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Summary

Enterohaemorrhagic Escherichia coli (EHEC) cause haemolytic
uraemic syndrome (HUS),a thrombotic microangiopathy result-
ing from endothelial injury in the renal glomeruli and other or-
gans. EHEC virulence factors that damage the microvascular en-
dothelium play therefore major roles in the pathogenesis of
HUS.We identified an EHEC strain that vacuolates and kills pri-
mary human glomerular microvascular endothelial cells
(GMVECs) and a human brain microvascular endothelial cell
(HBMEC) line. Because the vacuolating effect closely resembles
those elicited on other cells by the vacuolating cytotoxin of Heli-
cobacter pylori (VacA), we designated the factor responsible for
this effect EHEC vacuolating cytotoxin (EHEC-Vac). EHEC-Vac
(a secreted non-serine protease protein) binds to HBMECs
rapidly and irreversibly, vacuolates within 30 min after exposure
and the effect is maximally apparent at 48 h. Despite the vacuoli-
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sation, HBMECs survive for several days before they undergo
necrosis. Electron and immunofluorescence microscopy dem-
onstrate that the vacuoles induced by EHEC-Vac originate from
lysosomes.Accordingly, they stain with neutral red indicating an
acidic microenvironment. Similar to VacA, the EHEC-Vac-me-
diated vacuolisation is both prevented and reverted by the va-
cuolar proton pump inhibitor bafilomycin Al, suggesting a simi-
lar mechanism of vacuole formation by these toxins. Despite the
similarity of phenotypes elicited by EHEC-Vac and VacA, ge-
nomic DNA from the EHEC-Vac-producing strain failed to hy-
bridise to a vacA probe, as well as to probes derived from pres-
ently known E. coli vacuolating toxins.Through its microvascular
endothelium-injuring potential combined with the ability to in-
duce interleukin 6 release from these cells EHEC-Vac might con-
tribute to the pathogenesis of HUS.

Thromb Haemost 2009; 102: 1080-1092

Introduction

Enterohaemorrhagic Escherichia coli (EHEC) cause diarrhoea,
bloody diarrhoea and haemolytic uraemic syndrome (HUS)
worldwide (1, 2). HUS, a triad of thrombocytopenia, haemolytic
anaemia and renal insufficiency, is the most common cause of

acute renal failure in children (3). Although precise mechanisms
triggering haematologic and renal pathologies in HUS are in-
completely understood, histopathological studies of patients
who died of HUS demonstrate that the major lesion underlying
HUS is thrombotic microangiopathy which mainly affects renal
glomeruli, and results from microvascular endothelial injury (4,
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5). The endothelial injury is thus the central event in the complex
cascade that begins with gastrointestinal infection and cul-
minates as renal insufficiency (2, 3).

Because of the key role of the microvascular endothelial
damage in the pathogenesis of HUS, EHEC virulence factors
that can injure human endothelium are likely to play a major role
inthe HUS development (6). EHEC, in contrast to other endothe-
lium-injuring pathogens (7), do not enter the blood stream (2, 6).
They presumably damage endothelial cells by elaborated mol-
ecules produced by EHEC colonising the gut, which have been
translocated into the circulation and reach the target cells via sys-
temic dissemination (1, 2, 6). The best studied EHEC endothelial
injuring factors are Shiga toxins (Stxs) (8). These toxins bind to
the target cells via their B subunit which recognises the gly-
cosphingolipid globotriaosylceramide (Gb3Cer/CD77) receptor
(9). After internalisation of the toxin via receptor-mediated en-
docytosis, the A subunit with N-glycosidase activity hydrolyses
the 60S ribosomal subunit inhibiting protein synthesis, which
leads to the cell death (8).

Recently, non-Stx EHEC proteins have been demonstrated to
injure human microvascular endothelium, introducing them as
candidate virulence factors involved in the pathogenesis of HUS.
These molecules include cytolethal distending toxin (CDT)-V, a
new member of the CDT family which is produced by EHEC
0157 (10, 11) and particular non-O157 EHEC causing HUS
(12), and a repeat-in-toxin (RTX) haemolysin designated EHEC
haemolysin (13). The former is a genotoxin and cyclomodulin
that causes DNA fragmentation in endothelial cells, triggers
DNA-damage repair responses, arrests the cell cycle, and ulti-
mately causes cell death (14). The latter is a pore-forming protein
(15) that lyses human microvascular endothelial cells (16). An-
other EHEC molecule, subtilase cytotoxin (17) causes multi-
organ microvascular thromboses in mice (17), which mimic
lesions found in patients with HUS (4, 5); however, its toxicity
towards the human endothelium remains to be demonstrated.

We screened our collection of EHEC clinical isolates for
their ability to injure human endothelium, and identified a strain
that strikingly vacuolated various endothelial cells. This effect
closely resembled the effects of vacuolating cytotoxin (VacA) of
Helicobacter pylori (18). Because such an effect is unusual in
EHEC, we analysed the interaction of the EHEC vacuolating fac-
tor with human microvascular endothelial cells originating from
organs that are critically affected during HUS (kidneys and
brain) (4, 5) and characterised the vacuoles.

Materials and methods

Bacterial strains

Strain 6451/98 (serotype Orough:H45) was isolated from a pa-
tient with diarrhoea in Germany. The strain contains the stx,q
gene encoding non-activatable Stx2d, but does not secrete de-
tectable amounts of the toxin as demonstrated by the Vero cell
assay and Stx immunoassays (19). Strain 6451/98 lacks other stx
alleles and genes encoding other EHEC toxins including EHEC-
hlyA encoding EHEC haemolysin (13), subA/subB operon en-
coding the subtilase cytotoxin (17), and cdtl, cdfll, cdflll, cdflV,
and ¢dfV clusters encoding various CDTs (12). In addition, 60

EHEC strains belonging to serotypes O157:H7/NM (non-mo-
tile) (n = 15), O26:H11/NM (n = 15), O103:H2 (n = 9),
O111:H8/NM (n=10), and O145:H25/H28/NM (n = 11) which
cause most HUS cases in Germany (1) were screened for their
ability to cause vacuolisation of endothelial cells. The strains
were isolated between 1996 and 2006 from patients with HUS (n
=50), bloody (n = 7) or non-bloody diarrhea (n = 3). Uropatho-
genic E. coli (UPEC) strains 536 (20) and CFT073 (21), labora-
tory strain E. coli XL1-Blue-MR (Stratagene, Heidelberg, Ger-
many), and a clinical isolate of H. pylori were used as controls.

Preparation of cosmid library

Genomic DNA from strain 6451/98 was partially digested with
Sau3 Al (Gibco BRL, Eggenstein, Germany) and resulting frag-
ments were dephosphorylated with shrimp alkaline phosphatase,
ligated into the cosmid (SuperCos I; Stratagene) arms, and pack-
aged into phage heads with the Gigapack 111 XL-4 system (Stra-
tagene). E. coli XL1-Blue MR transductants were selected on
Luria-Bertani (LB) agar containing ampicillin (100 pg/ml) and
stored as a cosmid library. To screen the cosmid library for va-
cuolating effects towards human endothelial cells, the cosmids
were grown overnight in LB broth containing ampicillin (100
Lg/ml) and sterile supernatants were investigated on monolayers
of human brain microvascular endothelial cells (HBMECs) as
described below.

Cell cultures

The HBMEC line (22) was grown in RPMI 1640 (Lonza, Co-
logne, Germany) supplemented with 10% fetal calf serum (FCS)
(PAA, Pasching, Austria), 10% Nu-Serum (Becton Dickinson
Biosciences, Bedford, MA, USA), 2 mM L-glutamine, I mM so-
dium pyruvate, 1% non-essential amino acids, and 1% vitamin
mix (Lonza) (14). For some assays, HBMECs were cultured in
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)-
buffered Leibowitz L-15 (PAA) supplemented with 10% FCS-
Gold (PAA), 10% Nu-Serum, 1 mM sodium pyruvate, 2 mM
L-glutamine, 1 % non-essential amino acids, and 1% vitamin
mix. Primary human glomerular microvascular endothelial cells
(GMVECs) from kidneys of two different donors (not suitable
for transplantation) were isolated, purified and cultured as de-
scribed previously (23). They were used for experiments in pas-
sages 6 to 10.

Preparation of samples for cell culture assays

Strain 6451/98 was grown in LB broth overnight (37°C, 180
rpm), the culture was centrifuged (6.000 x g, 10 min, 4°C) and
the supernatant was filtered through a 0.2 pm membrane filter
(Corning Inc., Corning, N.Y., USA). The sterile supernatant was
used in cell culture experiments immediately or after storage at
—20°C for up to 2 months (freezing did not substantially reduce
the vacuolating activity). To determine the influence of pH on the
production of the vacuolating factor, LB broth with pH 7.0, 7.5,
8.0, and 8.5 was used for the culture. The effect of mitomycin C
was assessed by growing the strain in LB broth, pH 7.0, without
or with mitomycin C (0.5 pg/ml). Sterile culture supernatants
prepared under different conditions were compared for their va-
cuolating titers on HBMECs.
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Vacuolisation assay

HBMECs (3.5 x 10* cells/well) and GMVECs (1 x 10* cells/
well) were grown in 24-well microtiter plates (Corning Inc.)
overnight until ~60% confluence. The monolayers were exposed
to two-fold dilutions of sterile supernatant of strain 6451/98 (800
ul/well) and incubated (37°C, 5% CO,) for 4 h or 24 h. Morpho-
logical changes were examined using a light microscope (Axio-
vert 100; Zeiss, Jena, Germany) and photographed (PowerShot
A620; Zeiss). The vacuolating titer was defined as the highest di-
lution of the supernatant that caused vacuolisation in >50% of
the cells. This dilution was considered to contain a 50% vacuo-
lating dose (VDs). The dilution of supernatant 6451/98 which
caused vacuolisation in 290% of cells after 24 h was defined as
a 90% vacuolating dose (VDy,). To determine the time course of
the vacuolisation process, HBMEC monolayers were exposed to
VDy, of supernatant 6451/98 (dilution 1:4) for 30 min, 90 min, 4
h, 6 h, 18 h, 24 h, and 48 h (37°C, 5% CO,). At each time inter-
val, the amount and size of vacuoles in cells, and the proportion
(%) of vacuolated cells in the monolayer were determined. For
the latter purpose, cells in 10 randomly selected microscopic
fields (altogether 100 — 160 cells) were counted and the percen-
tage of cells containing >5 vacuoles was calculated. To investi-
gate whether or not vacuolisation is reversible, HBMEC mono-
layers were exposed to VD, of supernatant 6451/98 for different
time intervals (5 min, 15 min, 30 min, 1 h, 2h, 3 h,4 h, 6 h, and
24 h), the supernatant was then removed, cells were washed
twice with medium and incubated in fresh medium up to 24 h.
The proportion (%) of cells which developed vacuoles after each
exposure time was determined as described above.

Neutral red staining

After incubation with VDy, of supernatant 6451/98 for 4 h and
24 h, medium from the cell monolayers was removed and re-
placed with 500 ul/well of 0.33% neutral red solution (Sigma-
Aldrich, Taufkirchen, Germany) for 5 min at 37°C. After remov-
ing the dye, cells were examined microscopically as described
above.

Effect of bafilomycin Al on vacuolisation

The effect of bafilomycin A1 on vacuolisation was investigated
using three different approaches (24-26). First, HBMEC mono-
layers in 24-well plates were pre-treated (45 min, 37°C) with 25
nM, 50 nM or 100 nM bafilomycin A1 (Sigma-Aldrich). A VDy,
of supernatant 6451/98 was then added, in parallel, to bafilomy-
cin Al-treated cells and to control (untreated) cells and the ex-
tents of vacuolisation (determined as the percentage of vacuo-
lated cells in the respective cultures using the approach described
above) were compared after incubation for 24 h at 37°C. Second,
bafilomycin Al at the above concentrations was added to
HBMECs simultaneously with VD, of supernatant 6451/98.
After 24 h of incubation, the extent of vacuolisation of cells
treated with each mixture of supernatant 6451/98 and bafilomy-
cin Al (25 nM, 50 nM, and 100 nM) was compared with that of
cells treated with VDy, of supernatant 6451/98 alone. Third, to
determine the effect of bafilomycin A1 on preformed vacuoles,
HBMEC monolayers in 24-well plate were pre-vacuolated by in-
cubation with VDgy, of supernatant 6451/98 overnight. Ba-
filomycin A1 (25 nM, 50 nM or 100 nM) was then added to the

cell culture medium and the incubation was continued for 4 h and
for 24 h. At each time interval, the extent of vacuolisation of the
bafilomycin Al-treated cells was compared with that of control
cells incubated in the absence of bafilomycin A1. In each experi-
ment, HBMECs treated with each respective concentration of
bafilomycin A1 and with the corresponding amount of dimethyl
sulfoxide used to dissolve bafilomycin A1 were included as con-
trols.

Transmission electron microscopy

Transmission electron microscopy was performed as described
(27), with slight modifications. Briefly, after incubation for 24 h
with VDy, of supernatant 6451/98 HBMECs were fixed with 2%
glutaraldehyde in Dulbecco’s phosphate buffered saline
(D-PBS), pH 7.4, for 24 h at 4°C, washed three times with
D-PBS and postfixed with 1% osmium tetroxide. After three
washes with D-PBS the samples were dehydrated by a graded
ethanol series (30%, 50%, 70%, 90%, and 96% for 15 min each,
twice 99% for 30 min) and embedded in epoxy resin at 60°C for
48 h. Ultra-thin sections were prepared and stained with uranyl
acetate and Reynold’s lead citrate and examined using a Fei Tec-
nai Spirit Twin electron microscope (FEI Deutschland GmbH,
Frankfurt/Main, Germany).

Fluorescence microscopy

HBMECs were grown on 4-well Permanox Lab-Tek Chamber
Slides (Nunc GmbH, Langenselbold, Germany) seeded with 5 x
10* cells/well until ~60% confluence. The monolayers were in-
fected with VD, of supernatant 6451/98 and incubated for 24 h
(37°C, 5% CO,). The cells were washed twice with PBS (Lonza),
fixed with 3.7% paraformaldehyde (30 min at room temperature)
and permeabilised with 0.25% Triton-X100 in PBS (1 min at
room temperature). After blocking with 5% bovine serum albu-
min (BSA) and 0.2% fish skin gelatine (Sigma-Aldrich) in PBS
(2 h at room temperature), primary antibody (diluted 1:100 in
PBS with 1% BSA) was added and slides were incubated over-
night at 4°C. The primary antibodies against cell organelles (all
Sigma-Aldrich, derived from rabbits) were anti-GM130 (Golgi
complex), anti-protein disulfide isomerase (PDI) (endoplasmic
reticulum), anti-lysosome-associated membrane protein |
(LAMP1) (lysosomes), and anti-Rab 11 (recycling endosomes).
After incubation with primary antibody, slides were washed three
times and incubated with Alexa 488-conjugated goat anti-rabbit
IgG (Molecular Probes, Karlsruhe, Germany) diluted 1:1000 in
PBS with 1% BSA for 1 h at room temperature. After washing,
slides were stained with DAPI (4’,6-diamidino-2-phenylindol)
(Sigma-Aldrich) diluted 1:1000 in PBS (10 min at room tempera-
ture), mounted in an antifade mounting medium (Dianova, Ham-
burg, Germany) and examined with a fluorescence microscope
(Axio Imager.Al, Zeiss). To detect early and late endosomes,
Cy5-labelled transferrin (Dianova) (75 pg/ml) was added to the
cells 3 min and 25 min, respectively, before the end of incubation
with supernatant 6451/98; the slides were then washed, fixed,
stained with DAPI and mounted as described above.

Cell viability and apoptosis detection
The viability of HBMECs incubated with VD, of supernatant
6451/98 for 7 days was monitored by staining with 0.2% trypan
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Table I: PCR primers used to create DNA probes for Southern blot hybridisation of strain 6451/98.

Primer* | Sequence (5™-3°) Target GenBank | Position PCR conditions® Size of
(DNA probe) | acc. No - - amplicon

Denatu- Annealing | Extension (bp)
ration

VATs TCCTGGGACATAATGGTCAG vat AY151282 | 1076-1095 | 94°C,30s | 54°C,60s | 72°C,60s | 98I

VATas GTGTCAGAACGGAATTGT (vat) 2056-2038

Sat 4 TATCAAATGTATGGGCGAGAG sat AF289092 161-181 94°C,30s | 52°C,60s | 72°C,60s | 438

Sat 5 AGCCAGCACGAAAACCTATGA | (sat-4) 598-578

Sat 6 GGCAGAGACCAACCCTACAAC | sat AF289092 501-521 94°C,30s | 52°C,60s | 72°C,60s | 596

Sat 7 TACCACCGCTACCAAAATCCA (sat-6) 1096-1076

Sat 8 AGTGGTGAAACGAAGTCTGTG | sat AF289092 | 3274-3294 | 94°C,30s | 56°C,60s | 72°C,60s | 484

Sat 9 TACGACCGTCTTTTTCACCTT (sat-8) 3757-3737

VacA-1 TTTTTAGGAACGCTTTGGTG vacA AE000598 | 3449-3468 | 94°C,30s | 52°C,60s | 72°C,60s | 315

VacA-2 ATTCCCCACCCATCATCACT (vacA) 3763-3744

*Primer pair VATs/VATas was described previously (34). The other primers were designed in this study. ®All PCRs included 30 cycles as specified in the table pre-

ceeded by initial denaturation (94°C, 5 min) and followed by final extension (72°C, 5 min).

blue (Sigma-Aldrich). The metabolic activity of the cells was de-
termined daily using the WST-1 assay (Roche, Mannheim, Ger-
many) which exploits the mitochondrial reduction of the tetrazo-
lium salt WST-1 to formazan. The assay was performed in
96-well plates seeded with 6 x 10%/well of HBMECs (14) and ab-
sorbance was measured at 450 nm and reference wavelength 650
nm using an ELISA reader (Emax precision microplate reader,
MWG Biotech, Ebersberg, Germany). Cells that were untreated
or treated with 300 nM nocodazole (Sigma-Aldrich), respect-
ively, served as controls. Apoptosis was measured by flow cyto-
metric determination (FACScalibur; Becton Dickinson, Heidel-
berg, Germany) of the proportion of hypodiploid nuclei using the
method of Nicoletti et al. (28) as described earlier (14). The net
apoptosis elicited by EHEC-Vac was calculated as the difference
between the percentage of apoptotic cells induced by EHEC-Vac
and that induced by LB broth. Staurosporine (1 uM) served as a
positive control.

Digital holographic microscopy

To gain a closer insight into the destiny of vacuolated cells, we
applied a minimally invasive single cell analysis approach using
quantitative phase contrast imaging by digital holographic
microscopy (DHM). For this purpose, an inverse microscope
(iMIC, Till Photonics, Grifelfing, Germany) with attached
DHM module (engineered at the Center for Biomedical Optics
and Photonics, University of Miinster, Miinster, Germany) (29)
and equipped with an incubator for stabilised temperature (Sol-
ent Scientific Ltd., Segensworth, United Kingdom) was applied.
HBMECs grown in HEPES-buffered Leibowitz L-15 medium in
p-dishes (ibidi GmbH, Munich, Germany) were vacuolated by
exposure to VDy, of supernatant 6451/98 for 22 h. Digital holo-
grams of single vacuolated cells were then recorded continu-
ously up to 72 h when all observed cells were dead. The coherent
light source for the recording of digital holograms was a frequen-
cy doubled Nd:YAG laser (Compass 315M-100, Coherent, Lii-
beck, Germany, A = 532 nm). In addition to the DHM time-lapse
analysis, representative images of the cells under white light il-
lumination were captured. The numerical reconstruction of the

digitally captured holograms was performed by non-diffractive
reconstruction (30) with software developed at the Center for
Biomedical Optics and Photonics (Miinster, Germany). The re-
sulting quantitative phase contrast images were used to monitor
the cells' shape (30) and refractive index alteration of vacuoles.

Examination of inflammatory response

To investigate the ability of EHEC-Vac to elicit an inflammatory
response from HBMECs, the cells were incubated with VDgy, of
supernatant 6451/98 for 24 h and 4 days. The concentrations of
interleukin (IL)-6 and IL-8 in cell culture supernatants were de-
termined using commercially available enzyme-linked immuno-
sorbent assay (ELISA) kits (RayBiotech, Inc., Norcross, GA,
USA) (sensitivities of <3 pg/ml and <1 pg/ml, respectively) ac-
cording to the manufacturer’s instructions. To calculate net IL-6
and IL-8 responses to VDo, of EHEC-Vac, the response elicited
by a 1:4 dilution of LB broth in each assay was subtracted from
that caused by the 1:4 dilution of supernatant 6451/98 containing
VD, of EHEC-Vac. The cytokine release induced by VDy, of
supernatant 6451/98 was compared with that induced by super-
natant of E. coli XL1-Blue MR.

The nature of the vacuolating factor

Aliquots of two-fold dilutions of supernatant 6451/98 (1:2 to
1:64) were heated to 56°C or 70°C for 30 min, to 99°C for 10
min, or treated with proteinase K (Sigma-Aldrich) (final concen-
tration 50 pg/ml) for 10 min and 30 min at 37°C. Vacuolating
titers of the treated preparations were compared with that of un-
treated supernatant using HBMEC monolayers. To investigate
influence of the serine protease inhibitor phenylmethylsulfonylf-
luoride (PMSF) on the activity of the vacuolating factor, two-
fold dilutions of supernatant 6451/98 were pre-incubated with
1 mM or 10 mM PMSF for 30 min at 37°C and vacuolating titers
on HBMECs were compared with that of PMSF-untreated super-
natant after 24 h of incubation. Cells incubated for 24 h with
1 mM and 10 mM PMSF alone served as controls to exclude a
non-specific vacuolisation caused by PMSF.
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Figure |: Morphological effects of supernatant of strain 6451/98
containing EHEC vacuolating cytotoxin (EHEC-Vac) on human
microvascular endothelial cells. A-D) HBMECs incubated with
supernatant 6451/98 for 4 h (dilution 1:2) (A), and for 24 h (dilution |:4
containing VDg) (B), and with LB broth for 24 h (C); D) control un-
treated cells after 24 h. E-H) Primary human glomerular microvascular
endothelial cells (GMVECs) from donor #86 (E) and #76 (F) incubated
for 24 h with supernatant 6451/98 (dilution 1:2), and with LB broth
(donor #86) (G); H) control (untreated) cells from donor #86 after 24
h. Bars in panels A-D are 20 um and in panels E-H 50 pm. Photomicro-
graphs shown are representatives of six (HBMECs) and three (GMVECs)
independent experiments.

Southern blot hybridisation, PCR and nucleotide
sequencing

Genomic DNA from strain 6451/98 was digested (BamHI and
Pstl; New England Biolabs, Frankfurt, Germany), separated in
0.6% agarose, and transferred to a nylon membrane (Roti®-
Nylon plus, Carl Roth GmbH, Karlsruhe, Germany). Immobi-
lised separated DNA fragments were probed under stringent con-

ditions with digoxigenin-labeled probes (Table 1) derived from
published sequences of VacA of H. pylori (GenBank accession
number AE000598) (31) and of E. coli autotransporters with
known vacuolating activity towards mammalian cells including
vacuolating autotransporter toxin (Vat) of avian pathogenic E.
coli strain Ec222 (GenBank accession number AY151282) (32)
and secreted autotransporter toxin (Sat) of UPEC strain CFT073
(GenBank accession number AF289092) (33). Hybridisation was
achieved with the DIG DNA Labelling and Detection Kit (Roche
Molecular Biochemicals, Mannheim, Germany).

PCR was performed as described (11) using primers in Table
1. The amplicons were sequenced using an automated ABI Prism
3130x1 Genetic Analyser and the ABI Prism BigDye Terminator
Ready Reaction Cycle Sequencing Kit (version 3.1, Applied
Biosystems, Darmstadt, Germany). Sequences were analysed
using the Ridom TraceEditPro Software (Ridom GmbH,
Wiirzburg, Germany) and homology was sought on the EMBL-
GenBank database (http://www.ncbi.nlm.nih.gov/BLAST).

Screening of EHEC for vacuolating activity

Sterile culture supernatants of 60 EHEC strains grown in LB
broth (18 h, 37°C, 180 rpm) were diluted 1:4 with cell culture
medium and investigated using the vacuolisation assay on
HBMECs immediately after preparation.

Statistical analysis
The statistical analysis of results was performed using Student’s
t-test; p<0.05 was considered significant.

Results

Effects of strain 6451/98 on human microvascular
endothelial cells

Upon exposure of HBMEC monolayers to serially diluted sterile
supernatant of strain 6451/98 different effects were observed. A
1:2 dilution of the supernatant killed HBMECs within 4 h, as
manifest by rounding cells and the inability to exclude trypan
blue (Fig. 1A); after 24 h most of the cells were detached from
the plastic support. This effect was not caused by Stx, because
the sole stx gene in this isolate, stx,g4, is not expressed (19). At a
dilution of 1:4, multiple vacuoles were visible in 290% of the
cells after 24 h (VDy,) (Fig. 1B). At the same time point, the
amounts of cells in monolayers treated with VDy, of supernatant
6451/98 (Fig. 1B) were ~50% of those present in control un-
treated monolayers (Fig. 1D), indicating persisting cytotoxicity.
The titer of the vacuolating activity in supernatant 6451/98 was
1:16. It was independent of pH of the LB culture medium (7.0,
7.5, 8.0, or 8.5) and presence of mitomycin C during culture
(data not shown). No cytotoxicity or vacuolisation were ob-
served in cells exposed for 24 h to LB broth (used to prepare the
supernatant of strain 6415/98) (Fig. 1C) and in control (un-
treated) cells (Fig. 1D). This indicates that the cytotoxic and va-
cuolating effects were specifically mediated by a factor secreted
by strain 6451/98.

Supernatant of strain 6451/98 also extensively vacuolated
GMVEGC:s, derived from kidneys, which are the direct targets af-
fected during HUS (4). After 24 h of exposure to a 1:2 dilution of
the supernatant, 290% cells were heavily vacuolated (Fig. 1E
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Figure 2: Neutral red staining of vacuoles induced by EHEC-
Vac on HBMEGCs. A) Cells were treated with VD, of EHEC-Vac for
24 h and then stained with neutral red (5 min, 37°C). B) A higher mag-
nification of the neutral red-stained cells. C) Control untreated cells
stained with neutral red. Bars indicate 20 um. Photomicrographs shown
are representatives of seven independent experiments.

and F). Moreover, similar to HBMECs, the total cell numbers in
GMVEC cultures treated with supernatant 6451/98 (Fig. 1E and
F) were <50% of those in cultures exposed to LB broth (Fig. 1G)
and in untreated cultures (Fig. 1H) demonstrating the cytotoxic-
ity of supernatant 6451/98 towards GMVECs. The vacuolating
titers on cells originating from two different donors were 1:8 and
1:4, respectively. The effects of supernatant 6451/98 on the mor-
phologies of HBMECs and GMVECs resembled those produced
by VacA on several non-endothelial cell lines (18). Based on its
striking vacuolating capacity and cytotoxicity to endothelial
cells we designated the putative secreted molecule of strain
6451/98 involved in these changes as “EHEC vacuolating cytot-
oxin” (EHEC-Vac).

Neutral red staining
Neutral red staining of HBMECs exposed to VDy, of EHEC-Vac
for 4 h and 24 h demonstrated that at each time interval, the ma-

jority of vacuoles accumulated a visible amount of the dye (Fig.
2A and B). The same was true for vacuoles in GMVECs which
were analysed after 24 h (data not shown). This indicates that
similar to vacuoles induced by VacA of H. pylori which uni-
formly stain with neutral red because of their acidic content (35),
the microenvironment in the vacuoles induced by EHEC-Vac in
the endothelial cells is acidic.

Time course of vacuolisation caused by EHEC-Vac

To determine the kinetics of the vacuolating process, HBMECs
were exposed to VDy, of EHEC-Vac for intervals ranging from 0.5
to 48 h (Fig. 3). At each time, the proportion of vacuolated cells in
the monolayer and the amount and size of vacuoles in the cells
were measured. The first vacuolisation, manifest as scarce tiny va-
cuoles in ~20% of cells, was visible after 30 min. By 90 min, ~50%
of cells contained vacuoles which increased in the number per cell
(~100), but remained small in diameter. By extending the time of
exposure, the size of the vacuoles and the proportion of vacuolated
cells in the monolayers increased (Fig. 3). After 18 h, ~90% of
cells contained mostly mid-sized and large vacuoles. These va-
cuoles frequently fused (Fig. 3, panels 18 h and 24 h) suggesting
that the huge vacuoles observed after 24 h and 48 h might have
arisen by fusion of smaller vacuoles; this is supported by a de-
creasing number of vacuoles in parallel with their increasing size
(Fig. 3, panels 24 h and 48 h). The large vacuoles filled most of the
cytoplasm and dislocated the nucleus to the cell periphery (Fig. 3,
panels 24 h and 48 h). The extent of vacuolisation did not substan-
tially increase beyond 48 h (data not shown).

EHEC-Vac binds to HBMECs rapidly and irreversibly

To assess the minimum exposure time necessary for EHEC-Vac
to trigger vacuolisation of HBMECs, and to determine if the va-
cuolating effect is reversible by depleting the toxin, the cells were

Figure 3: Time course of vacuolisation induced by EHEC-Vac on HBMECs. Cells were exposed to VDgy, of EHEC-Vac for indicated time in-
tervals and at each time point, the proportion of vacuolated cells in the culture and the amount and size of vacuoles in cells were determined. Time
0, control (untreated) cells. In panels 30 min to 48 h, the vacuolating phenotypes typical for the respective time points and the percentage of vacuo-
lated cells in the cultures (expressed as means * SD from three independent experiments) are shown. In each time interval, between 100 and 160
cells were analysed to determine the percentage of vacuolated cells. Arrows in panels 18 h and 24 h depict fusing vacuoles (v). Bars indicate 10 um.
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Figure 4: EHEC-Vac binds to HBMECs
rapidly and irreversibly. HBMEC mono-
layers were incubated with VDy, of EHEC-Vac
for the indicated times. The toxin was then re-
moved, cells were washed with medium and in-
cubated in fresh medium up to 24 h. After each
time of exposure, the percentage of vacuolated
cells in monolayers was determined. Data
shown are means + standard deviations of
three independent experiments. *p < 0.01, and
**p < 0.001 as compared to 5 min exposure

24h

exposed to VDy, of EHEC-Vac for various time intervals (5 min
to 24 h) (Fig. 4). After each exposure, the toxin was removed,
cells were washed and incubated in fresh medium up to 24 h
when the proportions of vacuolated cells in monolayers were de-
termined. A significant vacuolisation affecting ~25% of cells
was triggered by exposure as brief as 30 min (p<0.01 as com-
pared to the exposure of 5 min) (Fig. 4). With increasing expo-
sure time, the proportion of vacuolated cells in monolayers
steadily increased and plateaued after 4-h exposure when 90% of
cells were vacuolated (Fig. 4). This suggests that EHEC-Vac
binds to HBMECs rapidly and irreversibly.

Effect of bafilomycin Al on vacuolisation mediated by
EHEC-Vac

Bafilomycin A1, a specific inhibitor of vacuolar-type H"-ATP-
ases (36), inhibits the formation of vacuoles in response to H. py-
lori VacA (24, 37). It also reverts vacuolisation elicited by this
toxin, leading to disappearance of vacuoles from vacuolated
cells (37). Pre-incubation of HBMECs for 45 min with various
bafilomycin A1l concentrations (25 nM, 50 nM and 100 nM)
completely prevented vacuolisation caused by VDy, of EHEC-
Vac after 24 h (Fig. 5A and B). Moreover, each of the bafilomy-
cin Al concentrations completely inhibited formation of va-
cuoles by VDy, of EHEC-Vac when the toxin and bafilomycin
Al were added to HBMEC simultaneously for 24 h (Fig. 5C and
D). Finally, 100 nM and 50 nM bafilomycin A1 added for 4 h to
HBMECs pre-vacuolated with VDy, of EHEC-Vac significantly
reduced the extent of vacuolisation (from > 90% to 30 + 5% and
50 £ 4%, respectively; p< 0.001) (Fig. 5SE and F); 25 nM ba-
filomycin A1 minimally affected pre-vacuolated cells after 4 h of
contact. However, each of the bafilomycin Al concentrations
completely reverted vacuolisation caused by VD, of EHEC-Vac
after 24 h of contact with pre-vacuolated HBMEC:s, and restored
normal cellular appearance (Fig. 5G and H). The fact that va-
cuolisation induced by EHEC-Vac is, similar to that caused by
VacA, both inhibited and reverted by bafilomycin A1, suggests
that the mechanism of vacuole formation induced by EHEC-Vac
might be the same as, or similar to, that reported for VacA (38,
39).

time (unpaired Student’s t-test).

Origin of vacuoles induced by EHEC-Vac

To determine the origin of vacuoles induced by EHEC-Vac, we
analysed HBMECs by transmission electron microscopy. This
demonstrated multiple electron lucent, membrane-surrounded
cytoplasmic vacuoles in cells exposed for 24 hto VDo, of EHEC-
Vac (Fig. 6B); these vacuoles were absent from untreated cells
(Fig. 6A). Most of the vacuoles contained heteromorphic lamel-
lar and vesicular structures (Fig. 6C). Such structures are typical
components of lysosomes and represent material accumulated in
the lysosomes for subsequent enzymatic digestion (40). The
other cell organelles including nucleus, mitochondria, Golgi
complex, endoplasmic reticulum, and early and late endosomes
were well preserved, showing no obvious alterations (Fig. 6C).
This suggests that EHEC-Vac acts selectively on lysosomes and
that the vacuoles elicited by the toxin may be derived from these
organelles.

Immunofluorescence staining of HBMECs exposed to
EHEC-Vac for 24 h using markers for different cellular compart-
ments involved in membrane trafficking demonstrated that en-
dosomes (early, late, recycling), endoplasmic reticulum and
Golgi complex in such cells had the same subcellular distribu-
tion as in control (untreated) cells (data not shown). No staining
of vacuoles was observed using the respective organelle markers
(data not shown) indicating that the vacuoles did not contain
components of these organelles. In contrast, anti-LAMP1 anti-
body, which is specific for the lysosomal membrane, associated
with the vacuolar membranes and bound to multiple EHEC-Vac-
induced cytoplasmic vacuoles (Fig. 7B, D, and F); lysosomes in
control (untreated) cells showed normal distribution (Fig. 7H).
These data corroborate the electron microscopic observation
that the vacuoles are most likely derived from lysosomes.

Mechanism of death of vacuolated cells

To determine viability of vacuolated HBMECs, we monitored
the metabolic activity of cells exposed to VD, of EHEC-Vac for
7 days using the WST-1 assay. In contrast to control (untreated)
cells, which displayed almost a linear increase in their metab-
olism, the metabolic activity of EHEC-Vac-treated cells was sig-
nificantly reduced at day 2 after exposure and remained nearly
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Figure 5: Bafilomycin Al inhibits and reverts vacuolisation
caused by EHEC-Vac. A and B) HBMEC monolayers were pre-treated
with 25 nM bafilomycin Al for 45 min (B) or left untreated (A) and then
exposed to VDy, of EHEC-Vac for 24 h. C and D) VD, of EHEC-Vac
was added to HBMEC monolayers either alone (C) or simultaneously
with 50 nM bafilomycin Al (D) and cells were incubated for 24 h. E-H)
HBMECs were pre-vacuolated by overnight incubation with VDy, of
EHEC-Vag; bafilomycin Al (100 nM) was then added to the cells for 4 h
(F) and for 24 h (H). E and G), control cells treated with EHEC-Vac
overnight and incubated for additional 4 h (E) and 24 h (G) without ba-
filomycin Al. Bars are 20 um. The photomicrographs shown are repre-
sentatives of three independent experiments performed under each of
the different conditions described.

constant with a slight decrease on day 7 (Fig. 8). These results
agree with the reduced cellular density observed in HBMEC
monolayers exposed to VDo, of EHEC-Vac for 24 h (Fig. 1) and
confirm its toxicity towards HBMECs.

To identify the mechanism of the cell death, we analysed
HBMEC:s exposed to VDy, of EHEC-Vac for apoptosis and ne-

Figure 6: Transmission electron microscopy of HBMECs
treated with EHEC-Vac. A) A control untreated cell after 24 h in cul-
ture medium. B) A cell exposed for 24 h to VDgy, of EHEC-Vac. C) A de-
tailed view of the cytoplasm of a vacuolated cell treated for 24 h with
VDy, of EHEC-Vac. M, mitochondria; G, Golgi complex; E, endosome;
EE, early endosome; N, nucleus; rER, rough endoplasmic reticulum. The
asterisks depict the vacuoles (swollen lysosomes). Scale bars in panels A
and B are 2 um and in panel C | um. Representative photomicrographs
from one of at least 10 analysed cells are shown.

crosis. The net proportion of cells with hypodiploid nuclei in
monolayers exposed to EHEC-Vac for 7 days was 12 +4% (mean
+ standard deviation) as compared to 9 + 5% (p> 0.1) and 45 +
10% (p< 0.01) of such cells in control (untreated) monolayers
and monolayers exposed to 1 WM staurosporin, respectively. This
demonstrated that the EHEC-Vac-treated cells did not undergo
apoptosis.

To investigate if the EHEC-Vac-exposed HBMECs die via
necrosis, we applied a single cell analysis using white light and
quantitative DHM phase contrast imaging. Figure 9 demon-
strates typical stages in the destiny of vacuolated cells. The cell
“a” which was fully vacuolated after 21.8 h of exposure to VD,
of EHEC-Vac (Fig. 9A and B) rounded-up during the next 24.5 h
(t=46.3 hafter exposure) (Fig. 9C), which led to a significant in-
crease in the DHM phase contrast (Fig. 9D). After additional
25.4h (t="71.7 h) the cell poured out as shown in the white light
image (Fig. 9E) and evidenced by the decrease of the cell’'s DHM
phase contrast (Fig. 9F). A similar turn-over from fully vacuo-
lated status to necrosis was observed for another cell (cell “b”,
Fig. 9C and D, and E and E, respectively), during an even short-
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Figure 7: Immunofluorescence locali-
sation of anti-LAMPI antibody in
HBMECs. A-F) HBMECs were treated for 24
h by VDy, of EHEC-Vac and stained with lyso-
some-specific anti-LAMP| antibody, Alexa
488-conjugated goat anti-rabbit IgG and DAPI.
A, C, and E), bright field photomicrographs;
and (B, D, and F), merges of photomicrographs
from Alexa 488 and DAPI channels. Anti-
LAMPI antibody localised to vacuolar mem-
branes in EHEC-Vac-treated cells. G and H)
Control (untreated) HBMECs grown for 24 h
in culture medium and stained the same way
display normal subcellular distribution of lyso-
somes. Bars represent 10 um. Typical results of
staining with anti-LAMPI antibody from two

independent experiments are shown.

—4— HBMEC control

OD 4504650

=~ EHEC-Vac V[)l;[]

Figure 8: WST-1 assay of EHEC-Vac-
treated cells. Semiconfluent HBMEC mono-
layers were exposed to VD, of EHEC-Vac for
7 days; every day, metabolic activity was quanti-
fied spectrophotometrically (ODsq/50) using
the WST-1 assay and compared to that of un-
treated cells. Data represent means + SD of

Days of exposure

three independent experiments carried out in
duplicates. *p = 0.05, and **p < 0.01 for the
differences in metabolic activities of EHEC-Vac-
treated vs. control cells (paired Student’s
t-test).

er time period (25.4 h). This experiment clearly demonstrated
that the vacuolated cells undergo necrosis. However, probably
due to the heterogeneity of unsynchronised HBMEC population,
the time intervals between full vacuolisation and necrosis differ
among cells in the monolayer, resulting in a stepwise, rather than
a sudden, necrotic death of the population. Next to the single cell
analysis data such a process is also indicated by the fact that on

day 7 after EHEC-Vac exposure a subset of vacuolated cells still
survived as demonstrated by their ability to exclude trypan blue
and by residual metabolic activity in the WST-1 assay (Fig. 8).

Cytokine release from HBMECs induced by EHEC-Vac
To investigate whether EHEC-Vac stimulates inflammatory re-
sponse in HBMECs, release of IL-6 and IL-8 from the cells was
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quantified after 24 h and 4 days of exposure to VDy, of EHEC-
Vac. The net release of IL-6 induced by EHEC-Vac after 24 h and
4 days was 610.4 £ 9.67 pg/ml and 318.2 + 2.15 pg/ml (mean +
SD, three repeats), respectively. In contrast, culture supernatant
of E. coli XL1-Blue MR strain which does not produce EHEC-
Vac released <10 pg/ml of IL-6 in each time interval tested. No
IL-8 response was elicited from HBMECs by VD, of EHEC-
Vac at any of the time points (data not shown).

Nature of EHEC-Vac

The vacuolating titer of supernatant 6451/98 was decreased two-
fold and eight-fold by heating to 56°C and 70°C for 30 min, re-
spectively. The vacuolating activity was completely destroyed by
heating to 99°C for 10 min. Proteinase K (50 pg/ml) treatment
(10 and 30 min) reduced the vacuolating titer from 1:16 to 1:2
and to <1:2, respectively, confirming its protein nature. Because
vacuolating toxins produced by extraintestinal £. coli strains in-
cluding Vat (vacuolating autotransporter toxin) (41) and Sat (se-
creted autotransporter toxin) (42) belong to the serine protease
autotransporter family of Enterobacteriaceae (SPATE) (32, 33),
we investigated whether or not EHEC-Vac is a serine protease.
Pre-incubation of supernatant 6451/98 with the serine protease
inhibitor PMSF (1 mM and 10 mM) did not reduce the vacuolat-
ing titer, though the higher concentration of PMSF was slightly
toxic to the cells. This indicates that EHEC-Vac is not a serine
protease.

Attempts to identify the gene(s) encoding EHEC-Vac
To identify the gene(s) encoding EHEC-Vac, we performed
Southern blot hybridisation of genomic DNA from strain
6451/98 with probes derived from autotransporters with known
vacuolating activity including VacA, Vat and Sat (Table 1). No
hybridisation was observed with the vac4 probe, nor with the
vat, sat-4 and sat-6 probes which are derived from the autotrans-
porter passenger domains that show low homology among the
members of the SPATE family (32, 33). The sat-8 probe derived
from the C terminus of the autotransporter molecule which is
highly conserved among SPATEs (32, 33) hybridised to a ca. 10
kb DNA fragment of strain 6451/98 (data not shown). However,
nucleotide sequencing of the sat-§ probe demonstrated 99%
homology to espP of strain EDL933 (GenBank accession
number NC_007414) indicating that the target for the probe was
the espPe gene present in strain 6451/98 (unpublished data).

To identify EHEC-Vac based on its morphological effects,
we screened cosmids from the genomic library of strain 6451/98
for their vacuolating effect on HBMECs. However, none of
2,688 cosmids produced any apparent vacuolisation.

Endothelium-vacuolating capacity of other EHEC

None of 60 EHEC strains belonging to serotypes associated with
HUS caused vacuolisation of HBMECs after 24 h and 48 h of ex-
posure to sterile bacterial supernatants.

Discussion

The ability to cause vacuolisation in various mammalian pri-
mary cells and cell lines is one of multiple biological effects of
H. pylori VacA which is the prototype vacuolating toxin (18, 39).

t=218h

t=46.3h

t=7L7h

White light
image

contrast image

DHM phase

Figure 9: Necrosis of vacuolated HBMECs demonstrated using
a single cell analysis. A, C, and E) white light photomicrographs of
HBMEC:s at different time points after exposure to VD, of EHEC-Vac;
and (B, D, and F) corresponding quantitative digital holographic micro-
scopy (DHM) phase contrast images. High density cell components such
as the nuclei and nucleoli are visible as bright spots in the DHM phase
contrast, whereas the vacuoles appear as dark areas; this indicates a low
refractive index of vacuoles near or equal to that of the cell culture
medium and can be interpreted as a high water content. Cells desig-

“

nated “a” and “b” are examples of heavily vacuolated cells which undergo
necrosis after different times of exposure to EHEC-Vac (49.9 h and 25.4
h, respectively). Arrows in panels E and F indicate liberation of the cyto-
plasmic content from the necrotic cells. The white light and DHM
quantitative phase contrast images shown are representatives of behav-
iour of 25 cells investigated.

However, toxins with similar phenotypic effects have also been
identified in other bacterial species and include mainly auto-
transporters (32, 33, 41, 42) and pore-forming toxins (25, 26,
43-45). Examples of the first group are, besides VacA, Vat pro-
duced by avian pathogenic E. coli (41) and UPEC strains (unpub-
lished data) and Sat recently identified in UPEC strain CFT073
(33, 42). Pore-forming toxins with vacuolating activity are hae-
molysins of Vibrio cholerae (25,26, 43) and Serratia marcescens
(44) and aerolysin of Aeromonas hydrophila (45). Recently, va-
cuolating activity has also been reported for the subtilase cytot-
oxin produced by an EHEC strain (46) (Table 2). The EHEC-Vac
identified in this study based on its biological activity extends
the spectrum of vacuolating toxins and is, to our knowledge, the
first vacuolating toxin acting on endothelial cells.
EHEC-Vac-induced vacuoles resemble most closely those
produced by VacA (Table 2). Specifically, both types of vacuoles
stain with neutral red indicating their acidic microenvironment.
This is consistent with the origin of vacuoles induced by both or-
ganisms from the late endocytic compartments (late endosomes/
lysosomes in H. pylori [47, 48] and lysosomes in EHEC) (Table
2). Moreover, the mechanism of vacuolisation caused by H. pylo-
ri VacA involves formation of anion-selective channels in the
membranes of late endocytic compartments (38) resulting in an
increased intralumenal chloride concentration. To compensate
for the increased anion concentration, vacuolar ATPase activity
increases, increasing proton pumping into the vacuole that re-
duces vacuolar pH (39). Because of the central role of the vacuo-
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Table 2: Comparison of vacuoles induced by EHEC-Vac with those caused by other vacuolating toxins.

Toxin Examples of Origin of vacuoles | Staining with Effect of bafilomycin Al on the toxin- | Reference
(Species) vacuolated cells | (cell line) neutral red induced vacuolisation
EHEC-Vac HBMEC lysosomes yes Inhibits vacuole formation This study
(E. coli) GMVEC Reverts vacuolisation
EHEC (=causes disappearance of
preformed vacuoles)
VacA Intestine 407, Late endosomes/ yes Inhibits vacuole formation 24, 37,47, 48
(H. pylori) Hela, Hep-2, lysosomes Reverts vacuolisation
Vero, BHK, etc. (Hela, BHK)

Haemolysin Vero Early vacuoles Early vacuoles — subset Does not inhibit vacuole formation 25, 26,43
(V- cholerae) Hela (I-4h)-ER Late vacuoles —all Exacerbates vacuolisation

Late vacuoles (16 h) —

autophagosomes

(Vero)
Haemolysin Hela NI no Neither inhibits nor reverts vacuolisation | 44
(S. marcescens) HEp-2
Aerolysin BHK ER NI NI 45
(A. hydrophila) CHO (BHK)

MDCK

Vat CEF NI yes NI 41
(E. coli) PCK
APEC, ExPEC
Sat CRL-1749 NI NI NI 42
(E. coli) CRL-1573
ExPEC
Subtilase cytotoxin Vero NI Yes Inhibits vacuole formation 46
(E. coli)
EHEC
EHEC-Vac, enterohemorrhagic E. coli vacuolating cytotoxin; VacA, vacuolating cytotoxin; Vat, vacuolating autotransporter toxin; Sat, secreted autotransporter toxin; APEC, avian pathogenic E. coli; EXPEC, extra-
intestinal E. coli; HBMEC, human brain microvascular endothelial cells; GMVEC, human glomerular microvascular endothelial cells; BHK, baby hamster kidney; CHO, Chinese hamster ovary; MDCK, Madin-
Darby canine kidney; CEF, chicken embryonal fibroblasts; PCK, primary chicken kidney; CRL-1749, human bladder epithelial cells; CRL-1573, human kidney epithelial cells; ER, endoplasmic reticulum; NI, not in-
vestigated.

lar proton pump in the vacuole formation, specific inhibitors of
the vacuolar-type H*-ATPase such as bafilomycin A1 effectively
counteract the vacuolisation caused by VacA (24, 37). The fact
that bafilomycin A1 both prevented and reverted vacuolisation
mediated by EHEC-Vac suggests that the mechanism of vacuole
formation by EHEC-Vac might also involve the vacuolar-type
ATPase activation. This characteristic, which EHEC-Vac shares
with VacA and also with the subtilase cytotoxin (Table 2), differ-
entiates this toxin from other vacuolating toxins which have been
studied in this respect, specifically from haemolysins of V! chol-
erae and S. marcescens (Table 2). These toxins induce vacuoli-
sation which is not inhibited but is rather exacerbated by ba-
filomycin A1 and other inhibitors of the vacuolar proton pump
(25, 26, 44). Notably, the vacuoles induced by these toxins have
a different origin than those induced by VacA and EHEC-Vac,
arising from endoplasmic reticulum (26).

Despite its striking similarity to VacA in its phenotype and
the character of the vacuoles it produces, EHEC-Vac is appar-
ently a protein unrelated (or only distantly related) to VacA at the
genomic level as indicated by the failure of the genomic DNA of
strain 6451/98 to hybridise with a vacA probe. Moreover, based
on the Southern blot hybridisation, EHEC-Vac is also distinct
from two other vacuolating toxins, specifically Vat (41) and Sat

(33, 42), produced by extraintestinal E. coli strains. Finally,
EHEC-Vac of strain 6451/98 is distinct from the subtilase cytot-
oxin because this strain lacks the subA/subB genes, and it is not
a haemolysin since the strain is non-haemolytic on both blood
agar and enterohaemolysin agar. We were also unable to identify
the gene encoding the protein responsible for the vacuolating ac-
tivity of strain 6451/98 by analysing 2,688 cosmids from the ge-
nomic library of this strain for vacuolating activity towards
HBMECs, because none of the cosmids displayed a clear vacuo-
lating phenotype. This suggests that a multi-component system,
from which not all components are present in a cosmid, might be
required for the expression of this phenotype, as has been shown
for the expression of attaching-effacing lesions induced by
EHEC (49). Regardless of its precise identity which is presently
under investigation, our data suggest that EHEC-Vac might con-
tribute to the virulence of EHEC, similarly as demonstrated or
hypothesised for other vacuolating toxins including VacA (39),
Sat in UPEC (42), Vat in avian pathogenic E. coli (41), and
aerolysin in 4. hydrophila (50). The cytopathic effect of EHEC-
Vac on human microvascular endothelial cells including exten-
sive vacuolisation followed by necrosis identifies this molecule
as a putative virulence factor that might contribute to the micro-
vascular injury underlying HUS. Moreover, the ability of EHEC-
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Vac to elicit IL-6 release from microvascular endothelial cells
represents an additional mechanism by which the toxin might
contribute to the pathogenesis of HUS, in particular in its early
phase (2, 6).

The absence of EHEC-Vac in EHEC of the major serotypes
associated with HUS does not preclude contribution of this toxin
to the pathogenesis of HUS. Recent findings of various non-Stx
virulence factors including toxins and adhesins in EHEC associ-
ated with HUS (6, 14, 16, 17) indicate that HUS is a multifactori-
al consequence of EHEC infection, that involves a cocktail of
virulence determinants that synergistically cause profound vas-
cular injury (6). Notably, not all components of this cocktail are
produced by all EHEC associated with HUS, but the virulence
profiles are rather serotype-specific (1, 12). Accordingly, though
EHEC-Vac is dispensable for endothelial injury caused by
EHEC O157 and the major non-O157 HUS-associated EHEC
which produce other endothelium-injuring toxins, such as Stx,
EHEC haemolysin or CDT-V (14, 16), it may be essential for

virulence of strain 6451/98 which lacks these determinants.
Similar to CDT-V (12), production of EHEC-Vac is apparently
restricted only to particular EHEC serotypes.

Vacuolisation of the host cells is yet incompletely understood
mechanism in the EHEC pathogenesis, but its significance is
supported, besides our study, by finding of vacuolated intestinal
epithelial cells in monkeys experimentally infected with EHEC
O157:H7 (51). Further studies should identify additional human
cell types sensitive to EHEC-Vac and to clarify the role of this
toxin in the pathogenesis of EHEC-mediated diseases.
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