaosylceramide (Gb3Cer, Galα1-4Galβ1-4Glcβ1-1Cer)
was localized immunohistochemically at sites of the renal lesions that matched with the
locations of Stx binding. The various lipoforms of Gb3Cer and globotetraosylceramide (Gb4Cer,
GalNAcβ1-3Galα1-4Galβ1-4Glcβ1-1Cer), known as moderate and preferred glycosphingolipid (GSL)
receptor of Stx2e, respectively [28–30], have been recently scrutinized in GSL preparations of porcine
cortex, medulla, and pelvis of a male and a female piglet [31]. The dominant variants of Gb3Cer and
Gb4Cer were identified immunochemically by thin-layer chromatography (TLC) overlay detection
combined with electrospray ionization mass spectrometry (ESI MS). Structural analysis has revealed
Gb3Cer and Gb4Cer lipoforms that exhibited an almost balanced profile of species carrying sphingosine
(d18:1) as the constant portion and variable fatty acids with chain lengths from C16 to C24 in the various
organs [31]. In striking contrast to Stx1a and Stx2a, Stx2e binds to the extended globo-series GSLs
globopentaosylceramide (Gb5Cer, Galβ1-3 GalNAcβ1-3Galα1-4Galβ1-4Glcβ1-1Cer), corresponding to
Gb4Cer extended by a galactose (Gal) in β1-3-configuration [32] and Forssman GSL, corresponding
to Gb4Cer elongated by an N-acetylgalactosamine (GalNAc) in α1-3-configuration [30]. This feature
makes Stx2e unique among the various Stx subtypes (for revised nomenclature of Stxs refer to [33])
analyzed in detail so far, although the biological significance remains obscure.

Stx-mediated damage of the human kidney throughout the manifestation of HUS is primarily
due to damage of glomerular endothelial cells [34–40], however, evidence has accumulated for
involvement of renal epithelia cells in kidney injury. Numerous in vitro studies have shown the
cytotoxic action of the human-pathogenic Stx1a and Stx2a subtypes (in previous publications denoted
as Stx1 and Stx2, respectively) towards primary human glomerular and tubular epithelial cells of the
kidney [41–48]. In addition, kidney-derived epithelial cell lines have been shown to be susceptible
for Stx, such as the ACHN cell line, which is an in vitro model of renal tubular epithelial cells [49,50],
and HK-2, a human proximal tubule cell line [51–54]. In mice, renal tubular epithelial cells have
expressed the Stx receptor Gb3Cer and responded to Stx2 [55–58]. Furthermore, Stx has been found to
target the murine renal collecting duct epithelium in vivo, and thereby, contribute to renal failure [55]
and cause pathological changes of the kidney similar to those seen in humans with HUS [56]. Last but
not least, application of Stx has elicited injury of the renal tubular epithelium in mice and revealed,
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in addition to the protective physiologic role of Gb3Cer [57], a pathophysiologic role of Gb3Cer in the
proximal tubules [58].

The renal cell function of the pig has been studied using the LLC-PK1 cell line, which exhibits
properties characteristic of swine kidney proximal tubular epithelium [59,60]. PK-15 is another porcine
cell line exhibiting kidney epithelial features often used for studying the molecular mechanisms of
porcine virus infection or virus production [61–64]. Regarding the involvement in edema disease,
the presence of Stx receptors and their possible interaction with Stxs are completely unknown for
LLC-PK1 and PK-15 cells. The aims of this study were the identification and structural characterization
of assumed Stx-binding GSLs of the two porcine kidney epithelial cell lines, LLC-PK1 and PK-15,
the possible Stx2e-mediated damage of this porcine cell type, and the contingent inhibition of
Stx2e-mediated cellular damage using neoglycolipid-spiked glycovesicles.

2. Materials and Methods

2.1. Cultivation of LLC-PK1 and PK-15 Cells

The pig LLC-PK1 cell line (No. ACC 637) and the pig PK-15 cell line (No. ACC 640)
were obtained from the German Collection of Microorganisms and Cell Cultures GmbH (DSMZ,
Braunschweig, Germany). The pig LLC-PK1 cell line was established from the normal kidney of
a juvenile Hampshire pig (Sus scrofa) and exhibits properties characteristic of kidney proximal tubular
epithelium [59,65,66]. PK-15 is a homogeneous epithelial cell line from porcine kidney, which was
originally established from the PK-2a cell line [67] and has found wide application in analyzing
the replicate mechanism of porcine virus infection [68,69]. Light microscopy micrographs taken
from porcine LLC-PK1 and PK-15 cells are shown in Supplementary Figure S1A,B, respectively,
demonstrating the characteristic epithelial phenotype of the utilized renal cell lines. The cells were
propagated under serum-free conditions in OptiPROTMSFM (Gibco Life Technologies Corporation,
Paisley, UK) supplemented with 4 mM L-glutamine in a humidified atmosphere with 5% CO2 at 37 ◦C,
as previously described by [70]. The LLC-PK1 and PK-15 cells were passaged in a split ratio of 1:10 and
1:5, respectively, each in 3-day intervals. Adequate cell masses for the isolation of GSLs were produced
according to earlier published specifications [71].

2.2. Preparation of the Neoglycolipids Gb3-PE and Gb4-PE

Globotriaose (Gb3, Galα1-4Galβ1-4Glc; ELICITYL, Crolles, France, GLY120, Lot
E1110-05 EC05, 98% purity), globotetraose (Gb4, GalNAcβ1-3Galα1-4Galβ1-4Glc;
ELICITYL, GLY121, Lot E1501-11 EC04 > 90% purity) and phospatidylethanolamine (PE,
1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine; Merck, Darmstadt, Germany, no. 37161
(> 99% purity) were used for the synthesis of the neoglycolipids Gb3-PE and GB4-PE following
a previously published protocol [72]. All other reagents and solvents were of highest purity available.
For the synthesis of Gb3-PE, the amount of 101 mg of Gb3 (200.4 μmol) was taken up in 500 μL of
dimethyl sulfoxide (DMSO) and diluted with 3.5 mL of methanol. A molar 1.2 equivalent of PE
corresponding to 159.6 mg (240.6 μmol) dissolved at 10 mg/mL in chloroform/methanol (2/1, v/v) was
added, and the mixture was incubated at 60 ◦C for 2 h. Subsequently, 40 mg of NaBH3CN dispensed at
10 mg/mL in chloroform/methanol (1/1, v/v) containing 1% acetic acid was successively added in 8
steps of 500 μL each over a period of 20 h while keeping the reaction mixture at 60 ◦C. Afterwards
the solvent was thoroughly evaporated under a stream of nitrogen. The residue was suspended
in 50 mL of water and the suspension was dialyzed against 5 L of water for 48 h with a three-fold
water exchange. The retentate was lyophilized and yielded 184.5 mg of Gb3-PE (79.9% relative to
the amount of Gb3). Gb4-PE was synthesized according to this procedure. The amount of 20.3 mg
of Gb4 (28.7 μmol) dispersed in 100 μL of DMSO was diluted in 750 μL of methanol, mixed with
23.8 mg (35.8 μmol) of PE in chloroform/methanol (2/1, v/v), and heated to 60 ◦C for 2 h. The NaBH3CN
solution was applied in 6 portions of 200 μL each. Evaporation, dialysis, and lyophilization were
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performed, as described for the synthesis of Gb3-PE above, and yielded 27.3 mg of Gb4-PE (70.3%
relative to the amount of Gb4).

2.3. Production of Neoglycolipid- and Gb3Cer-Loaded Glycovesicles

For the preparation of glycovesicles, the lipid compounds were merged in chloroform/methanol
(2/1, v/v), evaporated, and resolved in phosphate-buffered saline (PBS), as previously described [73].
In short, solutions containing 0.4 mg of 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC, P6354)
and 0.2 mg of cholesterol (C8667), both from Sigma-Aldrich (Steinheim, Germany), and 0.4 mg of
synthesized Gb3-PE or Gb4-PE or reference Gb3Cer, each dissolved in chloroform/methanol (2/1, v/v),
were thoroughly mixed. After evaporation of the organic solvents and hydration in 1 mL of PBS,
the suspension was extruded through a polycarbonate membrane with 100 nm pore size yielding small
unilamellar glycovesicles loaded with Gb3-PE or Gb4-PE or Gb3Cer [73].

2.4. Stx2e Cytotoxicity and Stx2e Inhibition Assay

Sterile filtrated Stx2e-containing supernatants were obtained from liquid cultures of STEC of human
and porcine origin (see below, 2.6. Stx1a, Stx2a, Stx2e and anti-Stx, anti-GSL, and secondary antibodies).
STEC strains derived from human (h) and porcine (p) isolates were used for the production of
Stx2e(h)- and Stx2e(p)-containing supernatants, respectively. Supernatants were employed for probing
Stx2e-mediated cell damage of porcine epithelial cell cultures (see below in this paragraph) and
used in thin-layer chromatography overlay assays (see below, 2.7. Thin-layer chromatography and
overlay assay) for analyzing the toxins’ binding specificities, as described in a previous publication [30].
The crystal violet assay served for determining Stx2e-caused cell killing rates [70]. The capability of
glycovesicles loaded with the neoglycolipids, Gb3-PE or Gb4-PE to inhibit the Stx2e-mediated cellular
damage of the pig epithelial cells as compared with glycovesicles spiked with the gold standard
Gb3Cer, was probed as outlined in a very recent publication [72]. The Stx2e(h) supernatant was used
as 1:215 and 1:26 dilutions for LLC-PK1 and PK-15 cells, respectively, and the Stx2e(p) supernatant
was employed as 1:27 dilution for LLC-PK1 cells in the glycovesicle inhibition assays. In short, cells
were seeded in a 96-well microtiter plate with 4 × 103 cells in 100 μL of serum-free cell culture medium
per well and bred for 24 h (37 ◦C, 5% CO2). Stx-containing bacterial supernatants were diluted in cell
culture medium and applied in 100 μL volumes in parallel to 100 μL medium only (control) for 1 h.
The solutions were replaced by 200 μL of fresh medium per well and incubated for 48 h. The cell
viability was determined photometrically as previously described [70]. For probing inhibition of
Stx2e-caused cytotoxicity, solutions of glycovesicles spiked with Gb3-PE or Gb4-PE or Gb3Cer gold
standard (see Section 2.3. Production of neoglycolipid- and Gb3Cer-loaded glycovesicles) were diluted
1:2 with Stx-containing medium or medium only (control) and incubated for 1 h. Thereafter, 100 μL cell
cultures were exposed to 100 μL aliquots of these solutions for 1 h. The applied amounts of Gb3-PE,
Gb4-PE, and Gb3Cer corresponded to 20 μg/well, respectively, and were equivalent to a concentration
of 100 μg/mL in the cell culture. After removal of the supernatants, each well was supplied with 200 μL
of fresh medium for 48 h. Photometrically determined cell viabilities are presented as means ± standard
deviations (SD) of four independent measurements and are depicted as percentage values in relation to
untreated control cells, which correspond to 100% viability. R software Microsoft Excel 2010 (version
14.0.7237.5000, Microsoft, Redmond, WA, USA) was employed for statistical analysis of the data
obtained in the inhibition assays. The disparity among the sample groups was tested using analysis of
variance (ANOVA). Student’s t-test was used for pairwise comparison of the groups, where differences
were considered significant at p < 0.01 or p < 0.001.

2.5. Isolation of Neutral GSLs from LLC-PK1 and PK-15 Cells

Neutral GSLs were isolated from lipid extracts of two independent biological replicates of
confluently grown LLC-PK1 and PK-15 cells, respectively, as previously described [74]. Briefly, the first
extraction step of the cell layers was performed with methanol, followed by thorough stepwise
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extraction using chloroform/methanol mixtures with an increasing chloroform content of (1/2, v/v),
(1/1, v/v), and (2/1, v/v). The extracts were combined, rotary evaporated, followed by saponification of
alkali-labile phospholipids and triglycerides. The fraction harbouring the neutral GSLs was prepared
by means of anion-exchange chromatography using a DEAE-Sepharose CL-6B (GE Healthcare, Munich,
Germany) as described in earlier times [75], finally taken up in chloroform/methanol (2/1, v/v) and
stored at −20 ◦C.

2.6. Stx1a, Stx2a, Stx2e and Anti-Stx, Anti-GSL, and Secondary Antibodies

STEC wild-type strains from human isolates of serotype O145:H- (strain 2074/97, Stx1a) and
O111:H- (strain 03-06016, Stx2a) were the source of supernatants containing Stx1a and Stx2a, respectively.
STEC strains of human (h) origin of serotype ONT:H- (strain 2771/97) and of porcine (p) origin of
serotype O139:K82 (strain S115G) were used for the production of Stx2e(h)- and Stx2e(p)-containing
supernatants, respectively, as described in a previous publication [30]. We sequenced strains 2074/97,
03-06016, 2771/97, and S115G as described previously [76] and extracted the genes encoding the Stx
subunits A and B using nucleotide similarity searches. For comparison, stx reference sequences were
used from Scheutz et al. [33]. These Stx-variants, combined with anti-Stx1 and anti-Stx2 antibody, as well
as polyclonal chicken anti-Gb3Cer and anti-Gb4Cer antibodies were used in solid-phase binding assays
(see below Section 2.7. Thin-layer chromatography and overlay assay) for the detection of Stx receptors
in GSL preparations of LLC-PK1 and PK-15 cells and for binding studies with the neoglycolipids
Gb3-PE and Gb4-PE, following a previously published protocol [77]. Murine anti-Stx1 and anti-Stx2
monoclonal antibodies of the IgG type (clone VT109/4-E9 and clone VT135/6-B9, respectively) were
purchased from SIFIN GmbH (Berlin, Germany). Secondary goat anti-mouse IgG (no. 115-055-003)
and rabbit anti-chicken IgY (no. 303-055-003), both labelled with alkaline phosphatase (AP), were from
Dianova (Hamburg, Germany).

2.7. Thin-Layer Chromatography and Overlay Assay

A mixture of neutral GSLs from human erythrocytes containing the Stx receptor GSLs Gb3Cer
and Gb4Cer, as well as minor amounts of lactosylceramide (Lc2Cer, Galβ1-4Glcβ1-1Cer), served as
reference R1 [78]. A compilation of virtually equal amounts of Gb3Cer and Gb4Cer, prepared from
human erythrocytes, is referred to as reference R2 [79]. Reference R2 has been generated by reducing
the very high content of Gb4Cer using silica gel column fractionation by pooling fractions with high
Gb3Cer and low Gb4Cer content. R2 harbors a nearly 1:1 molar ratio of Gb3Cer:Gb4Cer having the
advantage that one can easily estimate a preference of a given Stx variant for Gb3Cer or Gb4Cer in
thin-layer chromatography (TLC) overlay assays. The neutral GSL preparations from LLC-PK1 and
PK-15 cells, reference GSLs and the neoglycolipids, Gb3-PE and Gb4-PE, were dispersed as 5 mm
streaks onto glass-backed high-performance TLC plates precoated with silica gel 60 (Art. 1.05633.0001,
Merck) with the aid of a Linomat 5 automatic sample applicator (CAMAG, Muttenz, Switzerland).
Neutral GSLs and neoglycolipids were chromatographed in chloroform/methanol/water (120/70/17,
v/v/v) and stained with orcinol. Immunochemical overlay detection of the Gb3 and Gb4 glycans with
polyclonal chicken anti-Gb3Cer and anti-Gb4Cer antibodies, respectively, and detection of Stx-binding
GSLs using Stx-containing supernatants from STEC liquid cultures combined with monoclonal anti-Stx
antibodies (see Section 2.6. Stx1a, Stx2a, Stx2e and anti-Stx, anti-GSL, and secondary antibodies) were
performed as described in a previous publication [80]. The monoclonal antibodies against Stx1 and
Stx2 were diluted 1:1000, and the polyclonal antibodies against Gb3Cer and Gb4Cer, as well as the
AP-conjugated secondary antibodies, were diluted 1:2000 for application in the TLC overlay assays.
A solution of 0.05% (w/v) 5-bromo-4-chloro-3-indolyl phosphate (BCIP) was used as AP substrate for
the detection of bound antibodies.
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2.8. Structural Characterization of GSLs and Neoglycolipids by Mass Spectrometry

The structures of neutral GSLs of LLC-PK1and PK-15 cells (see Section 2.5. Isolation of neutral
GSLs from LLC-PK1 and PK-15 cells) and produced neoglycolipids Gb3-PE and Gb4-PE (see Section 2.2.
Preparation of the neoglycolipids Gb3-PE and Gb4-PE) were elucidated by nano-electrospray ionization
mass spectrometry (nanoESI MS). To this end, GSLs and neoglycolipids were resolved in methanol and
chloroform/methanol (2/8, v/v), respectively. The MS analysis was performed on a SYNAPT G2-S mass
spectrometer (Waters, Manchester, UK) equipped with a Z-spray source in the positive ion sensitivity
mode at a source temperature of 80 ◦C, a capillary voltage of 0.8 kV, a sampling cone voltage of 20 V,
and a source offset voltage of 50 V. For low energy collision-induced dissociation (CID) measurements,
quadrupole-selected precursor ions were fragmented in the trap cell using a collision gas (Ar) at a flow
rate of 2.0 mL/min and collision energies up to 50 eV (Elab). For the MS analysis of overlay-detected
Gal2Cer, the Plexigum (polyisobutylmethacrylate) silica gel fixative was removed with chloroform
and the silica gel at the position of Stx-positive dihexosylceramide was scratched off the glass plate
followed by GSL extraction as previously described [81]. Structures of individual GSLs were deduced
from CID spectra, and the nomenclature of carbohydrate fragmentation according to Domon and
Costello was utilized for the assignment of the fragment ions obtained by CID analysis [82,83].

3. Results

The first approach of this study was the demonstration of the occurrence of Gb3Cer and Gb4Cer,
the eponymous GSLs of the globo-series, in neutral GSL fractions prepared from lipid extracts of
cultured porcine LLC-PK1 and PK-15 kidney epithelial cell lines. Both GSLs are the canonical receptor
GSLs of all Stx subtypes analyzed so far and their presence and structures have never been previously
characterized in detail for LLC-PK1 and PK-15 cells. Two biological replicates of each cell line were
employed for the following immunochemical analysis of the oligosaccharide portions of the Stx-binding
GSLs and their structural characterization by ESI MS.

3.1. Immunochemical Detection of Gb3Cer and Gb4Cer in GSL Preparations of LLC-PK1 and PK-15 Cells

Lipid extracts were prepared from the in vitro cultivated epithelial cells, and the neutral GSLs were
isolated by means of anion-exchange chromatography. The orcinol stain of the TLC-separated GSLs and
the overlay assays using the anti-Gb3Cer and anti-Gb4Cer antibody are shown in Figure 1. The orcinol
stain revealed putative existence of small quantities of Gb3Cer and moderate amounts of Gb4Cer in
both cell lines, which localized at the positions of Gb3Cer and Gb4Cer, respectively, of the reference GSL
mixture R1 from human erythrocytes (Figure 1A). The anti-Gb3Cer overlay assay gave positive results
and verified the presence of Gb3Cer in both cell lines (Figure 1B). In addition, a cross-reacting GSL, at
the position of a suspected pentahexosylceramide with unknown structure separating just beneath
Gb4Cer, and traces of a second unknown GSL, most likely a hexahexosylceramide, were detected
in PK-15 cells. The anti-Gb4Cer antibody evidenced the existence of Gb4Cer in the two cell lines,
suggesting higher content in PK-15 as compared with LLC-PK1 cells (Figure 1C). The same set of
experiments was performed with a GSL preparation of the independent second biological replicate and
gave identical results, which are displayed in Supplementary Figure S2. Thus, LLC-PK1 and PK-15
cells do express the classical globo-series GSLs, Gb3Cer and Gb4Cer, which migrate as double bands
on the TLC plate suggesting some heterogeneity in the lipid ceramide portion of the respective GSL.
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Figure 1. Orcinol stain (A) and antibody-mediated immunochemical detection of thin-layer
chromatography (TLC) separated globo-series Shiga toxin (Stx) receptor glycosphingolipids (GSLs)
Gb3Cer (B) and Gb4Cer (C) in the neutral GSL preparations of the porcine LLC-PK1 and PK-15 renal
epithelial cell lines. The applied GSL quantities correspond to 2 × 106 LLC-PK1 and 1 × 106 PK-15
cells for the orcinol stain (A) and to 5 × 105 LLC-PK1 and PK-15 cells for the anti-Gb3Cer (B) and
anti-Gb4Cer overlay assay (C). R1: 20 μg (A), 2 μg (B), and 0.2 μg (C) of neutral GSLs from human
erythrocytes served as reference.

3.2. Identification of Stx-Binding GSLs Expressed by LLC-PK1 and PK-15 Cells

Similarity searches and comparison with stx reference sequences of the Stx subtypes of strains
2074/97, 03-06016, 2771/97, and S115G, corresponding to Stx1a, Stx2a, Stx2e(h), and Stx2e(p), respectively,
used in this study was performed. Minor nucleotide sequence exchanges were detected as compared
with the stx reference sequences [33] and are listed together with the corresponding amino acid
exchanges in Table 1. In short, strains 2074/97 (Stx1a) and 03-06016 (Stx2a) each differ only in one
non-synonymous single nucleotide polymorphism (SNP) in subunit A. Strain 2771/97 [Stx2e(h)] differs
in two, non-synomymous SNPs, and strain S115G [Stx2e(p)] shows three SNPs as compared with
reference sequences [33], all located in subunit A. No dissimilarities were detected for the respective
B subunits.

Table 1. Single nucleotide polymorphisms and amino acid exchanges of Stx subtypes used in this study.

Strain 1 Stx Subtype
Reference Sequence
(GenBank acc. no.)

SNP Position (Nucleotide Exchange) 2 AA Codon Position (AA
Exchange) 3

2074/97 Stx1a stx1a (M19473) 200 (T→ A) 67 (Thr→ Ser)

03-06016 Stx2a stx2a (EF441599) 170 (C→ T) 57 (Leu→ Ser)

2771/97 Stx2e(h) stx2e (FM998846) 380 (T→ C) 127 (Thr→ Ile)
887 (C→ A) 296 (Thr→ Lys)

S115G Stx2e(p) stx2e (FM998846)
33 (C→ T) no AA exchange;
380 (T→ C) 127 (Thr→ Ile)
937 (C→ T) 313 (Pro→ Ser)

1 Institutional numbering; 2 SNP, single nucleotide polymorphism; and 3 AA, amino acid.

The TLC overlay assays of these Stx subtypes with GSLs of the two cell lines indicate a number of
Stx-binding GSLs, as displayed in Figure 2. When compared to the reference R2, containing equimolar
concentrations of Gb3Cer and Gb4Cer, the utilized Stx1a variant exhibited a slight preference for Gb3Cer
as compared with Gb4Cer (Figure 2A). However, both GSLs were recognized by Stx1a exhibiting
a faint positive Gb3Cer and a clear positive Gb4Cer band in case of LLC-PK1 cells. The PK-15 cells
showed a weak Gb3Cer-positive doublet, a reasonable positive Gb4Cer binding, and a strong positive
reaction with a GSL that co-separates at the position of reference lactosylceramide (Lc2Cer). Lc2Cer can
be definitively excluded as attachment structure, suggesting the presence of a dihexosylceramide
with Galα1-4Gal-oligosaccharide moiety (see below Section 3.4. Structural characterization of Stx
receptor galabiosylceramide of PK-15 cells). The binding profile of the applied Stx2a variant was
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similar to Stx1a though indicating substantially more pronounced overlay color intensity (Figure 2B).
The TLC overlay assay of the Stx2e(h) variant derived from an STEC strain of a human (h) patient
is shown in Figure 2C. Stx2e is rather unusual as a source of Stx2e-producing STEC isolated from
human stool, and therefore emphasized as “Stx2e(h)” in this context as compared to Stx1a- and
Stx2a-producing EHEC strains, which are generally of human origin. Stx2e(h) revealed a preferred
attachment to Gb4Cer as compared with Gb3Cer, as shown by the interaction with reference R2
composed of identical G3Cer and Gb4Cer molarities (Figure 2C). Its preference for Gb4Cer can be
also deduced from binding towards LLC-PK1- and PK-15-derived GSLs due to the most intensive
Gb4Cer bands in both cell lines. Owing to the generally favored binding of Stx2e to elongated
globo-series GSLs, the interaction toward the Stx-binding disaccharide was considerably inferior as
compared with Stx1a and Stx2a (cf. Figure 2A,B, respectively). Stx2e(p) obtained from an STEC strain
of porcine (p) origin exhibited the same Gb4Cer prevalence as Stx2e(h), but showed a clear double band
pattern for Gb3Cer of LLC-PK1 and PK-15 and for Gb4Cer of LLC-PK1 cells (Figure 2D) in contrast to
Stx2e(h) (Figure 2C). Adhesion assays of the employed Stx subtypes performed with GSL preparations
derived from the second biological replicate of LLC-PK1 and PK-15 cells corroborated their distinct
binding specificities, as shown in the Supplementary Figure S3. Importantly, none of the investigated
Stx subtypes recognized any of the anti-Gb3Cer-crossreactive GSLs (cf. Figure 1B), indicating their
irrelevance regarding the Stx recognition process. Thus, the presence of Gb5Cer or Forssman GSL,
known as specific and favored receptor GSLs of Stx2e subtype [30,32], in the GSL preparations of
LLC-PK1 and PK-15 cells, can be excluded. However, the proposed Stx-binding GSLs require a precise
mass spectrometric proof, which is given in the next paragraph.

 
Figure 2. Detection of Stx-binding GSLs in the neutral GSL preparations of porcine LLC-PK1 and
PK-15 renal epithelial cell lines. (A–D) Stx1a and Stx2a subtypes originated from human EHEC isolates.
The two Stx2e variants are of different origin, Stx2e(h) derived from a human (h) and Stx2e(p) from
a porcine (p) Stx-producing Escherichia coli (STEC) isolate. Applied GSL amounts correspond to 2 × 106

cells for the Stx overlay assays. R2: 20 μg and 2.4 μg of an equimolar mixture of Gb3Cer and Gb4Cer
served as reference for the orcinol (Orc) stains and the Stx overlay assays, respectively.

3.3. Structural Characterization of Stx Receptors Gb3Cer and Gb4Cer of LLC-PK1 and PK-15 Cells

The exact structures of hypothesized Stx receptor GSLs, Gb3Cer and Gb4Cer, of the porcine
LLC-PK1 and PK-15 cell lines were scrutinized by means of ESI MS using the positive ion mode.
Due to the superior resolution, the applied technique is ideal to determine the various lipoforms and
the oligosaccharide sugar sequence of immunochemically identified glycan epitopes of Gb3Cer and
Gb4Cer (cf. Figure 1B,C). More precisely, MS1 and MS2 analysis of GSLs allows for unravelling the
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monosaccharide composition (hexoses, N-acetylhexosamines or desoxyhexoses) and sequence of the
sugars, as well as the lipid composition of the two-tailed ceramide moiety of a GSL. In mammalian cells,
the ceramide portion usually consists of an invariable dihydroxylated monounsaturated C18 long-chain
base, called sphingosine (d18:1), connected with an amide-bound fatty acid that can vary in chain
length (C16 to C24) and degree of unsaturation (e.g., C24:0 versus C24:1). The MS1 analysis provides
an overview on the composition of a GSL mixture. The MS2 analysis comprises in-depth fragmentation
analysis of a selected GSL using, for instance, a technique termed collision-induced dissociation (CID).
However, completion of the structural analysis of a GSL requires the determination of the linkage
positions (e.g., 1-3, 1-4, or others) and the anomeric configuration (α versus β configuration) of the
individual monosaccharides in the glycan chain. This can be accomplished by mono- or polyclonal
antibodies each exhibiting a certain glycan binding specificity towards, for example, the Gb3 or
Gb4 oligosaccharide. For determining the specific sugars forming the characteristic oligosaccharide
configuration, for example, of the Gb3 oligosaccharide with Galα1-4Galβ1-4Glc structure, an antibody
is required that specifically recognizes this epitope. The reason for the immunodetection is the fact that
the MS analysis alone provides precise information about the Hex-Hex-Hex-Cer structure including
the exact molecular weight, the monosaccharide sequence, and the composition of the ceramide moiety,
but no further structural details on the glycan portion. Thus, MS is unable to determine the hexose
type (e.g., galactose versus glucose) and linkage positions of the monosaccharides (1-3 versus 1-4) and
cannot discriminate between α- and β-configuration. Therefore, we usually combine TLC separation
of GSLs with antibody-mediated overlay detection and deepened structural investigation using ESI
MS1 and MS2 analysis [84,85], as demonstrated in this publication for structural investigations on
Stx-binding GSLs of porcine epithelial cells (see below). Thus, the MS1 analysis revealed mass spectra
of the Gb3Cer and Gb4Cer species of the porcine epithelial cell lines, whereas the MS2 analysis of
the individual GSLs allowed for monosaccharide sequencing of the oligosaccharide portions and
determining the ceramide structure regarding sphingosine and fatty acid composition, and anti-Gb3Cer
and anti-Gb4Cer antibodies identified the Gb3 and Gb4 oligosaccharides, respectively.

3.3.1. Gb3Cer and Gb4Cer Lipoforms of LLC-PK1 Cells

The mass spectrum covering the m/z range of the proposed Gb3Cer and Gb4Cer species is shown
in Figure 3A and the identified GSLs are listed in Supplementary Table S1. All GSL species are detected
in their sodiated form, i.e., as [M+Na]+ ions. Apparent divergent lipoforms derive from different
ceramides composed of d18:1 sphingosine (more precisely and systematically denoted as “sphingenine”)
as the invariable portion and fatty acids with acyl chains ranging from C16 to C26 as variable moieties
as indicated in the spectrum. Gb3Cer and Gb4Cer with Cer (d18:1, C16:0), Cer (d18:1, C22:0), and Cer
(d18:1, C24:1/C24:0) can be considered the major Stx receptor GSLs of LLC-PK1 cells, whereas Gb4Cer
species, noticeably dominate over those of Gb3Cer, can be deduced from the differing ion abundancies.
As an example for a firm and detailed structural analysis of a very minor GSL species, Figure 3B
portrays the MS2 spectrum of Gb3Cer (d18:1, C16:0-OH) together with an explanatory fragmentation
scheme in Figure 3C. Fragment ions formed by cleavages within the oligosaccharide part were
annotated according to the nomenclature of Domon and Costello [82,83], whereas ionic species arising
from fragmentation of the ceramide were assigned following the nomenclature by Hsu et al. [86].
Evaluation of the MS2 spectrum reveals the presence of a hydroxylated fatty acid and, by the way,
demonstrates the outstanding achievement potential of sophisticated state-of-the-art MS analysis.

3.3.2. Gb3Cer and Gb4Cer Lipoforms of PK-15 Cells

Figure 4A depicts the mass spectrum of the proposed Gb3Cer and Gb4Cer species obtained
from PK-15 cells detected in the relevant m/z range. Again, all GSL species appear as [M+Na]+ ions
and their identified structures are listed in Supplementary Table S2. The observed heterogeneity of
the GSL species is due to ceramides with constant d18:1 sphingosine but varying fatty acid chain
length, as described in the preceding chapter for the Gb3Cer and Gb4Cer lipoforms of LLC-PK1 cells.
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Owing to the apparent signal intensities, ceramides with (d18:1, C16:0), (d18:1, C22:0), and (d18:1,
C24:1/C24:0) structure are the prevalent lipid anchors of the various Gb3Cer and Gb4Cer species.
Gb4Cer-derived ions strictly preside over less abundant Gb3Cer species in the MS1 spectrum and may
represent the major Stx receptor GSLs of PK-15 cells. An exemplary MS2 spectrum demonstrating the
high resolution capacity of the employed MS strategy is given in Figure 4B, unravelling the structures
of the individual variants of the Gb4Cer triplet consisting of hydroxylated di- and mono-unsaturated
and saturated variants with Cer (d18:1, C24:2-OH), Cer (d18:1, C24:1-OH), and Cer (d18:1, C24:0-OH)
lipoforms, respectively. The CID spectrum is explained in the accompanying fragmentation scheme in
Figure 4C.

 
Figure 3. Overview mass spectrometry (MS)1 spectrum of the Stx receptor GSLs Gb3Cer and Gb4Cer (A)
and MS2 spectrum of selected Gb3Cer (d18:1, C16:0-OH) species (B) with the auxiliary fragmentation
scheme (C) obtained from porcine LLC-PK1 kidney epithelial cells. The MS1 spectrum spans the m/z
range between 1030 and 1430 showing Gb3Cer and Gb4Cer lipoforms with ceramide moieties composed
of an invariable sphingosine (d18:1) and variable fatty acids, which ranged in chain length from C16 to
C26 as assigned in the spectrum. All GSLs were detected as monosodiated species ([M+Na]+) using the
positive ion mode, and are listed in Supplementary Table S1. An MS2 structural proof of MS1-based
proposed structures is exemplarily provided for the very low abundant hydroxylated Gb3Cer (d18:1,
C16:0-OH) species, demonstrating the exceptional performance of the employed MS technology.
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Figure 4. Overview MS1 spectrum of the Stx receptor GSLs Gb3Cer and Gb4Cer (A) and MS2 spectrum
of the selected Gb4Cer triplet composed of Gb4Cer lipoforms harboring Cer (d18:1, C24:2-OH), Cer
(d18:1, C24:1-OH), and Cer (d18:1, C24:0-OH), respectively, (B) with the auxiliary fragmentation scheme
(C) obtained from porcine PK-15 kidney epithelial cells. The MS1 spectrum spans the m/z range between
1030 and 1430 showing Gb3Cer and Gb4Cer lipoforms with ceramide moieties composed of an invariable
sphingosine (d18:1) and variable fatty acids, which ranged in chain length from C16 to C24 as assigned
in the spectrum. All GSLs were detected as monosodiated species ([M+Na]+) using the positive ion
mode and are listed in Supplementary Table S2. An MS2 structural proof of MS1-based proposed
structures is exemplarily provided for the highly variable hydroxylated Gb4Cer species carrying
two-fold and one-fold unsaturated and saturated C24:2, C24:1, and C24:0 fatty acid, respectively, in the
ceramide lipid anchor showing the exceptional discriminatory power of state-of-the-art MS analysis.

3.4. Structural Characterization of Stx Receptor Galabiosylceramide of PK-15 Cells

The Stx-recognized GSLs of PK-15 cells that separate at the TLC position of Lc2Cer (see Figure 2) and
putatively identified as dihexosylceramides with Galα1-4Gal-sequence (see above 3.2. Identification of
Stx-binding GSLs expressed by LLC-PK1 and PK-15 cells) underwent concise MS analysis. To this end,
the silica gel of the Stx2a-positive bands of the two biological replicates of PK-15 cells (see Figure 2B
and Supplementary Figure S3B) was scraped, the GSLs extracted from the gel and subjected to MS
analysis, as shown in Figure 5. The obtained MS1 spectrum revealed [M+Na]+ ions corresponding
to hydroxylated dihexosylceramides mostly with Cer (d18:1, C22:1-OH) and Cer (d18:1, C22:0-OH),
as well as Cer (d18:1, C24:2-OH), Cer (d18:1, C24:1-OH), and Cer (d18:1, C24:2-OH), as shown in
Figure 5 and listed in Supplementary Table S3. These prevalent structures were accompanied by
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minor proposed Gal2Cer lipoforms carrying Cer (d18:1, C23:1-OH) and Cer (d18:1, C23:0-OH), as well
as Cer (d18:1, C26:2-OH), and Cer (d18:1, C26:1-OH) lipid anchors. Gal2Cer (d18:1, C16:0) was the
only non-hydroxylated species. Thus, the detected heterogeneity of the Gal2Cer species is due to
uniform d18:1 sphingosine combined with fatty acids of chain lengths, as described in the preceding
chapter for the non-hydroxylated Gb3Cer and Gb4Cer lipoforms of PK15 cells (see 3.3.2 Gb3Cer
and Gb4Cer lipoforms of PK-15 cells). The MS2 analysis corroborated the proposed structures and
an exemplary MS2 spectrum of the Gal2Cer doublet with hydroxylated Cer (d18:1, C22:1-OH) and
Cer (d18:1, C22:0-OH) moieties supported by the explanatory fragmentation scheme are provided in
Figure 5B,C, respectively.

 
Figure 5. Overview MS1 spectrum of Stx receptor Gal2Cer species (A) and MS2 spectrum of selected
Gal2Cer (d18:1, C22:1-OH)/Gal2Cer (d18:1, C22:0-OH) doublet (B) with the auxiliary fragmentation
scheme (C) obtained from porcine PK-15 kidney epithelial cells. The MS1 spectrum spans the m/z range
between 865 and 1055 showing Gal2Cer lipoforms with ceramide moieties composed of a consistent
sphingosine (d18:1) and variable fatty acids, which ranged in chain length from C16 to C26 as assigned
in the spectrum. All GSLs were detected as monosodiated species ([M+Na]+) ions using the positive
ion mode and are listed in Supplementary Table S3. An MS2 structural proof of MS1-based proposed
structures is exemplarily provided for the Gal2Cer species with hydroxylated one-fold unsaturated
and saturated C22:1 and C22:0 fatty acid, respectively, showing again the outstanding discriminatory
power of the employed state-of-the-art MS technology.
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3.5. Neoglycolipids as Receptors and Potential Inhibitors of Stxs

Targeting the synthesis of defined and homogenous glycolipids with Gb3- or Gb4-headgroups
as a diagnostic tool for differentiation of the binding specificities of the various Stx subtypes or for
employment as neutralizers of Stx cytotoxicity, a semisynthetic approach was chosen for the production
of Gb3- and Gb4-neoglycolipids harboring a stable and consistent lipid anchor. The orcinol stain
of Gb3-PE and Gb4-PE, produced from commercially available Gb3 and Gb4 oligosaccharides by
coupling them to twin-tailed phosphatidylethanolamine (PE), is shown in Figure 6A. The minor sharp
lower migrating bands are derived from neoglycolipids containing two oligosaccharide moieties,
i.e., (Gb3)2-PE and (Gb4)2-PE, respectively. Corresponding compounds are commonly obtained as
byproducts of the coupling reaction in the lower single-digit percentage range. Stx1a and Stx2a bound
preferably to Gb3-PE and with less affinity towards Gb4-PE, as can be deduced from the TLC overlay
assays depicted in Figure 6B,C, respectively. A shift of preference towards interaction with Gb4-PE was
observed for Stx2e(h) and Stx2e(p), as shown in Figure 6D,E, respectively. Interestingly, the Stx2e(p)
variant exhibited vastly less recognition intensity as compared with the human Stx2e(h) counterpart.

Figure 6. Orcinol stain (A) and Stx overlay detection (B–E) of TLC-separated neoglycolipids Gb3-PE
and Gb4-PE. Stx1a and Stx2a subtypes originated from human EHEC isolates. The two variants of
Stx2e subtype derived from human (h) and porcine (p) STEC isolates were differentiated in Stx2e(h)
and Stx2e(p), respectively. Amounts of Gb3-PE and Gb4-PE were 5 μg, respectively, for the orcinol
stain (A) and each Stx overlay assay (B–E).

3.6. Structural Characterization of Stx-Binding Neoglycolipids Gb3-PE and Gb4-PE

The purity of the produced neoglycolipids was examined by means of ESI MS1 and MS2 analysis
working in the positive ion mode. The MS1 spectrum of synthesized Gb3-PE revealed [M+Na]+ ions
at m/z 1174.72 as the most prominent analyte species as compared with the protonated counterparts
([M+H]+) appearing as less abundant ion species at m/z 1152.74, as demonstrated in Figure 7A.
The proposed structure of Gb3-PE, based on the glycerol core carrying two identical C16 alkyl chains
and a phosphate group, which links the glucose molecule of the reducing end of the Gb3 oligosaccharide
via the ethanolamine group, was confirmed by the MS2 analysis, as shown in Figure 7B, accompanied
by the explanatory fragmentation scheme in Figure 7C.

The same PE lipid anchor was linked to Gb4, and the MS1 spectrum of the resulting neoglycolipid
Gb4-PE is given in Figure 8A. The spectrum indicated the sole presence of monosodiated species
([M+Na]+) at m/z 1377.80. The CID experiments confirmed the proposed structure of C16 twin-tailed
Gb4-PE, as shown in Figure 8B, and the fragmentation scheme in Figure 8C explains the complete
structure derived from the fragment ions.
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Figure 7. MS1 spectrum (A) and MS2 structural proof (B) with corresponding fragmentation scheme
(C) of the produced neoglycolipid Gb3-PE. MS analysis using the positive ion mode exhibits dominance
of monosodiated [M+Na]+ ions over the protonated [M+H]+ ion species (A). The [M+Na]+ ions at m/z
1174.72 were selected for MS2 analysis (B) and the obtained breakdown products are explained by the
auxiliary fragmentation scheme (C).

Figure 8. MS1 spectrum (A) and MS2 structural proof (B) with corresponding fragmentation scheme
(C) of produced Gb4-PE. The MS analysis using the positive ion mode exhibits solely monosodiated
species ([M+Na]+) (A). The [M+Na]+ ions at m/z 1377.80 served as precursor ions for the MS2 analysis
(B) explained by the supporting fragmentation scheme (C).
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3.7. Protection of Kidney Epithelial Cells from Stx2e-Mediated Damage by Gb3-PE and Gb4-PE

The scheme provided in Figure 9A portrays the principal interaction of Stx with cellular Gb3Cer
and Gb4Cer exposed on the surface of kidney epithelial cells and the interplay of Stx with applied
glycovesicles, suggesting binding and inhibition of the toxin by Gb3-PE- and/or Gb4-PE-spiked
glycovesicles. Both LLC-PK1 and PK-15 cells were sensitive towards Stx2e(h) when treated with the
toxin alone, as shown in Figure 9B. Exposure to Stx2e(h) resulted in significantly decreased viability
of 16.5% ± 4.0% in case of LLC-PK1 and a cell viability drop down to 57.4% ± 9.7% of PK-15 cells in
comparison to 100.0% ± 9.1% and 100.0% ± 3.7% viability of untreated cells (controls), respectively.
Application of glycovesicles spiked with authentic Stx receptor Gb3Cer (gold standard) together with
the toxin inhibited Stx2e(h)-mediated cell killing resulting in 99.0% ± 5.5% viability of LLC-PK1 and
82.9%± 4.1% viability of PK-15 cells (Figure 9B). The exposure of Stx2e(h) and the neoglycolipid Gb4-PE
bound to glycovesicles resulted in more than tripling the viability of LLC-PK1 cells to 56.5% ± 5.3%
and an increased viability of factor 1.4 in the case of PK-15 cells reaching an 80.4% ± 3.6% viability as
compared with the cells exposed to Stx2e(h) alone, whereas Gb3-PE exhibited no protection against the
toxin for both cell types (Figure 9B).

Treatment of LLC-PK1 cells with porcine-derived Stx2e(p) led to reduced cell viability of
41.2% ± 3.0% (Figure 9C), whereas PK-15 resisted towards Stx2e(p) (not shown). Thus, neutralization
studies with glycovesicles were performed with LLC-PK1 cells only. The incubation of LLC-PK1 cells
with Stx2e(p) and glycovesicles loaded with genuine Stx receptor Gb3Cer (gold standard) gave complete
neutralization of Stx2e(h) resulting in 102.6% ± 9.0% survival compared to 100.0% ± 5.1% viability of
untreated cells (controls). A virtually identical rate of detoxification was achieved with Gb4-PE-spiked
glycovesicles amounting to 103.1% ± 3.4% viability (Figure 9C). Furthermore, exposure of LLC-PK1
cells with Stx2e(p) together with glycovesicles containing Gb3-PE eventuated in 84.9% ± 8.6% viability
corresponding to more than duplication of cell survival in comparison to cells exposed to Stx2e(p) only
(Figure 9C).

Collectively, on the one hand, the produced neoglycolipid Gb4-PE significantly reduced the
cytotoxic activity of Stx2e(h) towards PK-15 and LLC-PK1 cells, whereas Gb3-PE did not exhibit any
positive effect. On the other hand, both Gb3-PE and Gb4-PE substantially reduced the cell killing
activity of Stx2e(p) towards LLC-PK1 cells. Interestingly, PK-15 cells were refractory to Stx2e(p),
wherefore inhibition experiments with the neoglycolipids became superfluous for this cell type.
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Figure 9. Scheme of attachment of Stx2e to the cellular receptors Gb3Cer and Gb4Cer, its interaction with
Gb3-PE and Gb4-PE in the cell culture (A) and protective effect of the neoglycolipids towards porcine
LLC-PK1 and PK-15 kidney epithelial cells exerted by Stx2e(h) (B) and Stx2e(p) (C). (A) Gb3-PE- and
Gb4-PE-spiked glycovesicles were applied to block the binding of Stx2e towards Gb3Cer and Gb4Cer.
(B) Stx2e(h) derived from a human STEC isolate and (C) Stx2e(p) from a porcine STEC isolate were
solely applied or together with the neoglycolipids Gb3-PE and Gb4-PE or with authentic Gb3Cer
(gold standard) as indicated. Cell survival was determined in relation to control cells cultured in
medium without toxin corresponding to 100% viability. Significant differences of viability of cell
cultures treated with Stx2e only (controls) or co-treated with Gb3-PE-, Gb4-PE- or Gb3Cer-spiked
glycovesicles are indicated with asterisks (** p < 0.01; *** p < 0.001).
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4. Discussion

Starting with the first reports on preliminary data of the content of globo-series GSLs in porcine
organs including kidney [23–25], the precise structures of Stx2e-binding and largely abundant Gb3Cer
and Gb4Cer species were later on scrutinized in a number of tissues and organs including kidney cortex,
medulla, and pelvis of weaning piglets [31]. The porcine kidney epithelial cell lines, LLC-PK1 and PK-15,
analyzed in this study are not identical with the original tissue in that the cell lines exhibited a higher
content of Gb4Cer versus Gb3Cer. Of note, a significant content of hydroxylated lipoforms of both,
Gb3Cer and Gb4Cer, has been previously detected in the kidney, whereas this ceramide modification of
the globo-series GSLs was not found in renal LLC-PK1 and PK-15 cells. However, hydroxylated Gb3Cer
and Gb4Cer lipoforms have been hitherto found in porcine brain endothelial cells [7], whereas the
biological relevance remains unknown. Notably, porcine kidney cortex, medulla, and pelvis were
devoid of the Forssman GSL [31], which was also undetectable in LLC-PK1 and PK-15 cells. This is
remarkable, because the Forssman GSL is a specific GSL receptor of swine-pathogenic Stx2e, but not
of human-pathogenic Stx1a and Stx2a [30]. Regarding the general distribution in swine tissues and
organs, very minute quantities of the Forssman GSL have been previously detected in muscle and
jejunum only, suggesting its lack of relevance for Stx2e-mediated kidney injury. So far, the two
Stx2e-binding pentahexosylceramides, namely the Forssman GSL and Gb5Cer, representing elongated
Gb4Cer structures but with distinct sugar epitopes at the non-reducing end of the glycan moiety, have
been only detected in kidney cell lines of canine and monkey origin, respectively. The Forssman GSL
is a characteristic membrane constituent of the canine kidney epithelial cell line MDCK II of cocker
spaniel origin [77] and Gb5Cer was found in a monkey kidney-derived Vero epithelial cell line [32].

Despite a similarly high content of Gb3Cer and Gb4Cer being recognized by Stx2e in both LLC-PK1
and PK-15 cells, the two cell lines differed significantly regarding their sensitivity towards Stx2e.
LLC-PK1 cells were highly sensitive to Stx2e(h) derived from a human- and to Stx2e(p) released by
a porcine-pathogenic STEC strain, whereas PK-15 cells were less susceptible towards Stx2e(h) and de
facto resistant towards Stx2e(p). Comparison of the two stx2e sequences of strains 2771/97 [Stx2e(h)]
and S115G [Stx2e(p)] revealed in total, three SNPs at positions 33, 887, and 937, the latter two with
non-synonymous base exchanges (see Table 1). At the current stage of research, it remains unclear
whether those minor dissimilarities might account for the observed differences in Stx-mediated cellular
damage caused by the two Stx2e variants. However, the distinct susceptibility of the two cell lines
might rest upon different modes of binding, uptake or retrograde transport of the toxic cargo to the
intracellular targets. Thus, first the question of segregation in “lipid rafts” has to be addressed in
future investigations. Lipid rafts exist in the outer leaflet of the plasma membrane of mammalian
cells featuring microdomains, which are enriched in GSLs, sphingomyelin, and cholesterol [87].
The accumulation of GSL receptors in lipid rafts seems to be a pivotal requirement for efficient
attachment and intracellular uptake of Stxs [88–90]. Moreover, exposure of Stx-binding Gb3Cer in
lipid rafts has been reported to be involved in pathological events that occur during the development
of HUS [91] and it has been postulated that the occurrence of Gb3Cer in lipid rafts of glomerular
cells in the human kidney may be the reason for the glomerular-restricted pathology of HUS caused
by Stxs [88,92]. A precise analysis of the lipid environment of Stx-binding GSLs of LLC-PK1 and
PK-15 cells is, therefore, pending using, for example, lipid raft-analog detergent-resistant membranes
resembling the liquid-ordered membrane phase [93,94]. Detergent-resistant membranes can readily
be isolated which have many properties expected of lipid rafts [95] and represent useful biophysical
approaches in the study of biomembrane lateral inhomogeneity [96]. The employment of this procedure
for characterization of the lipid composition of such lipid raft-resembling membrane microdomains
prepared from Stx-sensitive endothelial cells has been recently reviewed [97]. Second, different
modes of uptake and cellular entry of Stx into the endosomal system have been published [89,98].
Moreover, the increasing degree of complexity of endocytotic processes and various intracellular
trafficking routes of the toxin to subcellular targets have to be taken into account [99,100]. Third, besides
the renowned inhibitory effects on protein biosynthesis by depurination of a certain adenosine residue
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of the ribosomal RNA, executed by the N-glycosidase activity of the toxin’s A1 fragment [101], damage
to nuclear DNA by removal of multiple adenines when acting on DNA has to be considered as
well [102,103]. Furthermore, induction of host cellular stress response resulting in apoptotic cell
death has been recognized [104]. Thus, a number of factors might be involved and contribute to
different effects exerted by Stxs that may result in high or low susceptibility or even in resistance
towards Stxs, especially in view that different cell types, for example, endothelial and epithelial cells,
might respond differently to the various Stx subtypes. To sum up, we cannot absolutely exclude that
also minute contaminants in the Stx2e preparations might be involved in the differences observed
in the cytotoxicity assays. However, the inhibition of the cytotoxic action of Stx2e using Gb3Cer
(gold standard) and the neoglycolipid Gb4-PE strongly supports the assumption of Stx as the major
virulence factor and cytotoxic compound in the supernatants of the employed strains.

Similar to the swine LLC-PK1 and PK-15 renal epithelial cell lines, the canonical globo-series
Gb3Cer and Gb4Cer have been previously identified by us in the human T24 bladder [105] and
A498 kidney epithelial cells, as recently published [79]. The human cell lines exhibited divergent
lipoforms harboring the mentioned two GSLs with Cer (d18:1, C24:1/C24:0), Cer (d18:1, C22:0), and Cer
(d18:1, C16:0) as the prevalent molecular species according to ion signal intensities determined by ESI
MS analysis. Noteworthy, Gb3Cer and Gb4Cer of the human A498 kidney epithelial cells, showing
a similar repertoire of globo-series GSLs like LLC-PK1 and PK-15 cells, served as efficient receptor
GSLs for P-fimbriated uropathogenic E. coli (UPEC), the primary cause of urinary tract infections in
humans [106,107]. P-fimbriae are fitted with the Gb3Cer- and Gb4Cer-binding PapG adhesins I, II,
or III [108,109]. These three PapG classes were found to adhere differently to host cell Gb3Cer and
Gb4Cer of human A498 cells, whereas PapG I exhibited equal binding strength to Gb3Cer and Gb4Cer,
but PapG II and PapG III preferred Gb4Cer over Gb3Cer, with PapG III as the strongest binding partner
for Gb4Cer [79]. Thus, pending interaction studies using GSL preparations of porcine renal LLC-PK1
and PK-15 cells will improve our knowledge on the molecular mechanisms of P-fimbriae-mediated
adhesion of swine-pathogenic UPEC strains towards the porcine uroepithelium.

The rational design of soluble multivalent Stx inhibitors is a very real prospect to target the
Gb3Cer-Stx recognition event, and a number of promising Stx receptor analogues, comprising the Gb3
trisaccharide linked to various scaffolds, has been developed [110–112]. Such semi-synthetic toxin
binders have been demonstrated in animal models of STEC disease to be effective [113]. With the goal
in mind of producing defined and homogenous glycolipids with Gb3- or Gb4-headgroups as ligands for
the various Stx-subtypes including Stx2e and for usage as neutralizers of Stx-mediated cellular damage,
a semi-synthetic approach was chosen by us for the production of Gb3- and Gb4-neoglycolipids
harboring a stable and consistent lipid anchor. This attempt is superior due to limited resources
of native Gb3Cer or Gb4Cer preparations, which can be isolated from human or animal organs as
starting material but need further extensive column purification steps. Batch-to-batch heterogeneity is
an additional uncertainty among a number of drawbacks working with GSLs derived from natural
mammalian resources. Probing of produced Gb3-PE and Gb4-PE neoglycolipids as recognition
structures in TLC overlay assays revealed strong interaction of human-pathogenic Stx1a and Stx2a
towards Gb3-PE, accompanied by weak binding to Gb4-PE. In contrast to this, Stx2e bound equally
well to Gb3-PE and Gb4-PE, although its preference for Gb4Cer when compared to recognition of
Gb3Cer has been reported [28–30]. When applied as multivalent recognition structures in glycovesicles
in this study, the neoglycolipids Gb3-PE and Gb4-PE exhibited substantial but different capability for
detoxification of Stx2e. Highly sensitive LLC-PK1 cells were significantly protected against Stx2e(h)
by Gb4-PE and the gold standard Gb3Cer, but not by Gb3-PE. The same holds true for the less
susceptible PK-15 cells. Of note, the PK-15 cells were resistant towards Stx2e(p) but sensitive towards
Stx2e(h) and could be protected by Gb4-PE and the gold standard Gb3Cer against Stx2e(h). The reason
for this diversity remains elusive and, as mentioned above, several yet unknown factors might be
responsible for the observed discrepancy that cannot be explained by our current state of knowledge.
As an additional approach aimed at neutralizing Stx2e-mediated cellular damage, we probed the
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recently produced pectin-derived (α1-4)Galn-PE neoglycolipids with 2 ≤ n ≤ 6, where “n” stands
for the number of α1-4-linked galactose molecules [72]. Stx1a and Stx2a, the Stx subtypes of human
relevance, bound in a characteristic and different manner to the various (α1-4)Galn-PEs. Stx1a preferred
neoglycolipids with short oligosaccharide chains, whereas Stx2a exhibited preference for those with
longer glycans. However, the various Stx2e variants analyzed in that study showed only marginal
binding to the (α1-4)Galn-PE type neoglycolipids [72]. While the mixture of produced (α1-4)Galn-PEs,
which were applied as neoglycolipid-spiked glycovesicles, considerably diminished the cytotoxic
activity of Stx1a and Stx2a towards Vero cells, Stx2e was not affected as expected from weak binding
detected in the TLC overlay assays. In this study, the employed Stx2e(h) and Stx2e(p) variants revealed
poor binding towards the (α1-4)Galn-PEs variants (as expected) and the approach utilizing them as Stx
neutralizers for porcine LLC-PK1 and PK-15 kidney epithelial cells failed completely (not shown).

5. Concluding Remarks

Shiga toxins (Stxs) of subtype Stx2e derived from a certain pathogenic subgroup of Escherichia coli
bacteria cause the edema disease in pigs. Stx2e gains access from the intestine to the circulation,
where the toxin causes severe kidney damage. Renal microvascular endothelial cells are renowned Stx
targets, whereas almost nothing is known on the involvement of renal epithelial cells in Stx-mediated
kidney injury. In this study, we report for the first time on the identification and precise structural
characterization of Stx-binding glycolipids in two porcine kidney-derived epithelial cell lines. Of note,
one cell line was highly sensitive towards the cytotoxic action of Stx2e, whereas the other was refractory.
The cell-damaging activity of Stx2e could be inhibited in the case of the toxin-sensitive cell line
using synthesized neoglycolipids applied as neoglycolipid-spiked glycovesicles. Neoglycolipids,
that resemble the native glycolipid receptors being exposed on the cell surface, compete with the
genuine glycolipid receptors for binding to the toxin. When co-applied to in vitro Stx2e-exposed
cells, neoglycolipids were capable to inhibit the cytotoxic activity of Stx2e. From our results we can
conclude that the renal epithelial cells might be involved in Stx2e-mediated damage of the kidney,
and thus in the manifestation of the edema disease in pigs. Future perspectives are the detection of the
precise mechanisms of the cell surface interaction between toxin and glycolipid receptor, as well as the
determination of the intracellular route of the toxin to its subcellular targets, where the toxin exerts its
cytotoxic action.
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