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Enterohemorrhagic Escherichia coli (EHEC), a subgroup of Shiga toxin (Stx)-producing E. coli (STEC), is a leading cause of diar-
rhea and hemolytic-uremic syndrome (HUS) in humans. However, urinary tract infections (UTIs) caused by this microorganism
but not associated with diarrhea have occasionally been reported. We geno- and phenotypically characterized three EHEC iso-
lates obtained from the urine of hospitalized patients suffering from UTIs. These isolates carried typical EHEC virulence mark-
ers and belonged to HUS-associated E. coli (HUSEC) clones, but they lacked virulence markers typical of uropathogenic E. coli.
One isolate exhibited a localized adherence (LA)-like pattern on T24 urinary bladder epithelial cells. Since the glycosphingolip-
ids (GSLs) globotriaosylceramide (Gb3Cer) and globotetraosylceramide (Gb4Cer) are well-known receptors for Stx but also for
P fimbriae, a major virulence factor of extraintestinal pathogenic E. coli (ExPEC), the expression of Gb3Cer and Gb4Cer by T24
cells and in murine urinary bladder tissue was examined by thin-layer chromatography and mass spectrometry. We provide data
indicating that Stxs released by the EHEC isolates bind to Gb3Cer and Gb4Cer isolated from T24 cells, which were susceptible to
Stx. All three EHEC isolates expressed stx genes upon growth in urine. Two strains were able to cause UTT in a murine infection
model and could not be outcompeted in urine in vitro by typical uropathogenic E. coli isolates. Our results indicate that despite
the lack of EXPEC virulence markers, EHEC variants may exhibit in certain suitable hosts, e.g., in hospital patients, a uropatho-
genic potential. The contribution of EHEC virulence factors to uropathogenesis remains to be further investigated.

Escherichia coli is one of the most versatile microorganisms that
rapidly colonizes the gastrointestinal tract of newborns (1).
Although E. coli usually represents an important commensal of
the normal intestinal microbiota, other variants that are able to
cause infections exist (1, 2). On the basis of their virulence prop-
erties and the site of infection, these bacteria are classified as in-
testinal pathogenic E. coli (IPEC), which are associated with diar-
rhea, and extraintestinal pathogenic E. coli (ExPEC), which cause
infections beyond the intestinal tract (3). Enterohemorrhagic E.
coli (EHEC) belongs to the IPEC group of bacteria and represents
one of the main causative agents of diarrhea, hemorrhagic colitis
(HC), and hemolytic-uremic syndrome (HUS) in humans (4).
The characteristic main EHEC virulence markers include the lo-
cus of enterocyte effacement (LEE) pathogenicity island and Shiga
toxin (Stx)-encoding bacteriophages. Additionally, other toxins,
including the cytolethal distending toxin (CDT), EHEC hemoly-
sin (Hly), serine protease EspP, subtilase cytotoxin, cyclomodulin
Cif, and different siderophore systems, as well as adhesins can also
contribute to EHEC pathogenesis (5). These EHEC virulence fac-
tors are absent from archetypal ExPEC strains.

Similarly, the main ExPEC virulence factors, such as P fimbriae
and a-hemolysin, are usually not expressed in EHEC and other
IPEC isolates (1, 6-8). EHEC as well as other diarrheagenic E. coli
isolates are generally not considered to cause extraintestinal infec-
tion (1, 2, 4). Nevertheless, cases of urinary tract infection (UTI)
where EHEC isolates have been isolated from the corresponding
urine samples have been reported. The first report of EHEC urine
isolates was released in 1994 (9). Although the frequency of UTI
caused by EHEC seems to be low (10), many questions regarding
the virulence potential and pathogenicity of EHEC isolates in the
urinary tract still remain unanswered. In a recent study, we re-
ported on atypical uropathogenic E. coli (UPEC) isolates (11).
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Some of these atypical UPEC isolates from hospital patients rep-
resented IPEC pathotypes, such as EHEC, enteropathogenic E. coli
(EPEC), or enteroaggregative E. coli (EAEC), whereas others com-
bined the virulence properties of both IPEC and ExPEC isolates.
To better understand this phenomenon and to further address
the question of whether EHEC, despite the absence of typical Ex-
PEC virulence-associated factors, may have a uropathogenic po-
tential, we further geno- and phenotypically characterized three
EHEC isolates that were collected from the urine of hospital pa-
tients suffering from UTIs. We assessed the ability of the EHEC
isolates to adhere to human urinary bladder cells (line T24).
Moreover, we determined the ability of Stx produced by these
organisms to bind to the neutral glycosphingolipids (GSLs)
globotriaosylceramide (Gb3Cer) and globotetraosylceramide
(Gb4Cer), known Stx receptors in human endothelial cells (12),
which, as we showed, are also present in T24 cells as well as in
murine bladder tissue. We analyzed whether Stx of the EHEC
urine isolates is cytotoxic toward T24 cells. The transcript levels of
the stx genes (the stx;, stx,,, and stx,, alleles) upon growth of the
EHEC strains in pooled human urine, lysogeny broth (LB), RPMI
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TABLE 1 Characteristics of EHEC isolates from UTI cases”

TABLE 1 (Continued)

Value or result for strain:

Value or result for strain:
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Characteristic UR5703/202 UR5779/201 UR131 Characteristic UR5703/202 UR5779/201 UR131
Age (yr) 69 22 44 Phenotypes
Disease Cystitis Cystitis Hemorrhagic Fermentation of + + +
cystitis sorbitol
Serotype Ol145:H— Ont:H— 076:H19 Growth on + + —
ST, CC ST32, CC32 ST330, CC10 ST675 CT-SMAC
Phylogenetic group A E Bl EHEC Hly + + +
expression
Presence or type of Stx Vero cell titer 128 256 256
toxin genes Stx T24 cell titer 8 8 32
cdtLIL 1L IV, V - - - Production of — - +
astA - - - colicin
a-hlyA - - - Production of - - -
enfl, cnf2 - - - aerobactin
cif + - - Motility - - +
vat - - -
estIA - + - Adherence pattern
sat — — — HEp-2 cells Weak, Weak, LA
EHEC hlyA + + + undefined undefined
espP subtype a-espP y-espP - T24 cells Weak, Weak, LA
stx genotype stx,, StX5, stx, .+ sty undefined undefined
@ All cases occurred in females. ST, sequence type; CC, clonal complex; LA, localized
Presence or type of adherence; nt, nontypeable.
adhesin genes
fimH + - +
papA - - - 1640 cell culture medium, or simulating colonic environment me-
sfa-foc - - - dium (SCEM) were compared by quantitative reverse transcrip-
eae subtype eaey cae -2 - tion-PCR (qRT-PCR). Finally, the ability of the EHEC urine iso-
Z]?; A ; B B lates to cause UTI was monitored ig an experimental murine
saa _ B N model of UTI, and their general fitness in pooled human urine was
ofal " _ _ analyzed in competitive growth experiments in vitro with model
SfpA — — — UPEC strain 536.
paa + - —
aap _ _ _ MATERIALS AND METHODS
pet - — - Clinical isolates studied. The three EHEC isolates used in this study are
aggA - - - listed in Table 1 and were obtained from the urine of alert hospital patients
aafA — — — with E. coli bacteriuria (defined as colony counts of >5 X 10°CFUml ™)
agg3A — — — in clean-voided urine (11). These female patients had been admitted to
hdaA - - - the Department of Urology, University Hospital Wiirzburg, Wiirzburg,
aaf5A — — — Germany, and suffered from cystitis or hemorrhagic cystitis (Table 1).
None of the patients had been admitted to the hospital because of diar-
Presence or type of rhea, nor did they exhibit such symptoms during their hospital stay. The
other genes EHEC strains were routinely cultivated in LB (13) or on LB agar plates at
irp2 - + - 37°C, but they also grew on sorbitol MacConkey agar with cefixime and
fruA - + - potassium tellurite (CT-SMAC; Oxoid, Wesel, Germany).
chuA + + - Virulence gene detection. We performed a set of PCR analyses to
tir subtype EHEC tir + (nt) - detect the presence of various IPEC and ExPEC virulence-associated genes
cdiAB - - + as previously described (11, 14-16). The Stx-encoding genes were sub-
escV + + - typed according to the recently published sequence-based protocol and
espF + + - designated in agreement with the modified nomenclature for Stx and stx
espG + - - (17). For identification of different eae alleles, we applied different previ-
map + + - ously published PCR schemes (18, 19). Subtyping of espP genes was per-
terE + + - formed using allele-specific PCRs (20, 21). All PCRs were carried out with
ureD + + - REDTaq ReadyMix PCR mix (Sigma-Aldrich, Deisenhofen, Germany) in
a total volume of 25 pl containing 2 pl of template DNA.
Presence of plasmid Total RNA isolation. An RNeasy minikit (Qiagen, Hilden, Germany)
genes was used for the extraction of total RNA from EHEC strains grown at 37°C
etpD - = - in pooled, sterile-filtered (pore size, 0.2 wm) human urine, LB, RPMI
katp - - - 1640 cell culture medium, or SCEM (22) for incubation periods of 2, 4,
tral - + +

and 12 h. Residual coextracted DNA was removed from the purified RNA
using an Ambion Turbo DNA-free kit (Life Technologies, Darmstadt,
Germany).

Infection and Immunity


http://iai.asm.org

qRT-PCR. qRT-PCR was performed as previously described (23). A
2X SensiMix SYBR one-step kit (Peglab Biotechnologie, Erlangen, Ger-
many) and 200 nM each primer (17, 24) were used to measure the relative
expression of mRNA of stxA,, stxB,,, and stxB,,. The stx,. and stx,,
primers were annealed at 58°C, and the stx,, primers were annealed at
62°C. stx transcript levels were normalized to those of gapA (glyceralde-
hyde-3-phosphate dehydrogenase) mRNA and compared with those at
the 2-h time point. The experiments were performed three times with at
least three independent RNA preparations. Comparison of the means of
the relative transcript levels and of groups of relative transcript levels was
performed using the Student ¢ test and the two-way analysis of variance
test, respectively.

Cell culture. Eukaryotic cells were cultivated at 37°C in a 5% CO,
atmosphere in the presence of 10% fetal calf serum (FCS; PAA Laborato-
ries, Colbe, Germany). T24 cells (ATCC HTB-4) were grown in McCoy’s
5A medium (PAA or Lonza, Cologne, Germany) containing 2 mM L-glu-
tamine. HEp-2 cells (ATCC CCL-23) were cultivated in minimal essential
medium with Earle’s salts (Biochrom, Berlin, Germany) containing 2 mM
L-glutamine, 1X nonessential amino acids (PAA), and 1 mM sodium
pyruvate, whereas Vero cells (ATCC CCL-81) were grown in Dulbecco’s
modification of Eagle medium (DMEM; PAA or Biochrom).

Adhesion assay. The patterns of adherence of the bacterial isolates to
cells of both the human laryngeal HEp-2 and human bladder T24 epithe-
lial cell lines were assayed as described previously (11), with the following
modification. HEp-2 cells and T24 cells were grown as semiconfluent
monolayers in Eagle’s minimum essential medium (EMEM) and Mc-
Coy’s 5A medium, respectively, in 4-well chamber slides for 24 to 48 h.
The bacteria were grown under static conditions overnight in DMEM
without FCS. On the next day, approximately 4 X 10” CFU was incubated
on the cultured cell lines for 3 h at 37°C in 5% CO, in the presence of 0.5%
p-mannose in DMEM without FCS. Afterwards, the cells were washed
three times with Hanks’ balanced salt solution (HBSS), fixed with meth-
anol for 1 min, and stained for 30 min with Giemsa stain freshly diluted
1:10 in water. The adherence pattern was evaluated under oil immersion
with a bright-field microscope (Axiostar; Zeiss, Jena, Germany). The ref-
erence strains EAEC 042 and K-12 C600, as well as bfp-positive and bfp-
negative isogenic EPEC variants 1083/87 and E. coli 904/90 (25-27), were
included in this assay to validate our results.

Cytotoxicity assay. Cytotoxicity tests were performed in 96-well
plates as described before (14). Stx-mediated cellular damage was deter-
mined by using both Vero cells and T24 cells. One hundred microliters of
serial dilutions of sterile-filtered bacterial overnight LB culture superna-
tants was added to confluent cell monolayers, and the cells were incubated
for 72 h. Cell detachment was indirectly quantified by extracting crystal
violet from remnant adherent cells and determining the optical density of
the eluate. The Stx titer was defined as the highest dilution of culture
supernatant that caused cytotoxicity in 50% of cells.

Extraction, isolation, and purification of neutral GSLs from T24 and
Vero cells and from murine urinary bladders. Neutral GSLs were ex-
tracted and purified from total cells or bladders as previously described
(12, 28-30). The neutral GSL-containing fractions were adjusted to de-
fined volumes of chloroform-methanol (2/1, vol/vol), and the amounts of
GSLs corresponded to the amounts from 1 X 10* cells/pl (Vero cells) and
2 X 10* cells/pl (T24 cells) or 0.1 mg (wet weight)/pl of murine bladders.

Reference GSLs and antibodies. Two neutral GSL reference mixtures
were used for antibody- and Stx2-mediated overlay assays. Reference mix-
ture 1 included GSLs from human erythrocytes, which contain lactosyl-
ceramide (Lc2Cer), globotriaosylceramide (Gb3Cer), and globotetraosyl-
ceramide (Gb4Cer) as the major compounds (31). GSL reference mixture
2 consisted of equimolar amounts of Gb3Cer and Gb4Cer (28). GSLs were
designated according to the recommendations of [IUPAC-IUB (32).

High-performance TLC and overlay assay. GSL reference mixtures
and purified neutral GSLs from the cell lines were separated by thin-layer
chromatography (TLC) and either stained with orcinol or submitted to a
TLC overlay assay (28). Antibody-mediated immunodetection of Gb3Cer
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and Gb4Cer and binding of Stx to Gb3Cer and Gb4Cer were visualized as
described before (29).

Structural characterization of immunostained GSLs. Immuno-
stained GSLs were extracted from the silica gel as described before (28,
29). Mass spectrometric (MS) analysis of silica gel extracts from immu-
nopositive GSL bands was performed by use of a quadrupole time of flight
(Q-TOF) instrument (Micromass, Manchester, United Kingdom)
equipped with a nanoelectrospray manipulator essentially as described
before (33). The redissolved GSL silica gel extracts were analyzed in the
positive-ion mode. For structural elucidation by tandem MS (MS?) ex-
periments, low-energy collision-induced dissociation (CID) was per-
formed with argon as the collision gas. The fragment ions obtained were
assigned according to the nomenclature introduced by Domon and
Costello (34).

Bacterial growth competition assay in pooled human urine. To in-
vestigate the general fitness of the atypical UPEC strains in urine, pooled
human urine was inoculated with one of the atypical UPEC strains (strep-
tomycin sensitive) and with archetypal UPEC isolate 536 (streptomycin
resistant) (35) in a 1:1 ratio. The cultures were incubated under static
conditions at 37°C for 24 h. On the next day, a fresh urine culture was
inoculated with the 24-h culture starting with an optical density at 600 nm
0f 0.02. The ratio of the atypical UPEC strain and archetypal UPEC strain
536 in the 24-h culture and the 48-h subculture was calculated after de-
termination of the CFU count on LB agar and on streptomycin selective
LB agar. The values represent the means and standard deviations of at least
three independent experiments.

Animal experiments. Groups of 8 to 16 female C57BL/6 mice
(Charles River Laboratories, Sulzfeld, Germany) were transurethrally in-
oculated with 5 X 10® to 5 X 10° CFU of UPEC strain 536 (positive
control), E. coli K-12 strain MG1655 (negative control), or the EHEC
isolates, as previously described (36, 37). Bladder and kidney infections
were evaluated by means of the unpaired, nonparametric one-tailed
Mann-Whitney test. For the isolation of neutral GSLs, the urinary blad-
ders of 10 3- to 5-month-old male C57BL/6 mice, which had a total tissue
wet weight of 301.5 mg, were further processed according to previously
described protocols (30). Animal experiments were performed according
to the Guidelines for the Care and Use of Laboratory Animals (38) in com-
pliance with German regulations (Tierschutzgesetz) and with permission
of the regional government (AZ 55.2-2531.01-53/09).

RESULTS

Molecular epidemiology of EHEC strains isolated from hospital
patients with UTIs. On the basis of molecular epidemiological
data, EHEC isolate UR5703/202 was allocated to sequence type 32
(ST32), clonal complex 32 (CC32), and serotype O145:H—, strain
URS5779/201 was assigned to ST330, CC10, and serotype Ont:H—
(where nt indicates nontypeable), and UR131 was assigned to
ST675 and serotype O76:H19 (11). In this context, the three mi-
croorganisms resemble the typical HUS-associated EHEC strains
HUSEC022 (ST137, CC32, O145:H—), HUSEC002 (ST330,
CC10, Ont:H—), and HUSECO039 (ST675, 076:H19), respectively
(39), and could clearly be classified as intestinal pathogens.

IPEC and ExPEC virulence gene content of UTI-associated
EHEC isolates. The three isolates were positive for EHEC hlyA
(Table 1) but differed in their overall EHEC virulence gene reper-
toire. UR5703/202 and UR5779/201 carried stx,, and represented
LEE-positive EHEC strains due to the presence of the escV, eae,
espF, and map genes (Table 1). These two strains carried addi-
tional EHEC virulence markers, i.e., map, terE, and ureD. E. coli
UR5703/202 also harbored paa, efal, espG, tir, and cif. In contrast,
strain UR131 harbored the stx,. and stx,,, genes and the EHEC
autoagglutinating adhesin-encoding gene saa (Table 1). saa has
often been reported in LEE-negative EHEC strains (40), which is
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consistent with the absence of eae and LEE-associated genes in
URI131. Strain UR5779/201 carried the estIA gene (Table 1), which
codes for the heat-stable enterotoxin (STa) and is usually charac-
teristic for enterotoxigenic E. coli (16). The three urinary EHEC
isolates did not contained either the EPEC biomarker bfpA or any
of the tested virulence loci of EAEC or aggregative adherence fim-
bria-encoding determinants (pet, aap, aggA, aafA, agg3A, hdaA,
aaf5A), some of which occur in the EHEC O104:H4 hybrid that
caused the large outbreak in 2011 (14).

Characteristic ExXPEC virulence genes coding for toxins (a-
hemolysin, CDT I to IV, CNE), capsules, or protectins were not
detected in the three EHEC isolates. Type 1, P, S, and F1C fimbrial
adhesins represent important ExPEC virulence factors (41, 42).
None of the EHEC isolates, however, carried the P, S, or F1C
fimbrial determinants. The type 1 fimbrial adhesin gene fimH was
detected in isolates UR5703/202 and UR131. Expression of type 1
fimbriae has been closely associated with the early development of
UTI (43, 44). Genes coding for G fimbriae or the M blood group-
specific, Dr, or afimbrial adhesins were not detected. Only isolate
URS5703/202 was iha positive (Table 1). Screening for iron acqui-
sition determinants, including chuA, fyuA, irp2, iroN, and iutA,
revealed that strain UR5779/201 harbors the yersiniabactin and
the hemin uptake system. Strain UR5703/202 is chuA positive. E.
coli UR131 lacks the yersiniabactin and hemin uptake systems but
carries the cdiAB gene cluster, which is required for contact-de-
pendent growth inhibition of other bacteria (Table 1). UR5779/
201 and UR131 possess traT, characteristic for large (virulence)
plasmids (Table 1). Altogether, our screening for IPEC and ExPEC
virulence determinants demonstrated that the three urine isolates
represent typical EHEC variants and lack the well-known major
virulence determinants of EXPEC which have been described to be
involved in uropathogenesis.

Phenotypic characterization of EHEC strains isolated from
hospital patients with UTIs. Whereas all three strains fermented
sorbitol, only UR5703/202 and UR5779/201 grew on CT-SMAC,
demonstrating their resistance to tellurite, which is a typical fea-
ture of EHEC O157:H7 and the major non-O157 EHEC serotypes
(45). All three isolates expressed EHEC Hly and Stx, as demon-
strated by their ability to produce a typical enterohemolysin phe-
notype and cause cytotoxicity on Vero cells, respectively (Table 1).
In addition, E. coli UR131 produced colicins which inhibit the
growth of E. coli DH5a (Table 1). Accordingly, the growth char-
acteristics of the strains and the expression of typical EHEC toxins
further corroborated the allocation of these isolates to the EHEC
pathotype.

Phenotypes of UTI-associated adherence of EHEC strains to
HEp-2 and T24 cells. EHEC strains as well as typical EPEC strains
adhere to the surface of HEp-2 cells as compact microcolonies,
known as localized adherence (LA) (46). Strain UR131 exhibited
an LA-like adherence pattern with HEp-2 cells which was weaker
than that of the bfp-positive EPEC strain 1083/87, which was used
as a positive control for LA adherence. The absence of the bfp gene
cluster in this strain background (E. coli 904/90) resulted in the
loss of the LA adherence phenotype. E. coli strains UR5779/201
and UR5703/202 did not markedly adhere to this cell line, similar
to EHEC O157:H7 strain EDL933 (Fig. 1A). As the three strains
UR131, UR5779/201, and UR5703/202 were recovered from pa-
tients suffering from UTTs, we also evaluated their pattern of ad-
herence to the T24 human urinary bladder epithelial cell line
(Fig. 1B). Here, again, E. coli isolate UR131, but not E. coli
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UR5703/202 and UR5779/201, clearly showed a characteristic LA-
like adherence pattern similar to that of bfp-positive EPEC strain
1083/87, whereas EHEC O157:H7 strain EDL933, the bfp-negative
EPEC strain 904/90, and the two isolates UR5779/201 and
UR5703/202 did not adhere to T24 cells under the conditions used
in this assay.

Differential sensitivity of Vero and T24 cells to Stx. As the
atypical UPEC (aUPEC) isolates were able to interact with T24
cells, we investigated their susceptibility to Stxs. The Stx-contain-
ing culture supernatants of the three EHEC isolates were toxic for
Vero cells, with Stx titers ranging from 128 to 256. T24 cells also
responded to Stx but displayed a markedly decreased susceptibil-
ity, with titers ranging from 8 to 32 (Table 1). These results con-
firm that the urine EHEC isolates express Stx, which efficiently
impairs the viability of Vero cells and, to alesser extent, also that of
T24 bladder epithelial cells. To demonstrate that the cytotoxic
effect observed with the aUPEC strains resulted from Stx expres-
sion and not from other undefined factors, we compared the cy-
totoxicity of isogenic eae- and stx-positive and eae-positive and
stx-negative E. coli O145:H28/NM (where NM represents nonmo-
tile) strain pairs, which belong to the same clone as aUPEC isolate
UR5703/202 and share the virulence characteristics, except for the
presence of the stx gene (45, 47) (see Table S1 in the supplemental
material). A cytotoxic effect could be detected in the cytotoxicity
assay only for the stx-positive variants and not for the stx-negative
variants. This finding supports the idea that the cytotoxicity ob-
served in this assay is due to Stxs released by the aUPEC strains to
the culture medium.

Interaction of Stx2 variants with neutral GSLs isolated from
Vero and T24 cell lines. In light of these results, we evaluated the
GSL composition of T24 and Vero cells. GSLs are cognate recep-
tors of Stxs and the P fimbrial UPEC adhesin (48, 49). We detected
Gb3Cer and Gb4Cer in neutral GSL preparations of both cell lines.
Vero cells contained more Gb3Cer and Gb4Cer than T24 cells, as
deduced from the orcinol staining (see Fig. S1A, lanes b and ¢, in
the supplemental material). This quantitative difference was
stronger for Gb3Cer than for Gb4Cer, as shown in the TLC overlay
assays whose results are shown in Fig. S1B and C (lanes b and c) in
the supplemental material, using anti-Gb3Cer and anti-Gb4Cer
antibodies, respectively. We tested whether Stx2a expressed by
isolates UR5703/202 and UR5779/201 and Stx2b expressed by E.
coli UR131 interacted with Gb3Cer and Gb4Cer of Vero and T24
cells (Fig. 2A to C). Stx2a and Stx2b generally interacted with
Gb3Cer and Gb4Cer from Vero and T24 cells. Stx2 binding to
Gb3Cer was much stronger than that to Gb4Cer, as indicated by
the strong positive reaction with Gb3Cer and the weak binding to
Gb4Cer of reference mixture 2, which contained equimolar quan-
tities of the two GSLs (Fig. 2A to C, lanes d). Less interaction was
detectable between the two Stx2 subtypes and the GSL fractions
from T24 cells than the GSL fractions from Vero cells (Fig. 2A to
C, lanes b and ¢). This can be explained by the lower content of
Gb3Cer and Gb4Cer in the GSL preparation of T24 cells than in
that of Vero cells (see Fig. S1 in the supplemental material). In the
context of the expression of Gb3Cer and Gb4Cer, it is noteworthy
that both Stx receptors were detectable in the neutral GSL fraction
of C57BL/6 mouse bladders, suggesting their presence in bladder
epithelial cells (see Fig. S2 in the supplemental material). The cog-
nate receptors of Stxs are expressed in immortalized bladder epi-
thelial cells as well as in murine bladders. Accordingly, Stxs re-
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FIG 1 Localized adherence pattern of EHEC isolates from hospitalized patients with UTIs. The adherence patterns of the urine isolates were investigated on
HEp-2 cells (A) and on T24 urinary bladder epithelial cells (B). (a) EAEC strain 042 (positive control); (b) E. coli K-12 strain C600 (negative control); (c) EPEC
0157:H45 strain 1083/97 (bfp positive); (d) EPEC O157:H45 strain 904/90 (bfp negative); (e) EHEC O157:H7 strain EDL933; (f) UR131; (g) UR5703/202; (h)

UR5779/201. Bars = 10 pm.

leased by aUPEC isolates can bind to Gb3Cer and Gb4Cer in the
urinary tract and may affect urothelial cells.

Mass spectrometric identification of Gb3Cer and Gb4Cer li-
poforms. Structural characterization of the Gb3Cer (Fig. 3) and
Gb4Cer (Fig. 4) variants present in T24 cells was performed by
electrospray ionization (ESI)-Q-TOF MS from the silica gel ex-
tract of antibody-positive bands (cf. Fig. S1B and C, lanes ¢, in the
supplemental material). The overview mass spectrum (MS') de-
rived from the Gb3Cer-positive double band is marked by a dot-
ted rectangle in the inset in Fig. 3A. The mass spectrum indicated
the presence of highly abundant Gb3Cer species with d18:1 sph-
ingosine and long-chain fatty acid acyl residues (C,,., at m/z
1,158.80, C,,., at m/z 1,156.79, and C,,., at m/z 1.130.79) in the
ceramide moieties, in accordance with an intensively stained up-
per band, which is visible in the inset. Additionally, a Gb3Cer
variant with a C,¢,, fatty acid acyl residue allocated to the lower
band was detected at m/z 1,046.69. To give evidence of the tenta-
tively assigned structures, MS” experiments were performed, and
the low-energy CID spectrum obtained from Gb3Cer (d18:1,
C,4.0) 1s shown as a representative example in Fig. 3B, together
with the corresponding fragmentation scheme and the molecular
structure (Fig. 3C). The spectrum reveals a complete series of Y-
type ions, i.e., Y, ions at /2 996.74, Y, ions at m/z 834.72,and Y,
ions at m/z 672.65, which denote, together with amendatory Z-
type ions, the loss of three hexose moieties. The nonreducing part
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of the sugar chain is represented by a full series of B-type ions, i.e.,
B, ions at m/z 185.07, B, ions at m/z 347.13, and B, ions at m/z
509.18; the corresponding C-type ions; as well as internal frag-
ment ions assigned as *?A, at m/z 305.11 and **A; at m/z 467.19.

The MS' overview spectrum obtained from the silica gel extract
of the immunopositive Gb4Cer double band is depicted in Fig. 4A,
together with the results of the corresponding overlay assay in the
inset. The variation within the ceramide part due to the substitu-
tion with different fatty acid acyl chains is similar to that observed
for Gb3Cer. The prominent constituents detected corresponded
to Gb4Cer with d18:1 and C, ¢, Cys.0, and C,,.1/C,y, fatty acid
acyl chains at m/z 1,249.74, 1,333.87, and 1,359.88/1,361.88, re-
spectively. The structural elucidation by low-energy CID is shown
for the ions with 11/z 1,249.75 in Fig. 4B together with the auxiliary
fragmentation scheme of Gb4Cer (d18:1, C,¢,,) (Fig. 4C). The
MS? spectrum shows a full series of Y-type ions starting with Y
ions at m/z 1,046.70, indicative of the loss of the terminal N-acetyl-
hexosamine moiety, and ending with Y, ions at m/z 560.53, rep-
resenting the ceramide part. A complete set of complementary
B-type ions, i.e., B, to B,, comprising one to four sugar units, was
detected, as were a few C-type, Z-type, and internal fragment ions
(marked by asterisks in Fig. 4B), giving rise to the structural as-
signment Gb4Cer (d18:1, C,4.).

Transcription of stx,, stx,,, and stx,, subtypes of the three
UTl-associated EHEC isolates. To analyze the impact of different
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FIG 2 Stx2-mediated detection of Gb3Cer and Gb4Cer in neutral GSL prep-
arations from Vero and T24 cells. (A to C) GSLs in amounts equivalent to those
from 5 X 10° cells were applied (lanes b, Vero cells; lanes ¢, T24 cells). GSL
reference mixture 1, composed of Gb4Cer as the predominant GSL and
Gb3Cer in a lower abundance (lanes a), and reference mixture 2, containing
equimolar amounts of Gb3Cer and Gb4Cer (lanes d), were present at 2 pgand
1 pg, respectively. Supernatants of EHEC isolates UR5703/202 (Stx2a) (A),
UR5779/201 (Stx2a) (B), and UR131 (Stx2b) (C) were investigated.

growth media on the transcription of the stx genes in the different
atypical UPEC isolates, we compared the relative levels of expres-
sion of the individual stx alleles upon growth in pooled human
urine, LB, RPMI 1640 cell culture medium, and SCEM, which
mimics the colonic environment. EHEC O157:H7 model isolate
EDL933 was included as a reference (Fig. 5). Interestingly, we
observed marked differences in the relative transcription of the
individual stx alleles in response to different growth media and
growth phases. Generally, the relative transcription of the stx; al-
leles (stxA,. of E. coliUR131 as well as stxA, of E. coli EDL933) was
markedly lower than the relative transcription of the stx, alleles
(stxB,,, stxB,y,). The levels of relative transcription of the stx alleles
were often, but not always, higher in the stationary phase than in
the early or late exponential growth phase (Fig. 5).

Whereas the transcription of stxA,. of E. coli UR131 strongly
responded only to growth in urine, growth in RPMI 1640 cell
culture medium or SCEM did not drastically affect its relative
transcription. In this strain, the last two growth media had a sig-
nificant positive effect on stxB,;, transcription in the stationary
phase. Significantly increased stxA . and stxB,, transcript levels in
pooled human urine relative to those in LB were observed for E.
coli UR131 (P < 0.0001). Except for the transcription of stxB,, of
E. coli UR5779/201 at the 4-h time point, the relative stxB,, tran-
scription of isolates UR5703/202 and UR5779/201 was signifi-
cantly higher in urine than in LB (P < 0.0001). The relative tran-
scription of stxB,, of strains UR5703/202 and EDL933 in response
to the different growth conditions was similar. Here, a signifi-
cantly increased relative transcription of stxB,, was observed
upon prolonged growth in RPMI 1640 medium. Interestingly,
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FIG 3 Positive-ion-mode ESI-Q-TOF mass spectra of antibody-detected
Gb3Cer species from T24 cells. (A) Overview of the MS' spectrum obtained
from the silica gel extract of the TLC overlay assay (shown in the inset) per-
formed with an aliquot of GSL at an amount corresponding to the amount
from 1 X 10° cells. The area comprising the immunostained double band,
from which the silica gel was scraped off, is indicated by a dotted rectangle. (B)
Low-energy CID MS? spectrum of monosodiated Gb3Cer (d18:1, C,,,,) with
m/z 1,158.80. (C) Molecular structure and explanatory fragmentation scheme
of Gb3Cer (d18:1, C,,,,). arb., arbitrary.

the relative transcription of stxB,, of E. coli UR5779/201 did not
resemble that of stxB,, of strains UR5703/202 and EDL933 and
was not markedly increased in RPMI 1640 medium. Instead,
growth in SCEM resulted in significantly increased stxB,, tran-
scription.

These data show an allele-specific stx transcription pattern de-
pending on the stx subtype, growth phase, and growth medium.
Our data demonstrate that the stx genes are also transcribed upon
growth in pooled human urine. This may support a virulence-
associated function of Stx during uropathogenesis.
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FIG 4 Positive-ion-mode ESI-Q-TOF mass spectra of antibody-detected
GbA4Cer species from T24 cells. (A) Overview of the MS' spectrum obtained
from the silica gel extract of the TLC overlay assay (shown in the inset) per-
formed with an aliquot of GSL at an amount corresponding to the amount
from 6 X 10’ cells. The area comprising the immunostained double band,
from which the silica gel was scraped off, is indicated by a dotted rectangle. (B)
Low-energy CID MS? spectrum of monosodiated Gb4Cer (d18:1, C,4,) with
m/z 1,249.75. Fragment ions generated by internal cleavages are marked by
asterisks. (C) Molecular structure and explanatory fragmentation scheme of
Gb4Cer (d18:1, Cy4.0)-

Some UTI-associated EHEC strains are able to cause ascend-
ing UTL An experimental murine model of ascending UTI was
used to assess and compare the uropathogenic potential of the
three EHEC isolates. Groups of 8 to 16 mice were transurethrally
inoculated with 5 X 10% to 5 X 10° CFU of strain 536, nonpatho-
genic E. coli K-12 strain MG1655, or the atypical UTI isolates.
According to the bacterial counts in the bladders and in the kid-
neys at 72 h postinfection (Fig. 6A and B, respectively), EHEC
strains UR131 and UR5703/202 were recovered in nearly equal
numbers from the bladder tissue (1 X 10° to 5 X 10° CFU/g
bladder tissue), like archetypal UPEC strain 536 (Fig. 6A). How-
ever, only infection with UPEC strain 536 resulted in bacterial
loads in the bladder tissue significantly higher than those achieved
with infection with the negative control, nonpathogenic E. coli
K-12 strain MG1655. EHEC strains UR131 and UR5703/202 also
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colonized the kidneys (Fig. 6B) at least as efficiently as UPEC
strain 536 did and reached significantly higher numbers of CFU
than the nonpathogenic strain MG1655, which was unable to as-
cend to the kidneys. Infection with strain UR131 even resulted in
significantly higher bacterial loads in the kidney than infection
with UPEC strain 536 did (Fig. 6B). Accordingly, these two EHEC
strains exhibit a potential to cause UTI which is comparable to
that of archetypal UPEC strain 536. Interestingly, the type 1 fim-
brial adhesin gene fimH could be amplified from both isolates.
EHEC isolate UR5779/201, however, was not able to cause UTIs in
mice and neither colonized the bladder nor ascended to the kid-
neys (Fig. 6A and B). Curiously, fimH could not be detected by
PCR in this strain. Our results suggest that under certain circum-
stances members of the EHEC pathotype are able to cause UTIs,
despite the fact that such organisms are usually not considered
uropathogens.

Competitive growth experiments with model UPEC isolate
536 demonstrated that aUPEC strains UR131 and UR5703/202
could not be outcompeted by strain 536. The typical UPEC strain
536 represented more than 90% of the entire culture population
after 48 h of static growth in pooled human urine in vitro only
when it was in coculture with aUPEC isolate UR5779/201 (Fig. S3
in the supplemental material). This observation corroborates the
results of the experimental ascending UTI model, where only E.
coli UR131 and UR5703/202 and not strain UR5779/201 were able
to efficiently colonize the murine bladder and to ascend to the
kidneys (Fig. 6).

DISCUSSION

Certain EHEC strains have the potential to cause UTIs. EHEC
strains have occasionally been documented to be the causative
agents of UTIs in humans (9, 50-55). Many questions regarding
the urovirulence mechanisms and the uropathogenicity of EHEC
strains remain unanswered. We characterized three EHEC isolates
recovered from hospital patients with symptomatic UTIs (Table
1). These three strains belong to typical HUS-associated EHEC
clones (11),1i.e., HUSEC002 (ST330, CC10, Ont:H—), HUSEC022
(ST137, CC32, O145:H—), and HUSECO039 (ST675, O76:H19)
(http://www.ehec.org/index.php?id=5562&L=1). Bacteria with
the same traits have frequently been reported to be highly patho-
genic and, frequently, HUS-associated diarrheagenic E. coli strains
(56-58). Nevertheless, none of the UTI patients had been admit-
ted to the hospital due to diarrhea or HUS. The three UTI-associ-
ated EHEC isolates did not carry characteristic ExPEC virulence
genes, so how can they cause UTIs?

E. coli UTI isolates have been described to grow significantly
faster than commensal E. coli isolates in vitro in urine but not in
LB. The increased growth capacity of UPEC strains in urine has
been considered a fitness trait (59). In our study, however, the
EHEC strains grew in pooled human urine as well as typical UPEC
strains did. In another study, the growth rates of commensal E.
coli, IPEC, and EXxPEC strains in pooled human urine and LB were
similar. The authors’ conclusion that efficient growth in urine
should not be considered a marker of urovirulence (60) corrobo-
rates our findings that fast growth in urine is not confined to
typical UPEC strains (11, 61). In growth competition assays,
where archetypal UPEC isolate 536 and one of the aUPEC isolates
were grown together in pooled human urine for 48 h, aUPEC
isolates UR131 and UR5703/202 could not be outcompeted by
UPEC strain 536 and remained present in large numbers in the
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FIG 5 Real time-PCR-based quantification of transcript levels of different stx alleles in EHEC O157:H7 isolate EDL933 and urine isolates UR5703/202,
UR5779/201, and UR131. Data represent the normalized fold expression levels of the different stx alleles upon growth in pooled human urine, LB, RPMI 1640,
or SCEM after 2 h, 4 h, and 12 h of growth. Error bars show the standard errors of the means of three independent experiments and technical replicates. The
individual stx transcript levels were normalized to the transcript level of the housekeeping gene gapA and compared with the level at the starting point (2 h). *,

P < 0.05; **, P < 0.01; ***, P < 0.001.

mixed culture population, whereas aUPEC strain UR5779/201
was almost completely outcompeted by UPEC strain 536. This
indicates that the fitness of aUPEC strains UR131 and UR5703/
202 in urine was not markedly reduced relative to that of model
UPEC isolate 536, although these two strains represent HUS-as-
sociated E. coli bacteria, i.e., typical members of the IPEC patho-
type. Strain UR5779/201, which was isolated from a case of symp-
tomatic cystitis, displayed drastically reduced competitiveness
compared to that of UPEC strain 536 only in pooled human urine.
Accordingly, this strain’s fitness in urine seemed to be impaired.
This may explain why E. coli UR5779/201 was not able to colonize
the bladder and to cause ascending UTI. The molecular basis for
the reduced urovirulence in the infection model used in this
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study remains to be further investigated. The absence of typical
adhesins of EHEC, EPEC, EAEC, and ExPEC strains deter-
mined in this study suggests that other adhesins may contrib-
ute to the adherence of the aUPEC strains in the urinary tract.
In the case of saa-harboring strain UR131, we demonstrated
LA-like adherence to HEp-2 cells and even more pronounced
adherence to T24 cells, even though this strain lacks bundle-
forming pili. stx, -harboring EHEC strains often lack the eae
gene but express the adhesin Saa (62). Saa has been suggested to
be an alternative adhesin of LEE-negative strains responsible
for the so-called semilocalized adherence pattern (62, 63).
Consequently, Saa may contribute to the semilocalized adher-
ence to urothelial cells.

Infection and Immunity


http://iai.asm.org

n.s.
10°4 I |
. n.s.
1084 r 1
107 *%k%
e 1
g 10% Ce® L N
'3 105 ®ee® f T
o ) u o
o 0] edee oy
- L] ]
=) []
34
g 10
1024
101-
536 UR131 UR5703/202 UR5779/201 MG1655

Characterization of EHEC Isolates from UTI Cases

B s

*kkk

* *%

CFU/ g kidney
3 3
H‘F
L ] -
- .

10° * i y ~CooNNNNceED-—
536 UR131 UR5703/202 UR5779/201 MG1655

FIG 6 Urovirulence of EHEC urine isolates. Bladder (A) and kidney (B) colonization levels were determined 72 h after transurethral inoculation of female
C57BL/6 mice. The mice were independently challenged with UPEC strain 536 (positive control), EHEC urine isolate UR131, UR5703/202, or UR5779/201, or
nonpathogenic E. coli K-12 strain MG1655 (negative control). Horizontal bars represent the mean number of CFU/g tissue for each population; the whiskers
display the respective standard errors of the means. Significant differences in the bacterial organ load compared to that for the negative controls are indicated: n.s.,
no significant difference; ¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

Stxs interact with and damage T24 human bladder epithelial
cells. Bacterial adherence to the urothelium represents the first
step of UTI. The cognate Stx receptors, GSLs of the globo series,
are present in tissues of the human urinary tract, serving as im-
portant receptors required for P fimbria-mediated adhesion and
ascension of UPEC (64—66).

To assess the uropathogenic potential of the EHEC urine iso-
lates, we investigated the susceptibility of human bladder epithe-
lial cells to Stxs. Vero cells were highly susceptible to Stx (Table 1).
Although T24 cells were less susceptible to Stx than Vero cells, they
were clearly damaged by Stx (Table 1), and the higher content of
Gb3Cer and Gb4Cer in Vero cells correlated with increased Stx
susceptibility relative to that of T24 cells (Fig. 2; see also Fig. S1 in
the supplemental material). The stx determinants were tran-
scribed in urine, and the high level of relative stx expression com-
pared to the level of growth in LB (Fig. 5) suggests that this EHEC
virulence factor may also contribute to uropathogenesis. These
data support the hypothesis that Stxs expressed by EHEC strains
colonizing the urinary tract may have a virulence-associated func-
tion and could injure the human urothelium. The cytotoxicity
assays with culture supernatants of isogenic eae-positive and stx-
positive E. coli O145:H28/NM and eae-positive stx-negative E. coli
0145:H28/NM strain pairs, which belong to the same sequence
type as aUPEC strain UR5703/201, corroborated the finding that
the Stx content in the supernatant is responsible for the cytotox-
icity, whereas the contribution of other undefined factors ex-
pressed by aUPEC can be ignored for this phenotype (see Table S1
in the supplemental material).

A considerable structural homology was found for the Gb3Cer
and Gb4Cer lipoforms carrying ceramides composed of sphin-
gosine (d18:1) and acyl chains with various chain lengths (C,
C,,, and C,,) (Fig. 3 and 4). These receptor variants represent the
canonical Stx receptors in the human vasculature and are targets
for Stxs in EHEC-mediated diseases (12).

Urine EHECisolates cause ascending UTI in a murine model.
Two of the three EHEC strains colonized the urinary bladder and
the kidneys as efficiently as prototypic UPEC strain 536. E. coli
strain UR5779/201, however, was not able to colonize either the
urinary bladder or the kidneys (Fig. 6). The ability of EHEC to
infect the urinary tract was independent of the presence of the LEE
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pathogenicity island. Binding of the Stx types released by the three
urine EHEC isolates to globo-series GSLs, which are abundantly
present in mouse bladders, ureters, and kidneys (67, 68), suggests
involvement in the pathogenesis of urinary tract infections. Inter-
estingly, only the two fimH-positive isolates, isolates UR131 and
UR5703/202, caused ascending UTIs. In the murine UTT model,
type 1 fimbriae play an important role in the initial adherence to
uroepithelial cells (43, 44). Hung and coworkers reported on
amino acid sequence variation in the FimH mannose-binding
pocket which was conserved in UPEC strains but contained a se-
quence variation in EHEC strains (69). They interpreted their
findings in light of the attenuation of EHEC virulence in the uri-
nary tract, thus preventing them from colonizing this niche. The
role of type 1 fimbria expression of the EHEC strains investigated
in our study will require further analysis regarding their contribu-
tion to adhesion to urothelial cells. Additionally, the impact of
other adhesins and additional IPEC virulence factors expressed by
the aUPEC isolates on urovirulence or on fitness and competitive-
ness in urine should be analyzed in the future.

Our results corroborate the finding that E. coli strains with an
IPEC genetic background but without characteristic UPEC viru-
lence genes can have uropathogenic potential. Interestingly, Stxs
and P fimbriae recognize Gb3Cer and Gb4cer as cellular receptors,
and these GSLs are frequently expressed in the urinary tract. We
demonstrate that EHEC can interact with T24 bladder epithelial
cells. The findings that (i) stx alleles are transcribed in urine, (ii)
Stx binds to Gb3Cer and Gb4Cer expressed in T24 cells as well as
in murine bladder tissue, and (iii) T24 cells respond to Stx released
by EHEC suggest that Stx, among other factors, may contribute to
the uropathogenicity of EHEC. Clearly, Stx may be one of only
several virulence factors expressed by IPEC which can promote
colonization and infection of the urinary tract. Our real-time RT-
PCR analysis indicated that stx transcription is not exclusively
induced upon growth in urine (Fig. 5). Transcription of the indi-
vidual stx alleles seems to be regulated in a strain-specific manner.
Other growth media, such as RPMI 1640 cell culture medium or
SCEM, which mimics the growth conditions in the colon, may
also result in increased relative stx transcription compared to that
in LB (Fig. 5).

Although EHEC is clearly not a major cause of UTIs, the isola-
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tion of such strains from health care-associated UTI cases, to-
gether with the results of our experimental UTI model, corrobo-
rate the findings that at least some EHEC isolates might be able to
cause UTIs. The underlying molecular mechanisms and bacterial
determinants involved require further in-depth investigations.
Taking into account the fact that the host’s own fecal flora is the
primary source of UPEC (70), it is tempting to speculate that the
patients from this study could have been asymptomatically colo-
nized with EHEC as the result of a previous intestinal infection.
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