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ABSTRACT

Escherichia coli is one of the first causes of Gram-negative orthopedic implant infections (OII), but little is known about the
pathogenicity of this species in such infections that are increasing due to the ageing of the population. We report how this
pathogen interacts with human osteoblastic MG-63 cells in vitro, by comparing 20 OII E. coli strains to two Staphylococcus
aureus and two Pseudomonas aeruginosa strains. LDH release assay revealed that 6/20 (30%) OII E. coli induced MG-63 cell lysis
whereas none of the four control strains was cytotoxic after 4h of coculture. This high cytotoxicity was associated with
hemolytic properties and linked to hlyA gene expression. We further showed by gentamicin protection assay and confocal
microscopy that the non-cytotoxic E. coli were not able to invade MG-63 cells unlike S. aureus strains (internalization rate
<0.01% for the non-cytotoxic E. coli versus 8.88 ± 2.31% and 4.60 ± 0.42% for both S. aureus). The non-cytotoxic E. coli also
demonstrated low adherence rates (<7%), the most adherent E. coli eliciting higher IL-6 and TNF-α mRNA expression in the
osteoblastic cells. Either highly cytotoxic or slightly invasive OII E. coli do not show the same infection strategies as S. aureus
towards osteoblasts.
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INTRODUCTION

Despite serious technological advances in orthopedic surgery
and improvement in clinical preventive practice, orthopedic im-
plant infections (OII) continue to be a problem, with an inci-
dence increasing with the boom of prosthetic joint implanta-
tions (Kurtz et al. 2012; Lima et al. 2013). Approximately 6–23%
of all OII are caused by Gram-negative bacilli, and Escherichia coli
is the most frequently isolated microorganism in these cases
(Zmistowski et al. 2011; Peel et al. 2012; Rodriguez-Pardo et al.
2014).

Progress has been made over the past decade in the un-
derstanding of the physiopathogenesis of staphylococcal OII.
Based on research in this field, bacterial adherence and biofilm
formation on the implant surface represent major factors in-
volved in the pathogenesis process, providing protection against
antimicrobial therapy and host immune responses (Montanaro
et al. 2011; Ribeiro, Monteiro and Ferraz 2012; Molina-Manso
et al. 2013). Regarding bone infection, Staphylococcus aureus has
been shown to invade osteoblasts, persist intracellularly and
induce the secretion of key proinflammatory mediators and
potent stimulators of osteoclastogenesis and bone resorption
(Alexander et al. 2003; Marriott 2004; Marriot et al. 2005; Somayaji
et al. 2008; Wright and Nair 2010; Ning et al. 2011; Hamza et al.
2013). Several virulence determinants, such as specific micro-
bial surface components recognizing adhesivematrixmolecules
with in particular the fibronectin-binding proteins (FnBPs), the
surface-bound protein A (SpA) or a class of pore-forming toxins
named the phenol-soluble modulins (PSMs), have been demon-
strated to play a role in S. aureus invasiveness and bone destruc-
tion (Wright and Nair 2010; Cassat et al. 2013; Claro et al. 2013;
Rasigade et al. 2013).

Escherichia coli is known as a harmless commensal of the
intestinal flora, but through virulence and fitness genes gain,
evolves as a highly diverse and adapted pathogen (Köhler and
Dobrindt 2011; Croxen et al. 2013). Very few data currently exist
on the pathophysiological mechanisms involved in E. coli OII. As
previously demonstrated by our group (Crémet et al. 2012), most
of E. coli strains recovered from peri-implant tissues show a high
virulence potential, but no molecular pathogenic signature dis-
tinguishes these strains from other extraintestinal pathogenic
E. coli (ExPEC) like uropathogenic strains (UPEC). Furthermore,
we showed that only a small number of OII E. coli forms strong
biofilms on inert surfaces in experimental conditions (Crémet
et al. 2012).

Little is known about the interaction of E. coli with bone. Ma-
jor insights into osteoblasts and osteoclasts responses to E. coli
infection come from studies of bone cells stimulated with the
bacterial cell-wall component LPS (lipopolysaccharide) (Suda
et al. 2004; Inada et al. 2006; Ochi et al. 2010; Yan et al. 2010; Gao
et al. 2013; Guo et al. 2014; Nakao et al. 2014). Thus, in the present
study, we used a well-characterized panel of 20 clinical OII E. coli
strains to investigate whether this species can infect and sur-
vive within a human osteoblastic cell line and whether this in-
fection elicits the secretion of proinflammatory mediators and
promotes bone destruction (Crémet et al. 2012).

MATERIALS AND METHODS
Bacterial strains and growth conditions

A total of 20 clinical strains of E. coli (Ec1 to Ec20) involved in
hip (14 strains) or knee (6 strains) OII were selected for this
study. All OII E. coli were obtained from cultures of intraopera-

tive tissue specimens of 20 patients, who displayed typical clin-
ical signs of OII with acute presentation, and fulfilled diagnostic
criteria for OII (Crémet et al. 2012). In five cases (Ec1, Ec3, Ec5,
Ec14, Ec17), blood cultures were positive with the same E. coli,
and in four patients, E. coli isolates were recovered from polymi-
crobial infections (Ec4, Ec8, Ec10, Ec12). Only one isolate per pa-
tient was included. The genetic relatedness of the 20 OII E. coli
was studied by MLST analysis according to the E. coliMLST web-
site (http://mlst.ucc.ie/mlst/dbs/Ecoli). The strains were also in-
vestigated for the most common O-serotypes of UPEC and 20
established or putative virulence factors, by PCR (Table 1) (Li
et al. 2010; Crémet et al. 2012). For comparison, we used the
well-characterized osteomyelitis strain of S. aureus ATCC 49230
(Sa49230), the Pseudomonas aeruginosa laboratory reference strain
PaO1 and two clinical strains from our collection: one S. aureus
(Saclin) involved in infection of a total hip prosthesis and one P.
aeruginosa (Paclin) recovered from an infected locking compres-
sion plate used to treat a tibia–fibula fracture. Two isogenic vari-
ants of the E. coli strain A0 34/86 [ZKLR+ (HlyA+) and Zhly– (�hlyA
mutant)] were also introduced as controls in some experiments
(Table 1) (Sheshko et al. 2006).

Before infection of the osteoblast cultures, the strains were
grown overnight at 37◦C in 10mL of Luria-Bertani (LB) broth, har-
vested by centrifugation for 10 min at 800 g and washed once in
5mL of phosphate-buffered saline (PBS). The pellets were resus-
pended in 5mL of Dulbecco’s Modified Eagle’s Medium (DMEM;
Lonza, Belgium). Bacterial suspensions were adjusted with a
nephelometer to obtain 1 × 108 CFU mL−1 and then diluted in
DMEM.

Human osteoblast cultures

The human osteoblast-like osteosarcoma cell line MG-63 pur-
chased from ATCC was cultured in a 5% CO2 atmosphere at 37◦C
in DMEM supplemented with 5% of fetal bovine serum (Hyclone
Perbio, France). One day before infection, the cells were seeded
at 105 cells/wells in 24-well culture plates to obtain confluent
monolayers.

Lactate dehydrogenase (LDH) release assays

Cytotoxicity was determined by quantifying LDH release into
MG-63 cell culture supernatants, after 2 or 4h of infection with
the different strains at a multiplicity of infection (MOI) of 10:1.
The enzymatic activity of LDH was measured with the CytoTox
96 R© Non-Radioactive Cytotoxicity Assay (Promega), as described
by the manufacturer. Cells mortality was calculated relative to
that of uninfected cells (set at 0%), and cells lysed with 1% Triton
X-100 (positive control, 100%).

Hemolysis assays

The hemolytic activity of the strains was quantified in defibri-
nated horse blood (bioMérieux, Marcy l’Etoile, France) diluted to
10% (v/v) in PBS with Ca2+ and Mg2+. For these experiments,
200μL of each bacterial suspension at a concentration of 108

CFUmL–1 in PBS with Ca2+ and Mg2+ was added to 200μL of the
erythrocytes suspension. Following 2, 6, or 24h of incubation at
37◦C, the unlysed erythrocytes were pelleted by centrifugation
at 1500 × g for 2 min, and the optical density (OD) of 150μL of
the cell-free supernatants was measured at 450 nm. In each as-
say, a negative control (0% lysis) and a positive control (100% ly-
sis) were obtained by addition of 200μL of PBS with Ca2+ and
Mg2+ or 1% Triton X-100 in place of the bacterial suspension,

http://mlst.ucc.ie/mlst/dbs/Ecoli
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Table 2. Primer sequences used in RT-PCR analysis.

Primer Nucleotide sequence (5′-3′)

gapA-F ACGAAGTTGGTGTTGACGTTG
gapA-R ATAACCACTTTCTTCGCACCA
hlyA-F AGCAGGACAAAGCACGAAA
hlyA-R GTAATCGCCGTGCCATTCTT
cnf1-F ATGAAGCCCCGGTTGAAGTA
cnf1-R TCCCCGTCCTTTAAGCACAT
β-actin-F CCCAGCCATGTACGTTGCTA
β-actin-R AGGGCATACCCCTCGTAGATG
h-IL-6-F TCCACAAGCGCCTTCGGTCCAG
h-IL-6-R CTCAGGGCTGAGATGCCGTCG
h-TNF-α-F CAGCCTCTTCTCCTTCCTGAT
h-TNF-α-R GCCAGAGGGCTGATTAGAGA

respectively. The percentage of hemolysis was calculated as
follows: (OD450nm supernatants – OD450nm negative control)/
(OD450nm positive control – OD450nm negative control) × 100.

Measurement of hlyA and cnf1 mRNA expression

The expression of the hlyA and cnf1 genes was analyzed in a
relative quantification assay by real-time PCR, using the E. coli
gapA housekeeping gene as a reference. The strains were grown
overnight in LB broth, then adjusted to a density of 0.5 MacFar-
land units and diluted one-tenth in 10mL of LB broth. The di-
luted suspensions were cultured for an additional 3h in a 37◦C
water bath, and the total RNA from 1mL of each suspension was
then extracted using the High Pure RNA Isolation Kit (Roche) fol-
lowing the manufacturer’s instructions. The RNA yield was as-
sessed by UV absorbance, and 100 ng of total RNA was reverse
transcribed and amplified using a One Step SYBR R© PrimeScript
RT-PCR Kit II (TaKaRa) with primers listed in Table 2.

Analysis of the chromosomal region upstream
of the hlyC gene

Primer pairs previously developed from sequences of PAI I (81f/r)
and PAI II (72f/r) from the UPEC strain 536 were used for am-
plification and sequencing of the region upstream of the hlyC
gene (Burgos and Beutin 2010). Primers ops-hly-f 5′ ACATGAG-
CAAAACGGATGGG 3′and ops-hly-r 5′ ATCCCAGCACGCAAAA-
GAAG 3′ were used for amplification and sequencing of the ops
element (operon polarity suppressor) upstream of the hlyCABD
genes.

Internalization and adherence assays

For bacterial internalization experiments, the MG-63 monolay-
ers were infected during 2h (MOI of 10:1). The number of bac-
teria present in the inocula was verified by plating dilutions on
Tryptic Soy Agar (TSA) plates. After 2h of infection, the MG-63
cells were washed twice with PBS and incubated for further 4h
in 1mL of DMEM containing either 100 μg mL−1 gentamicin for
cells infected with the S. aureus or E. coli strains or 1 mg mL−1

gentamicin for cells infected with the P. aeruginosa strains, to kill
the remaining extracellular bacteria (all strains were susceptible
to gentamicin with the VITEK2 R© system). The MG-63 monolay-
ers were then washed three times and lysed with 0.1% Triton X-
100. The lysates were serially diluted, and plated on TSA plates
to determine the number of intracellular bacteria.

To measure the number of adherent bacteria, the MG-63
monolayers were infected as for internalization experiments,

without the use of gentamicin to kill extracellular bacteria. Af-
ter washing three times with PBS, MG-63 cells were lysed as de-
scribed above, and lysates were serially diluted and plated on
TSA plates.

Adherence and invasion efficiencies were calculated as
the ratio of the number of cell-associated bacteria or cell-
internalized bacteria, respectively, and the number of bacteria
used to infect MG-63 monolayers.

Bacterial internalization assessment by confocal
microscopy

MG-63 cells were seeded onto glass cover slips and infected with
three clinical strains from OII (Saclin, Paclin and Ec2), as de-
scribed above for the internalization assays. Following incuba-
tion with gentamicin, the MG-63 cells were washed three times,
fixed with 4% paraformaldehyde and then permeabilized and
blocked with 0.05% Triton X-100 + 1% bovine serum albumin.
FITC-labeled rabbit anti-E. coli, S. aureus or P. aeruginosa antibod-
ies (Thermo Fisher Scientific) were used to visualize the bacte-
ria, along with DRAQ5 far-red fluorescent DNA dye (Eurobio) and
Alexa Fluor 546 R© phalloidin (Life Technologies) for labeling F-
actin. Slides were acquired on a Nikon A1R-Si confocal micro-
scope, and pictures were analyzed with the Fiji software.

Measurement of IL-6 and TNF-α mRNA expression
by relative quantitative RT-PCR

Following 4 or 6h of infection (MOI of 100:1), the MG-63 mono-
layers were washed twice with PBS and RNA was isolated
using theHigh Pure RNA Isolation Kit (Roche) following theman-
ufacturer’s instructions. The RNA yield was assessed by UV ab-
sorbance, and 2μg of total RNA was reverse transcribed using
the SuperScript III Reverse Transcriptase (Life technologies) with
random primers (Promega), as recommended by the manufac-
turers. Real-time amplification of the cDNA was performed us-
ing the SYBR R© Premix Ex Taq (TaKaRa) and primers were listed in
Table 2. The expression of the lL-6 and TNF-α mRNAs was nor-
malized against β-actinmRNA and quantified using the compar-
ative 2−�CT method.

IL-6 and TNF-α secretion assays

The release of IL-6 and TNF-α in culture supernatants of un-
infected and infected MG63 cells (5 × 105 cells/wells in 6-well
culture plates, MOI of 1:100) was quantified by ELISA, according
to the manufacturer’s instructions (eBioscience, Paris, France),
after 24h of incubation or 72 h, including a treatment with
100 μg mL−1 gentamicin at 24h post-infection.

Statistical analysis

All assays were performed on three separate occasions. Results
were expressed as means ± SD. Fisher’s exact test and Kruskal–
Wallis test with Dunn’smultiple comparison post test were used
to calculate P values. P values less than 0.05 were considered
statistically significant.

RESULTS
Some OII E. coli strains induce osteoblasts lysis in vitro

Viability of the MG-63 cells was assessed following infection
with the 20 E. coli and 6 control strains. Osteoblasts were not
lysed following 2 or 4h of infection with the S. aureus or P.
aeruginosa control strains. By contrast, 6/20 OII E. coli induced
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Figure 1. LDH release assays. In vitro lytic effects on MG-63 cells of the 20 OII E. coli and six control strains. (A) Percentage of MG-63 cells lysis after 4h of infection (MOI
of 10:1), and correlation with the detection of two virulence genes (hlyA and cnf1), by PCR. (B) Levels of mortality obtained after 2 and 4h of infection (MOI of 10:1) for
the six cytotoxic E. coli strains of our panel, and both E. coli control strains: ZKLR+ , positive for the hlyA gene, and Zhly–, the �hlyA mutant of ZKLR+.

cytotoxicity following 4h (Fig. 1A), and cell lysis could already
be observed at 2h for four strains (Fig. 1B). No cytotoxic effect
was detectedwhen the strainswere heat inactivated at 100◦C for
10 min before infection.

Cytotoxicity, hemolytic activity and alpha-hemolysin
(HlyA) expression are linked

Investigation of the virulence profiles of the 20 E. coli strains
showed that the cytolytic potential was significantly associated
with two virulence genes (hlyA and cnf1, P = 0.0007 and 0.0022,
respectively; Fisher’s exact test) (Table 1, Fig. 1A). The six strains
that induced cytotoxicity after 4h of infection were positive
for hlyA, and experiments with both E. coli ZKLR+ (hlyA+) and
Zhly– (ZKLR+ �hlyA mutant) confirmed the link between the
hlyA gene and MG-63 cells lysis (Fig. 1B). Since two hlyA-positive
strains (Ec2 and Ec15) did not induce lysis (Fig. 1A), we ana-
lyzed the hemolytic activity of the eight hlyA-positive strains of
our panel and studied the hlyA gene expression in these strains
(Fig. 2), to characterize the influence of alpha-hemolysin pro-
duction on MG-63 cells lysis. In accordance with the results
shown above, two hlyA-positive strains (Ec2 and Ec15) were non-
hemolytic. The six cytotoxic E. coli strains and the ZKLR+ control,
but not the Zhly– control, caused hemolysis with some differ-
ences, the maximum effect being obtained after 6h of incuba-
tion with erythrocytes (Fig. 2A). The observed differences were
correlated with the levels of hlyA gene expression (Fig. 2B), and
with the lytic effects on MG-63 cells (some variations observed
for Ec3 being probably due to differences in response between
the two cell types). Genetic analysis of the regions located up-
stream of the hlyCABD genes revealed that the eight hly oper-

ons were encoded on pathogenicity islands (PAI) II, and that
the sequences of the respective ops elements, involved in tran-
scriptional activation of the hlyCABD genes, were identical. The
cnf1 gene was less strongly expressed than the hlyA gene, and
while both genes were weakly expressed in the non-cytotoxic
Ec2 strain, results obtained with the Zhly– E. coli confirmed that
this virulence factorwas not responsible for theMG-63 cells lysis
(Figs 1B and 2C).

OII E. coli strains show fairly inefficient internalization
in osteoblasts

Evaluation of bacterial internalization was performed with the
S. aureus and P. aeruginosa control strains and the 16 E. coli strains
that did not induce cytotoxicity following 2h of infection. All E.
coli strains were less invasive than the control strains towards
osteoblasts (mean percentage of internalized bacteria <0.01%
for the 16 E. coli strains versus 8.88 ± 2.31% and 4.60 ± 0.42%
for Saclin and Sa49230, respectively, or 0.57 ± 0.17% and 0.04 ±
0.03% for Paclin and PaO1, respectively). Determination of bac-
terial subcellular localization by confocal microscopy confirmed
the intracellular presence of S. aureus or P. aeruginosa and nearly
no internalization for E. coli (Fig. 3).

OII E. coli strains show differences in adherence
to osteoblasts

The adherence assays revealed differences among the 16 non-
cytotoxic strains of E. coli (Fig. 4). Only two strains (Ec6 and Ec12)
showed an adherence rate higher than 4%, and eight showed
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Figure 2. Analysis of the hemolytic potential of hlyA-positive strains of E. coli. (A) Hemolytic activity of the eight hlyA-positive E. coli of our panel, and the six control

strains of our study, after 2 and 6h of incubation with horse erythrocytes. The 12 hlyA-negative E. coli of our panel did not induce hemolysis and are not shown.
(B) Relative expression of the hlyA gene in the eight hlyA-positive strains, and the ZKLR+ E. coli control strain. ∗ P < 0.01 versus Ec3, Ec4, Ec5, Ec7, Ec11 or ZKLR+

(Kruskal–Wallis test followed by a Dunn’s post test). (C) Relative expression of the cnf1 gene in the six cnf1-positive strains, and both ZKLR+ and Zhly– E. coli control
strain.

an adherence rate lower than 1%. No significant association was
found between specific virulence genes and the ability of the
strains to adhere to MG-63 cells in vitro.

Adherence of OII E. coli strains to osteoblasts elicits
weak induction of IL-6 and TNF-α responses

We examined the effects of the S. aureus and P. aeruginosa control
strains and six E. coli strains on IL-6 and TNF-α mRNAs expres-
sion inMG-63 cells. Bothmost adherent E. coli (Ec6 and Ec12), and
four other E. coli strains [including three (Ec2, Ec9 and Ec10) that
showed adherence rates < 1%] were studied. As shown in Fig. 5,
the strain Sa49230 inducedmuch higher level of IL-6mRNA than
any other strain, 6h post-infection, and was the only strain to
induce IL-6 secretion 24 and 72h post-infection (54.08 ± 26.73
and 131.71 ± 43.25 pg mL−1, respectively). Both most adherent
Ec6 and Ec12 strains induced significantly higher levels of IL-
6 mRNA than the less adherent Ec2 and Ec9 strains. Similarly,
induction of TNF-α mRNA expression was correlated with the
adherence rates of the E. coli strains. Thus, the levels of TNF-α
mRNAexpressed after 6h by the Ec6 or Ec12-infectedMG-63 cells
were comparable to those of the Saclin, PaO1, or Paclin-infected
cells, but were significantly higher than those of the Ec2, Ec9 or
Ec10-infected cells. TNF-α was not detected in supernatants of
the infected cells 24 or 72h post-infection, even for the strain
Sa49230, which was the most efficient to induce TNF-α mRNA
expression.

DISCUSSION

Several subgroups of ExPEC through production of large arrays of
virulence factors have been shown to adhere to and cross differ-
ent epithelial barriers (e.g. intestine, bladder), triggering severe
tissue damages and proinflammatory responses (Croxen et al.
2013; Ulett et al. 2013). In this investigation, we wanted to deter-
mine if such virulence mechanisms are developed by OII E. coli
towards human osteoblasts. For this purpose, we used a panel
of 20 clinical strains of E. coli from OII. These strains belonged
to different sequence types and serotypes, most of them pre-
senting the characteristics of UPEC (serotypes and PAI-encoded
virulence genes of UPEC).

The osteoblasts, derived from mesenchymal bone marrow
precursors, control the bone remodeling process by synthesizing
the components of bone matrix, and by modulating the activ-
ity of the bone-resorbing osteoclasts. These cells have also been
shown to produce different soluble inflammatory mediators [IL-
6, IL-1, TNF-α, receptor activator of NF-κB ligand (RANKL)], fol-
lowing S. aureus infection (Marriott 2004; Somayaji et al. 2008;
Wright andNair 2010; Ning et al. 2011; Claro et al. 2013). Thus, the
bone destruction induced by S. aureus exposure results mainly
from the inflammatory reaction elicited by the infection, even if
some S. aureus lineages that overexpress the newly studied fam-
ily of PSM peptides share cytolytic properties following invasion
of osteoblasts (Rasigade et al. 2013). The present study provides
pieces of evidence that 30% of the E. coli strains of our panel are
also strongly cytotoxic towards osteoblasts. Interestingly, we ob-
served that most of these cytotoxic strains at an MOI as low as
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Figure 3. Bacterial internalization assessment by confocal microscopy. Immunofluorescence stainings of F-actin (red, phalloidin), nuclei (blue, DRAQ5) and bacteria

(green, polyclonal anti S. aureus or E. coli), performed after 2h of coculture of MG-63 cells with the Saclin strain or with the OII E. coli strain Ec2 (MOI of 10:1) and 4h of
incubation with 100 μg mL−1 gentamicin. (A) The image on the left shows several S. aureus cells associated with the MG-63 cells, whereas very few E. coli cells were
detected (image on the right). (B) Cropped images of the stacks analyzed in A confirm the presence of aggregates of S. aureus cells (image on the left) and a single E.

coli cell (image on the right) in close contact with the MG-63 cells. (C) Orthogonal views derived from the blue lines of the crops analyzed in B show the intracellular
location of the S. aureus cells (image on the left, green signals framed with red), whereas the E. coli cell was extracellular (image on the right, no red frame around the
green signal). Scale bars: 10 μm.

10:1 reduced osteoblasts cells viability by approximately 20% af-
ter 2h of infection, whereas both S. aureus strains of our study
were non-cytotoxic. Other authors reported cytolytic effects for
S. aureus infection of the same MG-63 cell line, at higher MOI
(100:1) and after 24h of infection (Rasigade et al. 2013).

In our study, two virulence factors, namely an alpha-
hemolysin (HlyA) and a toxin named cytotoxic necrotizing fac-
tor (CNF1), were significantly associated with the cytolytic ac-
tivity on MG63 cells. This cytolytic activity was also confirmed
on humanmesenchymal stem cells (derived from bonemarrow)
that are precursors of osteoblasts (data not shown). HlyA is an
extracellular pore-forming cytolysin from the RTX (repeats-in-
toxin) family, while the protein CNF1 belongs to a family of fac-
tors activating intracellular Rho GTPases (Landraud et al. 2003;
Burgos and Beutin 2010; Garcia et al. 2013; Ulett et al. 2013).
Both virulence factors are known to induce apoptosis or necro-
sis/lysis, depending on concentration, in several cell types, in-
cluding macrophages, epithelial cells and neutrophils (Burgos
and Beutin 2010; Garcia et al. 2013; Ulett et al. 2013). In UPEC -
producing CNF1, the cnf1 gene has been shown to be coupled
to the hemolysin operon (hlyCABD) in the PAI II (Landraud et al.
2003). Transcription of both hlyCABD operon and cnf1 gene is en-

hanced by the regulator RfaHwhich binds on the opsDNA site lo-
cated downstream from the hlyCABD promoter, and suppresses
transcription polarity (Leeds and Welch 1997; Landraud et al.
2003). In the present study, all cytotoxic E. coli strains exhibited
a hemolytic activity linked to the expression of the hlyA gene.
We observed that non-hemolytic strains were not cytotoxic, re-
gardless of whether or not they carried a cnf1 gene. We found, in
fact, that the cnf1 gene was less expressed than the hlyA gene,
and that its expression was well correlated with that of hlyA
gene. Accordingly, all hlyCABD operons were found encoded on
PAIs II, with an ops element upstream of the hlyC gene. Several
polymorphisms were found in the upstream sequences of the
hlyC genes, but no nucleotide deletions and/or substitutions was
detected in the ops elements of the strains thatweakly expressed
the hlyA gene. Thus, while no explanation was found for the low
hlyA expression in some E. coli, our results highlight the cytolytic
effect of a functioning hemolysin on osteoblasts, and are in ac-
cordance with those of Island et al. (1998), who found that CNF1
does not affect the cytotoxicity of hemolytic isolates towards hu-
man bladder cells in vitro. In fact, the Zhly– control (ZKLR+ �hlyA
mutant) that expressed cnf1 did not induce a cytolytic effect in
our experimental conditions.
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Figure 4. Adherence efficiencies of the OII E. coli strains. Percentage of adherent bacteria after 2h of coculture of MG-63 cells with the 16 non-cytotoxic E. coli strains
(MOI of 10:1). The four E. coli strains (Ec4, Ec5, Ec7 and Ec11) that induced osteoblasts lysis after 2h of infection were not tested. The Ec6 and Ec12 strains were tested
statistically with the Kruskal–Wallis test followed by a Dunn’s post test. ∗ , P < 0.05 versus Ec2, Ec9, Ec10, Ec13, Ec14, Ec17, Ec18 or Ec19; #, P < 0.05 versus Ec9, Ec10,

Ec13, Ec14, Ec17, Ec18 or Ec19.

Figure 5. Relative expression of IL-6 and TNF-α mRNAs in MG-63 cells. The cells were infected with the four control strains or six selected OII E. coli strains, for 4 or 6h

(MOI of 100:1), before total RNA extraction. Results are expressed as relative gene expression after normalization using the β-actin housekeeping gene. (A) IL-6 mRNA
expression. The Sa49230, Ec6 and Ec12 strains were tested statistically with the Kruskal–Wallis test followed by a Dunn’s post test. ∗, P < 0.05 versus Saclin, PaO1,
Paclin, Ec2, Ec6, Ec9, Ec10 or Ec16 (6h of infection); #, P < 0.05 versus Sa49230, Ec2 or Ec9 (6h of infection); $, P < 0.05 versus Paclin, Ec2, Ec9 or Ec10 (6h of infection).
(B) TNF-α mRNA expression. The Ec6 and Ec12 strains were tested statistically with the Kruskal–Wallis test followed by a Dunn’s post test. ∗ , P < 0.05 versus Sa49230,

Ec2, Ec9 or Ec10 (6h of infection); #, P < 0.05 versus Ec2, Ec9, Ec10 or Ec16 (6h of infection).

Detailed analyses of the interaction between S. aureus and
bone revealed that the S. aureus surface-associated proteins
FnBPs and SpA mediate attachment of the bacterium to fi-
bronectin and tumor necrosis factor receptor-1 (TNFR-1) on os-
teoblasts, and leads to bacterial uptake via an integrin α5β1-
mediated mechanism (Claro et al. 2013). Consistent with this
model, both S. aureus strains of our study showed the highest
internalization capacity (approximately 5 and 9% of internal-

ized bacteria). The percentage of internalized P. aeruginosa was
comparatively 10-fold to 100-fold lower, and all strains of E. coli
presented an extremely low internalization rate (<0.01%). The
poor uptake of E. coli could be reasonably attributed to the low
ability of the strains to adhere to osteoblasts, since the adher-
ence rates of our OII E. coli were not higher than 7%, half of the
strains showing an adherence rate lower than 1%. Interestingly,
these results are very similar to those from Fiedler et al. (2013)
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that recently investigated the adherence and internalization in
adipose-derived mesenchymal stem cells of one E. coli obtained
from wound infection (i.e. 1.4% of adherent bacteria and 0.008%
of internalized bacteria). As far as we know, there is not any an-
imal model showing histopathological evidence of E. coli adher-
ence to osteoblasts during an experimental infection. Nonethe-
less, E. coli is well known to express various adhesins, including
several FnBPs. The amyloid fibers curli, involved in biofilm for-
mation, are the most important and were previously identified
in all OII E. coli studied (Barnhart and Chapman 2006; Henderson
et al. 2011; Crémet et al. 2012). Approximately 60% (12/20) of our
E. coli strains demonstrated a strong affinity for the curli-binding
dye, congo red (data not shown), including both most adherent
strains, Ec6 and Ec12.

Finally, a major component of the outer membrane of E.
coli, namely the LPS, has been proposed to be a potent stim-
ulator of bone destruction in several bone inflammatory dis-
eases (Ochi et al. 2010; Yan et al. 2010). Thus, following binding
to Toll-like receptor 4 (TLR4) on osteoblasts, LPS promotes syn-
thesis of proinflammatory mediators, among which IL-6, TNF-
α, RANKL and PGE2 inhibit osteoblast differentiation, promote
osteoblast apoptosis and stimulate osteoclastogenesis directly
or indirectly (Suda et al. 2004; Inada et al. 2006; Ochi et al. 2010;
Yan et al. 2010; Gao et al. 2013; Guo et al. 2014). However, LPS
is a surrogate marker of Gram-negative bacteria, which do not
sufficiently reflect whole bacteria and only partly mimics os-
teoblasts infection, with the risk of non-physiological stimuli.
There are very few experimental models of osteoblasts infection
by Gram-negative organisms, the existing studies being essen-
tially focused on the intracellular pathogens Salmonella and Bru-
cella (Alexander et al. 2001; Marriott 2004; Delpino, Fossati and
Baldi 2009; Scian et al. 2011). Furthermore, these studies are often
based on small numbers of clinical strains, even in the case of S.
aureus infections, where the osteomyelitis clinical strain ATCC
49230 has been the most studied (Alexander et al. 2001, 2003;
Marriott et al. 2005; Somayaji et al. 2008; Ning et al. 2011).

In the present study, in accordance with the current knowl-
edge on osteoblasts responses to S. aureus, we found that infec-
tion with the strain Sa49230 elicited the secretion of IL-6 from
MG-63 cells (Ning et al. 2011). This secretion seemed to be strain
dependent, since stimulation of osteoblasts with the other S.
aureus elicited a lower IL-6 response and did not result in IL-
6 secretion. Moreover, we show that infection with both S. au-
reus induced TNF-α mRNA expression, but did not induce TNF-
α release from MG-63 cells. These results are consistent with
previous data that either showed an endogenous cell-surface
TNF-α expression of MG-63 cells or established that S. aureus-
or Brucella-infected osteoblasts do not secrete detectable levels
of TNF-α in vitro (Bu et al. 2003; Delpino, Fossati and Baldi 2009;
Scian et al. 2011).

Differences in IL-6 or TNF-α mRNA expressionwere observed
between the E. coli strains, and adherence to osteoblasts seemed
to contribute to the induction of IL-6 or TNF-α mRNA expres-
sion. Our findings indicate that the most adherent OII E. coli
strains elicit IL-6 or TNF-α responses, which are equivalent to
those elicited by S. aureus or P. aeruginosa strains recovered
in the same clinical context. It would be now interesting to ex-
tend those findings to other proinflammatory mediators and
to study the molecular mechanisms mediating osteoblasts im-
mune response to infection by these different bacterial species.
Furthermore, even though the low adherence seemed correlated
to a poor inflammatory response, further experiments could be
helpful to rule out a subversion of immune response by the bac-
teria, as previously described in ExPEC isolates (Cirl et al. 2008).

In conclusion, our study is the first to investigate the effects
of 20 clinical strains of E. coli from OII on human osteoblastic
cells. Even if we did not find that OII E. coli shared common viru-
lence properties towards osteoblasts, our data provide evidence
that theHlyA-producing strains, known to be highly virulent, are
associated with cytolytic phenotypes. The others are poorly in-
ternalized into osteoblasts, the most adherent of them eliciting
IL-6 or TNF-α responses in the same range as those induced by
some strains of S. aureus or P. aeruginosa from OII.
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