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Abstract Enterococci are commensal organisms in the

alimentary tract. However, they can cause a variety of life-

threatening infections, especially in nosocomial settings.

We hypothesized that induction of cell death might enable

these facultative pathogenic bacteria to evade the innate

immune response and to cause infections of their host. We

demonstrate that E. faecium when exposed to lysozyme

induces cell death in macrophages in vitro and in vivo.

Flow cytometric analyses of J774A.1 macrophages infec-

ted with E. faecium revealed loss of cell membrane

integrity indicated by uptake of propidium iodide and

decrease of the inner mitochondrial transmembrane

potential DWm. Inhibition of caspases, treatment of mac-

rophages with cytochalasin D, or rifampicin did not prevent

cells from dying, suggesting cell death mechanisms that

are independent of caspase activation, bacterial uptake,

and intracellular bacterial replication. Characteristics of

necrotic cell death were demonstrated by both lack of

procaspase 3 activation and cell shrinkage, electron

microscopy, and release of lactate dehydrogenase. Pre-

treatment of E. faecium with lysozyme and subsequently

with broad spectrum protease considerably reduced cell

death, suggesting that a bacterial surface protein is

causative for cell death induction. Moreover, in a mouse

peritonitis model we demonstrated that E. faecium induces

cell death of peritoneal macrophages in vivo. Altogether,

our results show that enterococci, under specific conditions

such as exposure to lysozyme, induce necrotic cell death in

macrophages, which might contribute to disseminated

infections by these facultative pathogenic bacteria.
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Introduction

Enterococci are human commensals colonizing the oral

cavity, the gastrointestinal tract, the vagina, and the skin

[1]. Under physiological conditions, Enterococcus spp. do

not cause infections in otherwise healthy persons [2].

However, enterococci can cause serious and life-threaten-

ing systemic infections, especially in immunocompromised

patients, i.e., infections of the urinary tract, the blood-

stream, endocardium, abdomen, biliary tract, and burn

wounds [3, 4]. Most of the infections (80–90%) are caused

by E. faecalis, the remaining 10–20% are caused by

E. faecium. Infections with other Enterococcus species,

i.e., E. avium, E. casseliflavus, E. durans, E. gallinarum, or

E. hirae are very rare [1]. Altogether, infections with

enterococci are the third leading cause of bacteremia

emanating from intravenous lines, abscesses, urinary tract

and intestinal tract infections, and the fourth leading cause

of hospital-acquired infections in the US [5]. Outbreaks of

infections with enterococci resistant to second-line antibi-

otics such as glycopeptides are an increasing problem since

infections with vancomycin-resistant enterococci (VRE)
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are associated with a higher mortality compared to infec-

tions with vancomycin-susceptible enterococci [6].

The course of infection with enterococci typically

includes the adherence to host cells and extracellular matrix,

tissue invasion and abscess formation, the modulation of

host inflammatory responses, and toxin-mediated tissue

damage [1]. Several virulence factors contribute to the

ability of enterococci to invade tissues and cause infections.

Most of them have been described in E. faecalis but not in

E. faecium strains. Cytolysin is produced by most E. faecalis

strains isolated from human infections. These strains are

bacteriolytic towards a couple of Gram-positive bacteria and

exhibit cytolytic activity towards selected eukaryotic cells

such as human and mouse erythrocytes. However, this factor

is very rare in clinical isolates of E. faecium [1]. Further

virulence factors of enterococci, mainly found in E. faecalis,

are aggregation substance mediating adherence to eukary-

otic cells, collagen-hydrolyzing gelatinase, and lipoteichoic

acids anchored to the cell membrane, which contribute to the

formation of biofilms and the adherence to host cells [1].

However, the analysis of different clinical E. faecalis iso-

lates revealed that the aforementioned virulence genes were

detected more frequently among colonizing isolates than

among invasive isolates. Hence, the presence of virulence

genes is not necessarily linked to pathogenicity and rather

other unknown bacterial factors might contribute to infec-

tions caused by enterococci [7].

Macrophages located in the subepithelial lamina propria

and mesenteric lymph nodes are the first cells that fight

intraperitoneal bacteria. An essential role of macrophages

for the prevention of E. faecalis-translocation and the

development of sepsis has been shown in an oral infection

model using thermally injured mice [8]. In this study, mice

depleted of polymorphonuclear neutrophils (PMN) were

resistant to oral E. faecalis infection, whereas mice depleted

of PMNs and macrophages were highly susceptible.

Little is known about the mechanisms by which

enterococci induce cell death in eukaryotic cells. Analy-

zing cells of the innate and the adaptive immune system,

E. faecalis has been previously shown to induce cell death

in macrophages, PMNs, and lymphocytes [9–11], which

suggests an immunosuppressive potential of E. faecalis.

The present study was performed to identify the

underlying mechanisms of macrophage cell death induced

by enterococci, in particular by E. faecium.

Materials and methods

Cultivation and infection of macrophages

J774A.1 macrophages (ATCC TIB67) were cultivated in

RPMI 1640 medium (Biochrom, Berlin, Germany)

supplemented with 10% (v/v) fetal calf serum (Sigma),

2 mM glutamine (Invitrogen, Karlsruhe, Germany), 50 lM

2-mercaptoethanol (Sigma), 1% (v/v) non-essential amino

acids, 1 mM sodium pyruvate (both from Biochrom), and

100 U/ml penicillin and streptomycin (Invitrogen) in

94-mm-diameter tissue-culture dishes (Greiner Bio-One,

Frickenhausen, Germany). For the infection experiments,

cells were washed with HANK’s salt solution (Biochrom),

detached by incubation with 1 ml accutase (PAA, Egels-

bach, Germany) at 37�C for 15 min, washed with cell

culture medium without antibiotics, and seeded at a density

of 5 9 105 per well in uncoated 48-well cell culture plates

(BD Falcon, Heidelberg, Germany).

Bacteria were grown overnight in 3–5 ml Brain Heart

Infusion broth at 37�C while gently shaking, washed with

PBS, and then the optical density was measured at 600 nm.

Bacterial suspensions were diluted with PBS to a concen-

tration of 3 9 108 bacteria/ml checked by plating serial

dilutions and counting the colony forming units (CFU).

J774A.1 cells were infected with enterococci or

S. aureus in a PBS volume of 33 ll at a multiplicity of

infection (MOI) 2, 20, or 200. The Enterococcus and

Staphylococcus strains used are listed in Table 1. Then,

2.5 h after infection, extracellular enterococci or staphy-

lococci were killed by the addition of lysozyme (10 mg/ml)

(from chicken egg white; Sigma, L6876) and lysostaphin

(40 lg/ml) (Sigma, L0761), respectively, and cells were

incubated further for the indicated time.

As a control, silica beads (1 lm, Kisker-Biotech,

Steinfurt, Germany), after washing three times with PBS,

were added at MOI 20.

In order to inhibit caspase activation, cells were incu-

bated for 1 h with the pancaspase inhibitor zVAD-fmk

Table 1 Enterococcus and Staphylococcus strains used in this study

Strain/isolate Description/reference

ATCC 6057 E. faecium isolated from cheese

ATCC 29212 E. faecalis isolated from urine

ATCC 14025 E. avium isolated from human feces

ATCC 8043 E. hirae isolated from intestine/gut

ATCC43076 E. saccharolyticus

ST4014 E. faecium isolated from stool,

vancomycin-susceptible

(colonized patient from our clinic)

S269esp? Vancomycin-resistant E. faecium, patient’s

isolate (outbreak 2005/06 at our clinic),

positive for the esp (extracellular surface

protein)-gene [39]

S261esp- Vancomycin-resistant E. faecium, patient’s

isolate (outbreak 2005/06 at our clinic),

negative for the esp-gene [39]

ATCC 29213 S. aureus isolated from wound
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(100 lM) (Bachem, Heidelberg, Germany) prior to infec-

tion. For the inhibition of bacterial uptake, cells were

incubated for 30 min with cytochalasin D (2 lg/ml)

(Calbiochem, Darmstadt, Germany) prior to infection. To

inhibit intracellular replication of bacteria, rifampicin

(20 lg/ml) (Sigma) was added 2.5 h after infection.

In order to separately analyze bacterial pellets and

supernatants for their cell death-inducing capacities,

enterococci were treated with or without enzymes active

towards different structures on the enterococcal surface

prior to infection of macrophages. 1 9 108 viable E. fae-

cium ATCC 6057 were resuspended in 30 ll PBS with or

without the glycosidases lysozyme (10 mg/ml) or mutan-

olysin (400 U/ml) or with or without the endopeptidases

lysostaphin (40 lg/ml) or achromopeptidase (4,000 U/ml)

(all from Sigma) and incubated for 1 h at 37�C. Thereafter,

bacterial suspensions were centrifuged (4,000 9 g, 5 min),

supernatants were discarded and 30 ll PBS with or without

broad spectrum protease proteinase K (300 or 100 lg/ml),

or phospholipase C (2 U/ml) (both from Sigma) were

added. After incubation for 1 h at 37�C, bacterial suspen-

sions were centrifuged (4,000 9 g, 5 min), supernatants

were discarded and, after resuspension in 30 ll PBS, pel-

lets were added to 5 9 105 J774A.1 macrophages (MOI

200). Infected macrophages were centrifuged at 400 9 g

for 5 min and incubated for 6 h. After staining with PI,

macrophages were analyzed by flow cytometry.

Heat-kill was performed by heating bacteria for 10 min

at 95�C.

Assessment of cell death by flow cytometry

The inner mitochondrial transmembrane potential DWm

was determined by staining of cells with 40 nM tetra-

methyl-rhodamine ethyl ester (TMRE) (Molecular Probes,

Leiden, Netherlands) for 15 min at 37�C in cell culture

medium. Ten minutes prior to the analysis by flow

cytometry (FACSCalibur, BD Biosciences, Heidelberg,

Germany) using MDI version 2.8 software (J. Trotter, The

Scripps Institute, La Jolla, CA, USA), 50 ng/ml propidium

iodide (PI) (Calbiochem, Bad Soden, Germany) was added

to analyze PI-uptake via disrupted cellular membranes.

Incubation of cells with staurosporine (4 lM) (Sigma)

for 6 h to induce apoptosis or FCCP (Carbonyl cyanide

4-trifluoro-methoxy-phenylhydrazone, 100 lM) (Sigma)

for 30 min to depolarize the inner mitochondrial trans-

membrane potential was used as control. For the induction

of necrotic cell death, cells were heated for 10 min at 60�C.

Transmission electron microscopy

A total of 1 9 107 J774A.1 macrophages were seeded in

uncoated six-well plates (BD Falcon), cautiously scraped

off 6 h after infection and transferred into 1.5-ml tubes.

After washing with warmed PBS, cells were fixed with

warmed Karnovsky’s fixative for 10 min at 37�C and

stored at 4�C. For electron microscopic analyses, the cell

pellets were embedded in 3.5% agarose at 37�C, coagu-

lated at room temperature, and fixed again in Karnovsky’s

solution. Post-fixation was based on 1.0% osmium tetroxide

containing 1.5% K-ferrocyanide in aqua bidest for 2 h.

After following standard methods, blocks were embedded

in glycide ether and cut using an ultra microtome (Ultracut,

Reichert, Vienna, Austria). Ultra-thin sections (30 nm)

were mounted on copper grids and analyzed using a Zeiss

LIBRA 120 transmission electron microscope (Carl Zeiss,

Oberkochen, Germany) operating at 80 kV.

Immunoblotting for caspase 3 and caspase 1

4 9 106 J774A.1 cells and bone marrow-derived macro-

phages, respectively, were seeded in six-well plates,

cautiously scraped off at the indicated time points after

infection, washed with PBS, and lysed by 40 ll buffer

containing 50 mM Tris pH7.4, 50 mM NaCl, 1 mM EDTA,

and 0.5% Nonidet-P40. After the addition of 10 ll

5 9 Laemmli buffer [500 mM Tris–HCl pH 6.8, 1 M DTT,

50% (v/v) glycerol, 20% (v/v) SDS, 0.5% (v/v) bromo-

phenol blue] to the lysates and heating at 95�C for 10 min,

9 ll each of the cell lysates were loaded, separated by

sodium dodecyl sulphate–polyacrylamide gel electropho-

resis, and electrotransferred to nitrocellulose membranes

(Schleicher & Schüll, Dassel, Germany). After blocking for

2 h with 5% skim milk, the membranes were incubated

overnight with anti-caspase 3 (8G10, 1:1000) (New Eng-

land Biolabs, Frankfurt, Germany) or anti-caspase 1

antibodies (sc-514, 1:500) (Santa Cruz Biotechnology,

Heidelberg, Germany). Immunoreactive bands were visu-

alized by peroxidase-conjugated secondary antibodies (anti-

rabbit, 1:1,000, 1 h, from Dako, Hamburg, Germany) using

enhanced chemiluminescence reagents (ECL, Amersham

Biosciences, Freiburg, Germany).

Membranes were stripped thereafter by washing steps

with aqua bidest for 10 min, 50 mM NaOH for 15 min, and

aqua bidest for 10 min, and blocked for 2 h with 5% skim

milk prior to overnight incubation with antibodies to

b-actin (1: 100,000, AC-15, Sigma). Anti-mouse peroxi-

dase-conjugated secondary antibodies (1:1,000, 1 h) used

were from Dako.

LDH-release assay

In uncoated 24-well plates, 2 9 106 J774A.1 cells were

seeded in 1 ml cell culture medium without FCS and anti-

biotics and were infected for 6 h. Then, 950 ll cell culture

medium was collected in 1.5-ml tubes, centrifuged, and

Necrosis induced by enterococci 3333



10 ll of the supernatant was analyzed for LDH content using

the LDH-P mono kit (Biocon, Vöhl, Germany) according to

the manufacturer’s instructions as described [12].

Bone marrow-derived macrophages (BMDM)

BMDM were obtained from C57BL/6x129 Sv, TLR2-/-,

TLR4-/-, and TLR2-/- 9 TLR4-/- mice (all obtained

from the C57BL/6x129Sv background and kindly provided

by Carsten J. Kirschning) as described previously [13, 14].

Briefly, bone marrow-derived macrophages were generated

by flushing cells from femurs and tibias of mice, seeding

and cultivating them in 145-mm-diameter tissue-culture

dishes (Greiner Bio-One) in 40 ml of DMEM (Invitrogen)

supplemented with 10% FCS, 5% horse serum, 2 mM

glutamine, 1 mM sodium pyruvate, and 20% of superna-

tants from L929 cells containing macrophage-colony

stimulating factor. After 8 days, medium and non-adherent

cells were withdrawn by suction, adherent macrophages

were detached by addition of ice-cold PBS and incubation

for 15 min on ice, and thereafter suspended in DMEM

supplemented with 10% FCS, 2 mM glutamine, and 1 mM

sodium pyruvate.

BMDM were characterized by double staining of

3 9 105 cells (in 100 ll PBS) with PE-conjugated anti-

bodies to CD11b (1 ll; BD Pharmingen 553311,

Heidelberg, Germany) and APC-conjugated antibodies to

F4/80 (1 ll; serotec MCA 497APC, Düsseldorf, Germany)

for 30 min on ice. After washing with PBS, cells were

analyzed by flow cytometry showing a purity of [97%

macrophages (CD11b- and F4/80-double-positive cells).

Isotypes (rat IgG2b) used were from Pharmingen.

Mouse peritonitis experiments

Ten- to fourteen-week-old female C57BL/6x129Sv mice

were injected intraperitoneally (i.p.) with 200 ll PBS or

1 9 108 CFU of E. faecium ATCC 6057 in 200 ll PBS.

Two hundred microliters of lysozyme solution (10 mg/ml

PBS) was administered 2.5 h later by a second i.p. injec-

tion. The mice were killed 24 and 48 h after infection and

peritoneal lavages were performed with 10 ml ice-cold

PBS each. Bloody lavages were excluded from further

analyses.

In order to determine total leucocyte numbers and cell

death rates from the peritoneal lavage samples, cells were

centrifuged and resuspended in 350 ll PBS. Total leuco-

cyte numbers (live and dead cells) were counted after

diluting an aliquot of the peritoneal cell suspension with

Trypan Blue solution (Sigma) using a hematocytometer. In

order to perform cell death analyses, 100 ll each of the cell

suspensions were centrifuged and resuspended in 500 ll

RPMI 1640 medium supplemented with 10% (v/v) fetal

calf serum (Sigma), 2 mM glutamine (Invitrogen), 50 lM

2-mercaptoethanol (Sigma), 1% (v/v) non-essential amino

acids, and 1 mM sodium pyruvate (both from Biochrom)

prior to triple staining of cells. The inner mitochondrial

transmembrane potential was determined by staining with

TMRE as described above. Thereafter, cells were centri-

fuged, resuspended in 100 ll PBS, and stained with APC-

conjugated antibodies to F4/80 (1 ll per sample, serotec)

for 30 min on ice. After washing with PBS, cells were

resuspended in 400 ll PBS and propidium iodide was

added as described above prior to flow cytometric analysis.

By gating on F4/80? cells, the macrophage subpopulation

of each peritoneal fluid was analyzed for cell death and

5 9 104 F4/80? cells per sample were analyzed for

breakdown of the mitochondrial transmembrane potential

(TMRE-negative cells) and leakage of cellular membranes

(PI-positive cells).

Statistical analysis

The unpaired two-tailed Student’s t test was used to eval-

uate the difference in means between two groups. For the

in vivo experiments, statistical analyses were performed

using the analysis of variance one-way test (ANOVA)

followed by the Bonferroni post-test using Graph Pad

Prism version 4 Software (GraphPad Software, La Jolla,

CA, USA).

P values were considered statistically significant if

p \ 0.05 (*), p \ 0.01 (**), or p \ 0.001 (***).

Results

Enterococci induce cell death in J774A.1 mouse

macrophages

Previous studies revealed that macrophages underwent cell

death when incubated with supernatants of hemolysin-

producing E. faecalis strains or infected with viable

E. faecalis [9, 10].

To analyze the cell death-inducing capacities of

E. faecium in macrophages, J774A.1 cells were infected

with E. faecium ATCC 6057 at different MOI (Fig. 1).

Fig. 1 Cell death induction by enterococci in J774A.1 macrophages.

J774A.1 macrophages were infected at different MOI with E. faecium
ATCC 6057 and S. aureus ATCC 29213, respectively. Extracellular

bacteria were killed 2.5 h after infection by the addition of lysozyme

(10 mg/ml) or lysostaphin (40 lg/ml) and incubated further for 3.5 h.

Six hours after infection, cells were stained with TMRE and

propidium iodide (PI) and analyzed by flow cytometry. Lysostaphin

(LS)-, lysozyme (LZ)-, FCCP (100 lM)-, staurosporine (Stauro,

4 lM)-treated cells, and cells heated for 10 min at 60�C were used as

controls. Data shown in a are representative of three independent

experiments and data shown in b are mean ± standard deviations of

three independent experiments

c
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Lysozyme was added to the cell culture after 2.5 h to kill

extracellular enterococci and cells were incubated further

for 3.5 h. Six hours after infection, cells were double-

stained with TMRE and PI in order to analyze the inner

mitochondrial transmembrane potential (DWm) and the

uptake of PI via disrupted cellular membranes by flow

cytometry. As shown in Fig. 1a (bottom row) and Fig. 1b,

E. faecium induced cell death in an MOI-dependent manner

indicated by DWm low/PI-, DWm low/PI?, and DWm high/

PI? cells, respectively. Even at low MOI 2 E. faecium

induced cell death in 56.3% of the cells (Fig. 1b). At low

MOI (2, 20), a substantial percentage of dead cells was

DWm high/PI? (30.7 and 32.7%, respectively) indicating

leakage of cellular membranes but intact mitochondrial

transmembrane potential. By contrast, after infection with

E. faecium at high MOI (200), cells with disrupted cell

membranes and low inner mitochondrial transmembrane

potential prevailed (87.3% DWm low/PI? cells). The effi-

cacy of lysozyme (10 mg/ml) to kill E. faecium was 100%

after incubation of 107 bacteria (equivalent to MOI 20 for

the infection of 5 9 105 cells) for 2, 4, or 6 h in J774A.1

medium. This was determined by serial dilution, plating on

agar plates, and counting of CFU (data not shown).

As a control, cells were infected with S. aureus ATCC

29213, which is known to induce both necrotic and apop-

totic cell death [15] (Fig. 1a, third row, and Fig. 1b).

Extracellular S. aureus bacteria were killed by the addition

of lysostaphin 2.5 h after infection as described [16]. Cells

infected with S. aureus at MOI 20 or MOI 200 exhibited

predominantly (late) apoptotic/necrotic features 6 h after

infection indicated by 61.3 and 71.1% DWm low/PI? cells,

respectively (Fig. 1b). By contrast, the percentages of DWm

high/PI? cells were low after infection with S. aureus

(max. 11.1% at MOI 20).

Addition of lysostaphin or lysozyme alone did not

induce cell death in J774A.1 cells (Fig. 1a, upper row, and

Fig. 1b), indicating that bacteria are essential for cell death

induction.

Positive controls used were FCCP to cause break-down

of mitochondrial transmembrane potential, staurosporine

(4 lM) to induce (late) apoptotic cell death and cells heated

at 60�C to induce necrotic cell death (Fig. 1a, second row,

and Fig. 2b).

When compared to E. faecium, other Enterococcus

species (E. faecalis, E. avium, E. hirae, E. saccharolyticus,

see Table 1) induced cell death in J774A.1 macrophages to

a similar extent (data not shown) indicating that cell death

induction by enterococci in the presence of lysozyme is

independent of species.

Altogether, enterococci independent of species induced

cell death in J774A.1 macrophages even at low MOI 2.

Strikingly, macrophages with leaky cellular membranes,

but still intact inner transmitochondrial potential,

predominated at low MOI, suggesting a possible direct

interaction of enterococci with cellular membranes. This

was in contrast to S. aureus-infected cells exhibiting clas-

sical late apoptotic/necrotic features.

E. faecium-induced cell death is independent of caspase

activation and intracellular replication of bacteria

S. aureus involves both caspase-dependent and caspase-

independent pathways [17]. To analyze if caspase activa-

tion is involved in E. faecium-induced cell death, J774A.1

macrophages were preincubated for 1 h with the pancas-

pase inhibitor zVAD.fmk to inhibit caspase activation prior

to infection with E. faecium and S. aureus, respectively. As

shown in Fig. 2, zVAD.fmk did not prevent cell death,

which indicates that classical apoptotic cell death mediated

by activation of caspases is neither involved in E. faecium-

nor in S. aureus-induced macrophage cell death.

Inhibition of bacterial uptake by preincubation of cells

with cytochalasin D or inhibition of intracellular replica-

tion by addition of the intracellularly active antibiotic

rifampicin 2.5 h after infection partially inhibited cell

death induced by S. aureus, confirming the results of other

groups [16, 17]. By contrast, cell death induced by
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Fig. 2 Mechanisms of cell death induced by E. faecium. J774A.1

macrophages were incubated with zVAD-fmk (zVAD, 100 lM),

cytochalasin D (CytD, 2 lg/ml) for 1 h and then infected at MOI 20

with E. faecium ATCC 6057 and S. aureus ATCC 29213, respec-

tively; 2.5 h after infection, bacteria were either not killed or killed

by the addition of lysozyme (LZ) (10 mg/ml), rifampicin (Rifa,

20 lg/ml) or lysostaphin (LS) (40 lg/ml, all S. aureus conditions)

and incubated further for 3.5 h. Cells were stained with TMRE and

propidium iodide (PI) 6 h after infection and analyzed by flow

cytometry. Uninfected, lysostaphin (LS)-, lysozyme (LZ)-, zVAD-,

cytochalasin D-, rifampicin (20 lg/ml) and staurosporine (Stauro,

4 lM)-treated cells, cells heated for 10 min at 60�C, and cells

incubated with silica beads (1 lm, MOI 20) to provide an antigen of

similar size compared to that of enterococci were used as controls.

Data shown are mean ± standard deviations of three independent

experiments
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E. faecium was neither affected by cytochalasin D nor by

rifampicin used at a concentration tenfold higher than MIC.

Hence, we conclude that neither uptake of bacteria nor

intracellular replication of E. faecium contribute to cell

death induction by enterococci.

However, the percentage of dead cells was reduced by

half when cells were infected with heat-killed enterococci,

and to control level when cells were infected with entero-

cocci, not exposed to lysozyme. Infection of J774A.1 cells

with different E. faecium strains (VRE/esp-, VRE/esp?,

E. faecium clinical isolate from stool, see Table 1) revealed

similar results (data not shown), indicating that E. faecium

of different sources are capable of cell death induction and

that the extracellular surface protein does not contribute to

cell death induction by E. faecium.

Altogether, we conclude that the addition of lysozyme is

necessary to facilitate cell death induction by E. faecium.

We speculate that a cell wall component, which is

uncovered only in the presence of lysozyme and is at least

partially susceptible to heat, might be responsible for cell

death induction by E. faecium. Accordingly, treatment of

macrophages with lysozyme followed by infection in the

absence of the enzyme did not cause cell death (data not

shown).

Additionally, cell death induced by enterococci was

characterized by damage of cellular membranes (prior to

mitochondrial depolarization) and was not inhibited by

inhibition of caspases, suggesting that enterococci induce

necrotic cell death.

Cell death induced by E. faecium exhibits features

of necrosis

To further characterize cell death induced by E. faecium in

macrophages, immunoblotting for caspase 3 from E. fae-

cium-infected J774A.1 cells was performed (Fig. 3a).

Procaspase 3 is an effector caspase, which, upon pro-

apoptotic stimuli, is cleaved by initiator caspases like

caspase 8 (death receptor pathway) or caspase 9 (mito-

chondrial death pathway) thereby getting activated. As

shown in Fig. 3a, the cleavage products (p17/p19) of pro-

caspase 3 were detected in cells incubated with

staurosporine for 2, 3, or 4 h indicating classical apoptosis.

However, cleavage of procaspase 3 was not observed

within 4 h after infection with E. faecium, indicating that

E. faecium-induced cell death is not mediated by activation

of caspases and therefore is different from classical apop-

tosis. Moreover, this result is in accordance with the

experiments in Fig. 2, showing that the pancaspase inhib-

itor zVAD.fmk does not protect from dying. Pyroptosis, a

caspase 1-dependent, non-apoptotic cell death pathway was

excluded as well since processed caspase 1 was not

detected by immunoblotting of E. faecium infected bone

marrow-derived macrophages neither in the presence of

nor in the absence of lysozyme (data not shown).

It has been shown that necrotic cell death is character-

ized by an intracellular Na? accumulation and concomitant

cell swelling [18]. Concomitant efflux of K? can slow

down cell swelling of necrotic cells and is essential for cell

shrinkage during apoptosis [19, 20]. Hence, as a measure

for cell size, the mean forward scatter (FSC) was detected

at several time points after infection with E. faecium. As

shown in Fig. 3b, 2–4 h after infection of J774A.1 with

E. faecium no substantial changes of the cell size (upper

panel) were detected. However, coincidence of strong cell

death induction within that time indicated by the percent-

age of PI-positive cells was observed (lower panel). This

data suggest that E. faecium-infected cells undergo necrotic

cell death characterized by large, not shrunk cells. As a

positive control for necrosis, cells were heated for 10 min

at 60�C. Cells treated in this manner exhibited cell sizes

similar to that of cells incubated in medium (Fig. 3b, upper

panel). By contrast, cells treated with staurosporine to

induce apoptosis underwent continuous shrinking within

2–4 h, indicating classical apoptotic cell death.

A further characteristic of necrotic cell death is the

release of cytosolic lactate dehydrogenase (LDH) via dis-

rupted cellular membranes. Therefore, cells were infected

with E. faecium for 6 h, and cell culture supernatants were

analyzed for LDH. As shown in Fig. 3c, no LDH release

was observed when cells were infected at MOI 20. How-

ever, the LDH-content of supernatants from cells infected

with E. faecium at MOI 200 in the presence of lysozyme

was 1.8-fold higher compared to cells infected with

E. faecium at MOI 200 in the absence of lysozyme. This

indicates that E. faecium, at least at high MOI 200, when

treated with lysozyme, induces LDH release in J774A.1

macrophages. As a control, cells were heated for 10 min at

60�C to induce necrosis accompanied by strong LDH

release ([sevenfold when compared to cells kept in med-

ium). Compared to the results shown in Figs. 1, 2, and 3,

demonstrating that E. faecium induces leakage of cellular

membranes indicated by PI-positivity in most of the cells,

this result might seemingly be contradictory. However, the

molecular weight of LDH is about 170-fold greater than

that of PI. Hence, if membrane damages caused by

enterococci are relatively small, the differences in molec-

ular size might explain why PI can enter the cells whereas

LDH cannot be released from the cells to the same extent.

Finally, J774A.1 cells infected with E. faecium for 6 h

were analyzed for morphological features typical for

apoptotic and necrotic cell death, respectively (Fig. 3d).

Treatment of cells with lysozyme alone did not affect cell

morphology (first row). Cell shrinking, chromatin con-

densation, and nuclear fragmentation (second row) was

observed in cells incubated with staurosporine for 6 h to
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Fig. 3 Characteristics of necrotic cell death in E. faecium-infected

macrophages. J774A.1 macrophages were infected at MOI 20 with

E. faecium ATCC 6057 if not otherwise depicted. At 2.5 h after

infection, extracellular bacteria were either killed or not by the

addition of lysozyme (LZ) (10 mg/ml) and then incubated further.

a Lack of caspase 3 activation. At different time points after infection,

cells were harvested, lysed, and immunoblotting for caspase 3 was

performed from cell extracts. Data shown are representative of three

independent experiments. Staurosporine (Stauro, 4 lM)-treated cells

were used as a positive control. As a loading control, membranes

were stripped and incubated with antibodies to b-actin. b Lack of cell

shrinkage. The cell size was assessed by analysis of the mean forward

scatter (FSC) at different time points after infection (upper panel).
Staurosporine (Stauro, 4 lM)-treated cells and cells heated for

10 min at 60�C were used as controls. In parallel, the percentages

of PI-positive cells were determined by flow cytometry (lower panel).
Data shown are mean ± standard deviations of three independent

experiments. c LDH release. At 6 h after infection with E. faecium
ATCC 6057 at two different MOI cell culture supernatants were

analyzed for their LDH content. All values (% control) are referred to

untreated control cells (medium without lysozyme). As a positive

control, cells heated for 10 min at 60�C were used. Data shown are

mean ± standard deviations of three independent experiments per-

formed in duplicates. d Transmission electron microscopic analysis.

Electron microscopic pictures were taken from cells infected for 6 h

with E. faecium ATCC 6057. Staurosporine (4 lM)-treated cells and

cells heated for 10 min at 60�C were used as controls for apoptosis

and necrosis, respectively. Bar, 2 lm each
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induce apoptotic cell death. By contrast, necrotic cells

heated for 10 min at 60�C exhibited vacuolized cytoplasm

but no cell shrinking (second row). The morphology of

J774A.1 cells infected with E. faecium for 6 h without

addition of lysozyme was intact, exhibiting neither

characteristics of apoptotic nor necrotic cell death. Addi-

tionally, bacteria with intact cell wall were detected

intracellularly (in vacuoles) and extracellularly. By con-

trast, after infection with E. faecium in the presence of

lysozyme, cells were characterized by a large cell size and

vacuolized cytoplasm, indicating that cells underwent

necrotic cell death.

An enterococcal (surface) protein is causative

for necrosis induction

Our data indicate that the presence of lysozyme is neces-

sary for cell death induction of macrophages by

enterococci. Hence, we speculated whether lysozyme by

hydrolysis of peptidoglycans could uncover a so far

unknown cell death-inducing factor, either soluble or not,

i.e., from the enterococcal cell wall. To verify this

hypothesis, viable bacterial cells were incubated with PBS

with or without the glycosidases lysozyme or mutanolysin

or endopeptidases (staphylolysin, achromopeptidase) prior

to infection of J774A.1 macrophages. Subsequently, bac-

teria were incubated in PBS with or without proteinase K at

different concentrations or phospholipase C. Bacterial

supernatants of E. faecium treated with lysozyme or

mutanolysin alone were separated from pellets by centri-

fugation (4,000 9 g, 5 min) and added to cell cultures. The

remaining supernatants were discarded, pellets were

resuspended in PBS, and added to cell cultures thereafter.

J774A.1 macrophages were analyzed for cell death

(PI-positivity) 6 h after addition of supernatants and pel-

lets, respectively. As shown in Fig. 4 (white bars), bacterial

pellets of E. faecium treated with lysozyme induced cell

death in 31.7% of the macrophages, whereas infection of

cells with bacteria incubated in PBS in the absence of

lysozyme resulted in cell death of only 13.7% of the cells,

confirming that lysozyme activates E. faecium to induce

necrosis. Infection of macrophages with bacteria treated

with mutanolysin also resulted in cell death induction by

E. faecium (18.4% PI-positive cells). These results are

consistent as the muramidases lysozyme and mutanolysin

both cleave the N-acetylmuramyl-b(1-4)-N-acetylglucosa-

mine linkages of the bacterial cell wall peptidoglycans.

In contrast, the endopeptidases lysostaphin and achro-

mopeptidase, which both cleave the cross-links of the

peptidoglycan layer, did not trigger cell death induction

by E. faecium (data not shown). When compared to

macrophages that were directly infected with viable

enterococci, the cell death-inducing effect of the bacterial

pellets (?lysozyme/mutanolysin) was less pronounced.

This was probably due to a loss of bacteria during washing

steps and due to a lack of a bacterial replication when

lysozyme- or mutanolysin-treated pellets added to cell

cultures.

In summary, pretreatment of E. faecium with lysozyme

or mutanolysin was necessary for cell death induction in

J774A.1 macrophages by E. faecium. These data suggest

that the muramidases by hydrolysis of peptidoglycans

might uncover an enterococcal surface molecule (i.e.,

protein or lipid) causative for cell death induction. As

shown in Fig. 4, E. faecium incubated with the glycosi-

dases lysozyme or mutanolysin and subsequently with

proteinase K, was no more capable of inducing cell

death (black bars) even at low concentration of proteinase

K. By contrast, subsequent treatment with phospholipase C

(striped bars) did not reduce cell death. These results

strongly suggest that an enterococcal (surface) protein

is causative for cell death induction. Accordingly,
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Fig. 4 An enterococcal protein is causative for cell death induction

by E. faecium. J774A.1 macrophages were infected at MOI 200 with

E. faecium ATCC 6057. Prior to infection of macrophages, viable

bacteria were preincubated with PBS with or without the glycosidases

lysozyme (LZ, 10 mg/ml) or mutanolysin (Mut, 400 U/ml) for 1 h at

37�C. Thereafter, bacterial suspensions were centrifuged, superna-

tants were removed, and pellets were incubated in PBS with or

without proteinase K (ProtK, 100 or 300 lg/ml) or phospholipase C

(PhosphoC, 2 U/ml) for 1 h at 37�C. After centrifugation, superna-

tants were discarded, and pellets, after resuspension in PBS, were

used for infection of macrophages for 6 h. After staining with PI,

macrophages were analyzed by flow cytometry. Data shown are

mean ± standard deviations of one experiment performed in tripli-

cates representative of four independent experiments. P values result

from the comparison with cell death rates of the corresponding PBS-

treated controls after treatment with LZ and Mut, respectively
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supernatants of lysozyme- or mutanolysin-treated E. fae-

cium were not capable of cell death induction (data not

shown).

E. faecium induces cell death in mouse bone

marrow-derived macrophages independently

of TLR2 and TLR4 signaling

In order to determine whether E. faecium can induce

necrosis in primary macrophages as well, bone marrow-

derived macrophages (BMDM) from C57BL/6x129Sv mice

were infected at different MOI for 6 h and PI-positive cells

were assessed by flow cytometry (Fig. 5, upper panel). In

the absence of lysozyme, no cell death induction by

E. faecium was observed. However, in the presence of

lysozyme, BMDM underwent cell death indicated by an

increase of PI-positive cells dependent on MOI. These

results are in accordance with the results obtained in

J774A.1 macrophages and show that E. faecium induces

cell death in a lysozyme-dependent manner in primary

macrophages as well.

It has recently been shown in a mouse peritonitis model

that TLR2 signaling via the TLR adaptor molecule MyD88

contributes to the defense against intraperitoneal infection

with a vancomycin-resistant E. faecium strain [21]. In this

model, when compared to wild-type mice, MyD88 and

TLR2 knockout mice exhibited an impaired immune

response to E. faecium peritonitis indicated by higher

numbers of CFU in the peritoneum and liver and by an

attenuated peritoneal influx of neutrophils 2 h after infec-

tion. Therefore, we speculated whether cell death induction

of macrophages by E. faecium might also occur in a TLR2/

MyD88-dependent manner and thereby contribute to

overcome the infection, i.e., by inhibition of an over-

whelming immune response. However, as shown in Fig. 5,

in comparison to wild-type mice no substantial differences

in cell death rates were observed when BMDM cultivated

from TLR2-/-, TLR4-/-, and TLR2-/- 9 TLR4-/- mice

were infected with E. faecium. These data indicate that

E. faecium-induced cell death of BMDM is independent of

TLR2 and TLR4 signaling. Therefore, cell death induction

in macrophages is unlikely to contribute to the TLR2/

MyD88-dependent immune response observed in vivo.

Cell death induction by E. faecium in vivo in peritoneal

mouse macrophages

We finally analyzed whether E. faecium-induced macro-

phage cell death does not only occur in vitro but can be

observed in vivo as well. E. faecium thereby might evade

the immune response of the host, or, alternatively, mac-

rophage cell death induction by enterococci might facilitate

a balanced immune response in advantage of the host.

Mice were injected intraperitoneally with 1 9 108

E. faecium ATCC 6057 according to a recently published

work reporting a 100% survival rate in mice [21]. Leuco-

cyte counts of the peritoneal fluids were determined 24 h

after infection, when mice exhibited symptoms of disease,

and 48 h after infection, when mice clinically had over-

come the infection. Additionally, the percentages of
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Fig. 5 E. faecium induces cell death in bone marrow-derived

macrophages (BMDM) independently of TLR2 and TLR4 signaling.

BMDM obtained from C57BL/6x129Sv, TLR2-/-, TLR4-/-, and

TLR2-/- 9 TLR4-/- mice, respectively, were infected at MOI 20

with E. faecium ATCC 6057. At 2.5 h after infection, extracellular

bacteria were killed by the addition of lysozyme (LZ) (10 mg/ml) and

incubated for another 3.5 h. At 6 h after infection, cells were stained

with TMRE and propidium iodide (PI) and analyzed by flow

cytometry. Lysozyme (LZ)-, staurosporine (Stauro, 4 lM)-treated

cells, and cells heated for 10 min at 60�C were used as controls. Cells

incubated with silica beads (Beads) (1 lm, MOI 20) with or without

addition of lysozyme after 2.5 h were used as an additional negative

control. Data shown are mean ± standard deviations of four

independent experiments. P values result from the comparison of

macrophages infected with E. faecium with or without addition of

lysozyme
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peritoneal leucocyte subsets and cell death rates of mac-

rophages were determined by flow cytometric analyses 24

and 48 h after infection. According to the in vitro experi-

ments, one group of mice was administered a second i.p.

injection with lysozyme 2.5 h after infection with entero-

cocci. Figure 6a shows that, compared to PBS injection,

peritoneal leucocyte counts (live and dead cells) strongly

increased 24 h and decreased 48 h after infection with

E. faecium, reflecting the illness of the mice and confirming

the results of a recently published work showing that per-

itoneal leucocyte counts reached a maximum at 24 h after

infection [21]. No substantial differences in the leucocyte

counts were observed between mice injected with E. fae-

cium alone and mice injected with E. faecium and

lysozyme (Fig. 6a), neither 24 nor 48 h after infection. By

contrast, no influx of leucocytes was observed in mice

injected with lysozyme alone (data not shown).

Differentiation of peritoneal leucocytes was performed

by staining of several surface markers such as CD11b,

F4/80, CD4, CD8, and CD19 and analysis by flow

cytometry. The percentages of neutrophils (CD11b?/F4/

80-) strongly decreased from 24 to 48 h after infection

both in mice infected with E. faecium alone and in mice

infected with E. faecium and treated with lysozyme

thereafter (37.3 vs. 11.0% and 42.1 vs. 8.7%, respectively,

data not shown). By contrast, the percentage of macro-

phages (F4/80?/CD11b-), and even more of lymphocytes

(CD4?, CD8?, CD19?), increased from 24 h to 48 h after

infection (macrophages: 30.3 vs. 42.9% and 31.6 vs.

41.6%, lymphocytes: 7.6 vs. 37.9% and 5.1 vs. 26.6%, data

not shown) reflecting that mice had overcome the infection.

Analysis of cell death among peritoneal macrophages

24 h after i.p. infection (Fig. 6b) revealed a slight increase

of cells which had lost mitochondrial transmembrane

potential (DWm low) and/or cell membrane integrity

(PI-positive cells) (15.9 vs. 23.8%). To perform these

analyses, peritoneal cells were triple stained (F4/80,

TMRE, PI) and gated on F4/80-positive macrophages.

Injection of lysozyme alone did not affect cell death rates

after 24 or 48 h among peritoneal macrophages when

compared to PBS injection (data not shown). Moreover, no

differences in cell death rates were observed 48 h after

infection with E. faecium between animals treated with

bacteria alone and mice treated with bacteria and

lysozyme.

Altogether, we observed augmented cell death rates

among peritoneal macrophages 24 h after intraperitoneal

infection with E. faecium and administration of lysozyme.

Coincidentally, mice exhibited symptoms of disease and

high peritoneal neutrophil counts. Therefore, we hypothe-

size that cell death of macrophages induced by E. faecium

and lysozyme might contribute to the prevention of an

overwhelming immune response thereby helping to clear

the infection within 48 h accompanied by an intraperito-

neal reduction of neutrophils and an increased mono-

lymphocytic response.

Discussion

In the present study we demonstrated that enterococci of

different species induce cell death in J774A.1 macro-

phages. Cells infected with E. faecium for 6 h were highly

susceptible to cell death induction even at low multiplicity

of infection (Fig. 1). Strikingly, the addition of lysozyme to
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Fig. 6 Cell death induction by E. faecium in peritoneal macrophages

in vivo. C57BL/6x129Sv mice were injected intraperitoneally with

108 E. faecium ATCC 6057 or PBS. After 2.5 h, a second i.p.

injection with lysozyme (LZ) or PBS was administered contralater-

ally. The mice were killed 24 and 48 h after infection, peritoneal

lavages were performed, and leucocyte counts were determined using

a hematocytometer (a). Additionally, 24 h after infection, peritoneal

cells were triple stained with TMRE, propidium iodide (PI), and

APC-conjugated antibodies to F4/80. F4/80? macrophages were

analyzed for depolarization of the inner mitochondrial transmembrane

potential (DWm low cells) and uptake of propidium iodide (PI) (b)
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the coculture of cells and bacteria was necessary to induce

cell death by E. faecium (Fig. 2). In contrast to E. faecium,

E. faecalis induces cell death both in a lysozyme-depen-

dent and a lysozyme-independent manner since the

percentages of propidium iodide (PI)-positive cells

increased from 49.2 to 80.1% when lysozyme was added to

J774A.1 macrophages infected with E. faecalis at MOI 20

for 6 h (data not shown). This is in accordance with a

previous study which demonstrates that E. faecalis induces

necrosis-like cell death in RAW264.7 macrophages with-

out addition of lysozyme, indicated by about 35% eosin-

positive cells 6 h after infection with E. faecalis at

unknown MOI [10]. Production of cytolysin by E. faecalis

might be causative for the lysozyme-independent cell

death, since previous studies have demonstrated that

supernatants of hemolysin-producing E. faecalis strains are

capable of cell death induction in mouse macrophages [9].

However, our present study has shown that lysozyme

activates enterococci to induce necrosis independently of

the Enterococcus species used. This suggests that virulence

factors, most of which are found in E. faecalis, such as

cytolysin, aggregation substance, and gelatinase, play a

minor role in the induction of cell death.

Our results indicate that E. faecium involves cell death

processes different from apoptosis as we observed both

lack of procaspase 3 activation and cell shrinkage of

infected macrophages. In addition, inflammasome-medi-

ated cell death processes were excluded since cell death

induction by E. faecium was independent of caspase-1

activation (data not shown). Necrosis was confirmed by

electron microscopic analyses and release of lactate

dehydrogenase by macrophages infected with E. faecium.

Hence, mechanisms of cell death induction by E. fae-

cium differ from cell death induced by other Gram-positive

bacteria such as S. aureus and streptococci. These bacteria

have been described to activate classical apoptotic path-

ways [22–24]. Additionally, S. aureus-induced cell death

exhibits features of necrosis which are dependent on bac-

terial uptake and intracellular replication [15, 16]. In

contrast, necrosis induced by E. faecium was independent

of bacterial uptake and intracellular replication as shown

by preincubation of macrophages with cytochalasin D and

rifampicin, respectively (Fig. 2).

The present study has shown that the presence of lyso-

zyme is necessary for the induction of necrosis by

E. faecium in J774A.1 macrophages. Lysozyme as an

important enzyme of the innate immune system was found

in biological fluids such as saliva and respiratory secre-

tions, tears, and mucus [25]. Moreover, it is one of the

major secretory products of macrophages and it is present

in cytoplasmic granules of PMNs [26, 27]. Lysozyme

concentrations in saliva from healthy persons vary from 2.2

to 79.9 lg/ml dependent on the different assay conditions

used for measurement [28]. Under pathological conditions,

lysozyme concentrations and leucocyte counts in serum

increased simultaneously as shown by a rabbit pneumo-

coccal endocarditis model [29]. Lysis of peptidoglycans by

lysozyme results in the release of MurNAc (N-acetylmu-

ramic acid) and N-acetylglucosamine (GlcNAc) from the

bacterial cell wall. In Gram-positive bacteria such as

staphylococci and enterococci, the lytic response to lyso-

zyme is limited due to ***O-acetylation of peptidoglycans

conferring resistance to lysozyme [30, 31]. E. faecalis is

resistant to lysozyme even at high concentrations (40 mg/ml)

[32]. The higher the extent of O-acetylated peptidoglycans,

the higher the resistance to lysozyme and the production of

large peptidoglycan fragments [31]. Although more active

than hen egg lysozyme, even rat and human lysozyme do

not efficiently hydrolyze O-acetylated peptidoglycans [31].

Lysozyme due to its cationic and hydrophobic properties

can also kill bacteria by membrane perturbation [33].

Additionally, the adherence of enterococci to host cells

might be enhanced in the presence of lysozyme due to its

cationic and hydrophobic properties. By microscopical

analyses we have observed that immediately after addition

of lysozyme to cocultures of macrophages and E. faecium,

bacteria disappear from the space between cells, suggesting

that they have bound to macrophages (data not shown).

Addition of lysozyme thereby seems to increase bacterial

adherence, which possibly contributes to the initiation of

cell death induction by E. faecium in macrophages.

Accordingly, when macrophages were infected at low MOI

2, predominantly cells with leaky cellular membranes but

still intact mitochondrial transmembrane potential were

observed, suggesting a direct interaction of enterococci

with cellular membranes.

Our data suggest that lysozyme by hydrolysis of pepti-

doglycans might uncover a non-soluble (cell wall)

component of E. faecium causative for cell death induction.

This hypothesis was confirmed by the fact that antibiotics

acting intracellularly by inhibition of bacterial protein

synthesis did not enable enterococci to induce cell death

(data not shown). Hypothetically, cell wall components of

E. faecium such as lipoteichoic acids or proteins might be

causative for the induction of cell death. Experiments with

heat-killed E. faecium (Fig. 2) point to enterococcal pro-

teins as possible components causative for cell death

induction, because the percentage of cell death was

reduced by about half when macrophages were infected by

heat-killed bacteria compared to viable bacteria. Pretreat-

ment of E. faecium with lysozyme or mutanolysin and

subsequently with broad spectrum protease considerably

reduced cell death (Fig. 4), strongly suggesting that an

enterococcal surface protein is responsible for cell death

induction. Further studies will have to identify the protein

causative for cell death induction. Possible candidates are

3342 S. Gröbner et al.



the three cell wall-anchored LPXTG surface proteins of

E. faecium whereas the enterococcal surface protein (Esp)

seems not to play a causative role for cell death induction.

In a nonlethal E. faecium peritonitis model it has been

shown that signaling via TLR2 and MyD88 contribute to

the attraction of neutrophils to the peritoneal cavity and an

early enterococcal clearance [21]. Peritoneal macrophages

might account for the attraction of neutrophils since they

exhibited a TLR2- and MyD88-dependent production of

proinflammatory TNF-a upon infection with E. faecium in

vitro [21]. However, our data have shown that neither

TLR2 nor TLR4 signaling are involved in macrophage cell

death induced by E. faecium in vitro (Fig. 5).

Recently, an essential role of neutrophils for rapid

clearance of E. faecium has been demonstrated in mice.

Mice depleted of neutrophils before intraperitoneal E. fae-

cium challenge exhibited a severe delay in enterococcal

clearance from different organs [34]. Eventually, even in

neutropenic mice bacteria were cleared, suggesting that

other components of the immune system can compensate

the lack of neutrophils. For example, macrophages play a

crucial role in host defense against intraperitoneal infection

with E. faecium, since mice depleted of peritoneal macro-

phages exhibited a delay in peritoneal and systemic

E. faecium clearance [35]. Of note, in mouse peritonitis

models the attraction of macrophages into the peritoneal

cavity was diminished despite a greater enterococcal burden

[35, 36]. Cell death of peritoneal macrophages caused by

enterococci as demonstrated in the present study might be a

possible underlying mechanism of this phenomenon. This

hypothesis is supported by the fact that survival of mice was

enhanced by pretreatment of mice with antiapoptotic pro-

tease inhibitors in a mouse peritonitis-sepsis model [37]. In

our study, cell death of peritoneal macrophages in mice was

observed only 24 h after intraperitoneal infection with

E. faecium (Fig. 6b), when mice exhibited symptoms of

disease, but not 48 h (data not shown) when mice had

overcome their illness. Possibly, cell death of peritoneal

macrophages accounts for downregulation of an excessive

immune response to E. faecium peritonitis. In peritonitis

models, lysozyme from the intestine or produced by peri-

toneal macrophages [26] might contribute to cell death

induction. This is supported by our findings that cell death

induction by E. faecium in vivo was dependent on the

intraperitoneal application of lysozyme (Fig. 6b).

Cell death induction by enterococci might be a general

mechanism to enable these bacteria to traverse natural

barriers such as i.e., intestinal or vesical epithelia. For

example, it has been described that infection of human

urothelial cells with an E. faecalis clinical isolate in a

three-dimensional culture system largely caused cell death

[38]. Further studies will be necessary to address the role of

enterococci for cell death induction in epithelia.
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